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a b s t r a c t

In order to achieve the coherent combination of independent lasers by using optical phase-locked loop
(OPLL), the working mechanism of OPLL is analyzed. By calculating the autocorrelation function and
the cross-correlation function of lasers, the performance of phase-locking system has been analyzed
while a non-ideal laser is employed as the reference laser. The results prove that the coherence of an ordi-
nary laser can be improved obviously by using an OPLL. Furthermore, some main parameters of the
phase-locking system have been discussed in detail to provide a theoretical basis for the design of the
OPLL system. The results show that if the linewidth of an ordinary laser is 2 MHz, to meet the require-
ment of efficient coherent beam combining, the time constant of OPLL should be less than 10 ns and
the linewidth of reference laser ought to be less than 20 kHz.

� 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Coherent combining is an effective way to obtain high power
laser with good beam quality and spectral purity [1–4]. Strictly,
in coherent beam combining system, the same frequency and con-
stant phase difference of unit beams are the essential conditions.
Therefore, the optical parameters such as phase, amplitude and
polarization should be controlled precisely when we design a sys-
tem [2]. To get an stable phase relationship between unit beams is
always the most difficult link in the system. In order to solve this
problem, some technologies such as common resonant cavity [5],
evanescent wave coupling, self-organizing [4], injection locking
[1] and active feedback mechanism [6,7], have been developed.
However, these technologies are mainly employed to stabilize
the phase relationship by means of the synchronous output of
the laser during the stimulated oscillation. So the scale of coherent
combining array is limited and the actual output power is difficult
to further improve.

Combined with an electronic feedback control system, the opti-
cal phase-locked loop technique is used to control the phase of
each laser and achieve efficient coherent combination [8–11] by
its excellent performance on phase noise suppressing [12–14]. At
present, the controlling effect of OPLL on laser phase has been
proved in theory when an ideal laser is used as reference
laser [15]. But in reality, the ideal laser without any noise is

non-existent. It is necessary to establish an analytical theory to
analyze the phase-locking effect of OPLL when an actual laser is
used as the reference. In this paper, based on the statistical proper-
ties of laser phase noise, the work mechanism of OPLL is intro-
duced. The autocorrelation function and the cross-correlation
function of lasers with or without the treatment of OPLL are calcu-
lated. The phase-locked performance with a non-ideal laser refer-
ence has been analyzed. And the optimal time constant and
reference laser’s linewidth of an OPLL are confirmed by theoretical
analysis and numerical calculation.

2. The structure and working principle of OPLL

As shown in Fig. 1, OPLL is the key part of a coherent combining
system. Its main function is to achieve the phase modulation of the
ordinary laser as required. So the phase relationship among the
output beams becomes stable. One OPLL system is mainly com-
posed of a reference laser, an ordinary laser, a mixer, a phase dis-
criminator (PD), a signal processing system (SPS) and a phase
modulator (PM). The SPS is used to detect the signal from PD,
which is composed of an amplifier and a loop filter.

In principle, the OPLL system can be represented by a linear sys-
tem, as shown in Fig. 2 [15]. The input signal is D/ðtÞ, which is the
phase difference between the ordinary laser U1and the reference
laser Uc. The output signal is /outðtÞ, which is the phase difference
between the output laser Uoand the reference laser Uc. The transfer
function of the system is HðsÞ ¼ 1=ðTsþ 1Þ, where T is the time
constant which is determined by the performance of OPLL system.

https://doi.org/10.1016/j.optlastec.2018.07.068
0030-3992/� 2018 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: zhang_rz@scu.edu.cn (R. Zhang).

Optics and Laser Technology 109 (2019) 94–98

Contents lists available at ScienceDirect

Optics and Laser Technology

journal homepage: www.elsevier .com/locate /opt lastec

http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2018.07.068&domain=pdf
https://doi.org/10.1016/j.optlastec.2018.07.068
mailto:zhang_rz@scu.edu.cn
https://doi.org/10.1016/j.optlastec.2018.07.068
http://www.sciencedirect.com/science/journal/00303992
http://www.elsevier.com/locate/optlastec


Then the impulse-response function of the inertial components can
be expressed as hðtÞ ¼ 1=T � expð�t=TÞ. The total point diffusion
function of the system is dðtÞ � hðtÞ, where dðtÞ is the unit-
impulse function.

