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Abstract - Background. Modern technologies in the field of optics and photonics place high demands on the quality and
output power of the radiation source. The fulfillment of these requirements can currently be achieved by creating multi-aperture
laser systems with coherent beam addition. The main problem of creating such systems is the development of phase synthesis
methods in a multichannel optical system. Aim. In this paper, we consider a phase synchronization method without a reference
beam for a coherent addition system with active feedback, which is based on the Gerchberg-Saxton algorithm. This algorithm
makes it possible to reconstruct complex field amplitudes in the aperture and focal planes from intensity distributions in these
fields. The application of this algorithm for multichannel systems is analyzed and its features, such as the occurrence of stagnation
and ambiguity of the solution, are revealed. Methods. Solutions are proposed to eliminate the problem of convergence of the
algorithm to side solutions and getting the iterative procedure into the local extremum using global optimization algorithms,
methods of reducing the dimension of the problem and the introduction of antisymmetric amplitude modulation. Results. The
paper demonstrates the results of phase field reconstruction for a large number of optical sources. For a seven-aperture system, a
physical simulation was performed to restore phase information, confirming the results of numerical modeling. Conclusion. The
proposed approach is a reasonable alternative to currently existing methods and can be used in the problem of coherent addition

in multichannel optical systems.

Keywords - Gershberg-Sexton algorithm; phase field reconstruction; multi-aperture laser systems; physical modeling; global

optimization.

Introduction

The development of new coherent radiation sourc-
es for competitive optoelectronic devices and loca-
tion systems requires an increase in power while
minimizing losses and preserving radiation qual-
ity [1]. However, such a set of requirements is difficult
to achieve, since increasing the peak power of the ra-
diation source leads to an increase in losses and a sig-
nificant decrease in the quality of the laser beam [2].
The solution to these problems can currently be
achieved by creating multi-aperture laser systems
with coherent beam combining; in this case, there is
no need to impose higher power requirements on in-
dividual emitters [3].

Coherent beam combining is a complex scien-
tific and technical problem requiring the solution of
phase, frequency, and polarization synchronization
problems. This paper presents approaches to solving
the phase synchronization problem. There are two
main methods of solving this problem: the active and
the passive phase synchronization of emitters. Pas-
sive phase matching utilizes the internal physical pa-
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rameters of the system, forming a distributed optical
feedback in which a portion of the total beam is re-
turned to all the radiation sources of the laser ensem-
ble. Such systems have a more complex design and are
often limited by the total output radiated power [4].

Active phase synchronization methods in most
cases use a distributed adaptive optical system with
quality function optimization. The most commonly
encountered system to date is one based on the sto-
chastic gradient approximation algorithm [5]. Re-
cently, methods based on neural network technolo-
gies have also become popular, but in relation to the
problem of analyzing spatial characteristics in mul-
ti-aperture systems, such methods do not provide a
guaranteed solution as of present and require more
in-depth study [6].

In this paper, we consider a method for recover-
ing phase information without a reference beam for
a coherent combining system with active feedback,
which is based on the Gerchberg-Saxton algorithm
[7]. This algorithm allows us to reconstruct complex
fields on the lens aperture and in its focal plane from
their intensity distributions.
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Fig. 1. Diagram of a multichannel laser emitter (OA - optical amplifiers; PM - phase modulators, PD - photodetector)
Puc. 1. CTpyKTypHas cXxeMa MHOTOKaHaJIbHOro nazepHoro usny4arens (OY - ontudeckue ycunurenu; ®M - pa3oBble MOAYIATOPHI,

OTI - $oTONpHEMHUK)

1. Scheme of active coherent
beam combining

The structural diagram of the active phase syn-
chronization system using the Gerchberg-Saxton al-
gorithm is shown in Fig. 1.

The optical signal from a single reference oscillator
is divided into N laser beams. After passing through
a block of phase modulators and single-mode opti-
cal amplifiers, the radiation is split into two beams.
The phase at the output of each amplifier is random
due to the different optical paths in the individual la-
ser channels. The main beam hits the output aperture
and the second beam is focused on the photodetector,
which registers the image at the aperture and focal
image planes. The measured distributions are fed to
the computing device, where in the course of imple-
mentation of the iterative algorithm the phase distri-
bution is determined, on the basis of which control
signals to the phase modulators for synchronization
of the laser channels are formed.

2. Analysis of the Gerchberg-
Saxton algorithm

The mathematical formulation of the Gershberg -
Saxton problem consists in constructing a com-
plex function E(£) based on its modulus |E(2‘;)| and

the modulus of its Fourier transform |E(r)|, where

E(r) is the Fourier transform of the function E(E).
At the first iteration, for the phase selected as the ini-
tial approximation and measured in the aperture plane
of the distribution of the modulus |E(§)|, the complex
amplitude in E(r) the focal plane is calculated. Then,
the modulus of this amplitude is replaced by the
known modulus |E(r)|. Next, the reverse propagation
of the beam is calculated, the modulus replacement
operation is performed in the aperture plane, and
the phase obtained in this way is selected as the next
approximation.

Thus, the Gerchberg-Saxton algorithm is written
as the following iterative procedure

Eq(8) = M()explip? (©)];
E (&)= RFT{PFT '[E, &), k=12,..,

(1)

where FT and FT! are the forward and inverse Fou-
rier transforms, respectively; P, and P, are the modu-
lus substitution operations in the focal and aperture
planes.

The convergence of the Gerchberg-Saxton algo-
rithm was analyzed for a model of fiber laser sources
with hexagonal channel packing and Gaussian ampli-
tude distribution in each beam.

The phase in each channel was randomly selected
within +n radian. Such a phase distribution mimics a
multichannel system consisting of single-mode laser
emitters, the phase in each of which is due to the dif-
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ferent optical paths in the individual channels. The
quality of the recovery of complex functions E(§) and
E(r) was assessed by two characteristics. By normal-
ized integral modulus error in the aperture plane

Bmoak = | [BE] - WGPz, @

8041 is a modulus error in the first iteration. In ad-

dition to the modulus error, the image quality was
also evaluated by the values of the normalized image
sharpness function

S= j 12 (F)dF, 3)
where Sp;; is the sharpness function of the phased
system (with equal phases in each channel). The anal-
ysis for a 7-channel laser system was performed in
[8]. We demonstrated that with a centrally symmetric
initial modulus, the convergence of the algorithm is
not guaranteed and depends on the initial conditions.
The problem of collateral side solutions can be solved
by introducing antisymmetric amplitude modulation.
In this case, an amplitude mask is placed in the sys-
tem, whose transmission coefficient is a specially
chosen two-dimensional function that has no central
symmetry. The implementation of this constraint
provides guaranteed convergence of the algorithm
for the 7-laser system.

However, as the number of phased channels in-
creases, the algorithm starts to fall into local extrema
or so-called stagnation states [9]. Physically, the for-
mation of local extrema is related to the search for an
energy balance between the different components of
the error signal.

3. Technique for phase
information recovery

The characteristic property of the algorithm, con-
sisting in the presence of stagnation states, severely
limits its applications. Although this method is quite
simple and fast, it converges to the correct solution
only under special conditions, such as a good initial
approximation or a small number of channels for
phasing. A good solution to ensure reliable conver-
gence of the algorithm under such conditions is to
use global optimization methods.

There is no single technique for solving problems
with multiple extrema that would be recognized as
universal, as the choice of an appropriate method de-
pends on a variety of conditions and parameters of
a particular system. For the Gerchberg-Saxton algo-
rithm, it is important to provide fast and easy local

optimization without the need to compute partial
derivatives. The high iteration speed is ensured by
a simple modulus replacement operation, which is not
affected by the dimensionality of the problem. Thus,
when synthesizing a global optimization method, it is
worth using the random multi-start algorithm: mul-
tiple searches from random starting points, followed
by selection of the best result [10]. This global search
algorithm has a high speed of approximations and al-
lows simultaneous search for local extrema from dif-
ferent starting points.

However, when the number of phase synchroniza-
tion channels is large, increasing the number of paral-
lel processors has little effect on the result. Even with
the number of channels N = 37, the convergence per-
centage of the algorithm is only 50 %. As the number
of channels is further increased, there comes a point
where the algorithm stops converging from any start-
ing point. Therefore, when the number of channels
is large, it is necessary to use some methods to re-
duce the dimensionality of the problem. Based on the
above, to use this algorithm for phase synchroniza-
tion of an arbitrary number of optical sources, the
following optimization methods should be used [11]:

1. Implementation of antisymmetric amplitude
modulation to eliminate symmetric solutions.

2. Division of a system with more than 19 channels
into blocks and synchronization of individual blocks.

3. The use of global optimization algorithms,
in particular of the random multi-start algorithm.

4. The use of additional a priori information based
on system properties, single-mode laser sources, their
packing and phase shift recovery only.

Thus, the Gerchberg-Saxton algorithm is part of
a numerical procedure that performs global optimi-
zation, which can be defined as a strategy for recover-
ing phase information in a multi-aperture wavefront
sensor.

4. Experimental recovery
of phase information

A physical experiment to restore phase informa-
tion was carried out on a model of a seven-channel la-
ser system with a uniform intensity distribution and
a different phase shift ¢ in each channel. The gen-
eral view of the laboratory bench is shown in Fig. 2.

As the main source of radiation, a Zygo interferom-
eter was used, the laser beam of which has a uniform

polarized distribution. From the output of the inter-
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Fig. 2. Laboratory stand for the restoration of phase characteristics
in a seven-channel system: 1 - camera; 2 - beam splitter; 3 - mask;
4 - interferometer

Puc. 2. JTabopaTOpHBIH CTEH[ 10 BOCCTAHOBIEHHIO $pa30BBIX Xa-
PaKTepUCTHK B CeMHUKaHAIbHOM cucTeMe: ] - BHAeoKamepa; 2 —
CBETOMENNTEND; 3 - Macka; 4 - uHTepdpepoMeTp
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Fig. 3. Design of a seven-channel laser system model
Puc. 3. KOHCTpyKLHs MaKeTa CEeMUKaHaIIbHOM J1a3epHON CHCTEMBI

ferometer, the radiation falls on a mockup of a seven-
channel laser system [12] specially made for the ex-
periment, with a different phase shift in each channel
(Fig. 3).

Using a beam splitter, a portion of the radiation
is diverted to register the distribution in the image
plane. An energy and spatial characteristic measure-
ment system was used as an intensity distribution
meter.

The intensity distribution in the focal plane plays
the main role, since the distribution in the aperture
plane did not change as a function of phase shifts,
and was replaced by numerical modeling in a number
of experiments. The bulk of the radiation is focused
by a lens onto the surface of the receiver, where an
image in the focal plane of the beam is recorded. The
obtained distributions are processed by specialized
software, in which the recovery of the phase distri-

bution using the Gerchberg-Saxton algorithm is im-

b

Fig. 4. Images recorded in the focal plane: a - system with a ran-
dom shift in each channel; b - phased system

Puc. 4. BapernctpupoBaHHble n306paxeHust B GpOKaIbHOM mI0-
CKOCTH: @ — CHCTeMa CO CJIy4alHBIM C/IBUIOM B KaX[,OM KaHae;
6 - chasupoBaHHas cucrema

plemented. Examples of the registered images for the
phased and unphased systems are shown in Fig. 4.
Recovery occurred from both null and random
starting points. The reconstructed distribution was
compared with numerical simulations at the mini-
mum of the modulus error in the focal plane for
10,000 different random variations of phase shifts in
each channel. The phase field was reconstructed in
an average of 15-20 consecutive iterative procedures.
The accuracy of the wavefront measurement was of
the order of A /100, while the main contribution to
the error was the accuracy of the alignment and in-

stallation of the phase plates.

Conclusion

The approach to the construction of a wavefront
sensor for phase synchronization of single-mode
emitters in a multi-aperture laser system considered
in this paper is based on image processing methods,
in particular, on the Gerchberg-Saxton algorithm.

The use of the developed wavefront restoration
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technique in conjunction with global optimization vergence in the general case. It can be concluded that

methods allows to remove the main problem of the this approach would be a sensible alternative to cur-

algorithm used, related to the lack of guaranteed con- rent methods.
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Annomauus - O6ocHoBaHHe. PazpaGoTKa COBpeMEHHBIX OIITHKO-3JIEKTPOHHBIX CHCTEM IPENbSIBIIsIET IOBbILIEHHbIE TPe6OBaAHMS
K KayecTBy M BBIXOJHOW MOIIHOCTH MCTOYHMKA M3aydeHUs. ONHUM M3 BO3MOXHBIX BAapHAHTOB BBINOTHEHMs YKa3aHHBIX
TpeGOBAHUH SIBJISIETCS CO3[AHME CHCTEM KOT€PEHTHOIO CJIOXKEHMsI HECKOJIBKUX ONTHYECKUX IMy4KoB. OCHOBHOW Mpo6ieMoH mpu
9TOM cTana pa3paboTKa MeTofoB ($pa30BOr0 CHHTE3a B My/IBTHKAHAIBHON ONTHYeCcKOH cucreMe. Lleas. B craTbe paccmoTpeH
METOJ] BOCCTAHOBJIEHHsI $a30BOrO MO U1l MyIbTHAIIEPTYPHON CHCTEMBI KOT€PEHTHOTO CIOKEHHUSI TyYKOB C aKTUBHOU 06paTHOM
CBsI3bI0, B OCHOBE PabOTBl KOTOPOTO JIEKUT aaroput™m lepuibepra — CakcToHa. [TaHHBIM aJrOPUTM M03BOJISIET BOCCTAHABIMBATH
KOMIUIEKCHBIE aMIUTUTYABI II0JIsI B allePTyPHOU U GOKaIBHON IIOCKOCTSIX 110 PaCIpefie/IeHUsIM HHTEHCUBHOCTU B JAHHBIX MOJISX.
[IpoaHanM3UPOBAHO NPHUMEHEHHEe NaHHOrO aarOpPUTMa IS MYAbTHKAHAIBHBIX CHCTEM, M BBISBIEHBI €r0 OCOGEHHOCTH, TaKHe
KaK BO3HHKHOBEHHe CTarHalM{ M HEO[HO3HAYHOCThb pelleHHs. Metoasl. IIpe/yioXKeHbl pelleHUs [JIs YCTPAaHEHHUsS! MPOGIieMbl
CXOIUMOCTH JITOPUTMA K IOGOYHBIM PELICHHUSIM U IONafaHUsl UTePALOHHON IPOLeAYPEI B IOKATBHBIM 3KCTPEMMYM C IIOMOIIBI0
aJITOPUTMOB I7I06aNbHON ONTHMH3ALUH, METOJOB PeAyKLUHH PasMePHOCTH 3aaYy U BBeAE€HUH aHTHCHMMETPUYHON MOMYISLUM
amIuIUTyAbl. PesynsraTsl. B pa6oTe IpofeMOHCTPHUPOBAHbI Pe3y/IbTATHI 10 BOCCTAHOBIEHHIO (pa30BOr0 MOJIs JIsl GOJIBIIOrO YHCIa
ONTHUYECKUX HCTOYHUKOB. [IJISi CEMHUANEPTYPHOU CHCTEMBI OCYLIECTBIEHO (H3UYECKOe MOJENHPOBaHME IO BOCCTAHOBIICHHUIO
dazoBoit uHPOpMaIMK, MOATBEPXKAAIOIEe Pe3yNbTaThl YMCIEHHOTO MOJEIMPOBaHMs. 3aKmoueHHe. IIpesioKeHHBIH MOLXON,
SIBTISIETCSI PasyMHOM a/JbTEPHATHBOW CYILIECTBYIOIIMM B HACTOsIIee BPeMsSI METOJAM M MOXET OBbITb WCIIONb30BAH B 3afade
KOT€PEHTHOT'O CJIOKEHUA B My/IbTUKaHATbHBIX ONTHYECKUX CUCTEMAX.

Kniouesvle cnosa - anroputm [epmibepra - CaKcTOHA; BOCCTaHOBIeHHe (HasoBOro Mos; My/lIbTHANepTypHBIE JasepHbIe
cHuCcTeMBl; pU3HIECKOE MOAENINPOBAHNE; [TI06aTbHAS ONTHMHU3ALIHSL.
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