The topic under study in this paper is phase-locking, so in the
following discussion we will focus on the phase. The complex
amplitude of a laser with phase noise can be expressed as
U ¼ exp½jðxt þ /ðtÞÞ�, wherex is frequency of laser,/ðtÞ is aWiener
random process [12]. We can describe the reference laser and the
ordinary laser as Uc ¼ exp½jðx0t þ /cðtÞÞ� and U1 ¼ exp½jðx1tþ
/1ðtÞÞ� respectively. The output signal of the OPLL system is
/outðtÞ ¼ ½bt þ /1ðtÞ � /cðtÞ� � ½dðtÞ � hðtÞ�, where b ¼ ðx1 �x0Þ, ‘*’
indicates convolution operation. So the complex amplitude of the
phase-locked laser is Uo ¼ exp½jðx0t þ /cðtÞ þ /outðtÞÞ�.

3. Phase-locking characteristics

3.1. The improvement of ordinary laser’s coherence

The coherence of a laser can be described by its autocorrelation
function. The closer the value of autocorrelation function is to 1,
the better the coherence of the laser is [15].We discuss the auto-
correlation functions of U1 and Uc firstly. The autocorrelation func-
tion of these two lasers can be written as

RU1 ðsÞ ¼ exp½�r1
2 t1 � t2j j=2� ¼ exp½�r1

2 sj j=2�
RUc ðsÞ ¼ exp½�rc

2 t1 � t2j j=2� ¼ exp½�rc
2 sj j=2�

(
ð1Þ

where s is the time interval, r1
2 ¼ Dx1 and rc

2 ¼ Dxc are two con-
stants which actually correspond to the linewidths of these two
lasers [16]. We assume the time interval is positive number (s > 0)
to facilitate analysis. After the OPLL system, the phase of U1 has

been locked. Then, the expectation of Uo’s autocorrelation function
can be deduced as

E½RUo ðsÞ� ¼ E½< UoðtÞ � Uo
�ðt þ sÞ >�

¼ exp½�jx0s� � exp½� r2
c sþðr1

2 þ r2
c ÞTð1�e�s=TÞ

2 � ð2Þ

where RUo ðsÞis the autocorrelation function of the phase-locked

laser Uo, < f ðtÞ >¼ lim
T0!1

1
T0
� R T0

0 f ðtÞdt represents a mean value taken

over a period of time and T0 is the integration time.
In Eq. (2), we can see that the value of E½RUo ðsÞ� varies with rc

2

and T. So it is necessary to analyze the effect of these two param-
eters on phase-locking process in detail. We assume the linewidths
of the ordinary laser and reference laser are 2 MHz and 20 kHz
respectively (ie.r1

2 ¼ 2MHz, rc
2 ¼ 20kHz). E½RUo ðsÞ�drops dra-

matically with an increase in time constant T, as shownd in
Fig. 3. For example, if we take T = 1 � 10�8 s and T = 1 � 10�6 s,
the values of E½RUo ðsÞ� are 0.9051 and 0.336 respectively when
s = 1 � 10�5 s. Therefore, to make the phase-locked laser have high
level coherence, T should be controlled in a small range. Fig. 3(a)
shows that if we set T = 10 ns, both the values of E½RUo ðsÞ� and
E½RUc ðsÞ� are over 0.9051 when s is less 10 ls. It can be considered
to achieve a better effect of phase-locking.

To quantify the effect of phase-locking, we defined a ratio coef-
ficient M. If M = 1, the coherence of the phase-locked laser is the
same as that of the reference laser. Thus means the phase of
phase-locked laser keeps consistent with that of the reference
laser.

M ¼ E½RUo ðsÞ�
E½RUc ðsÞ�

¼ exp
�
-
ðr1

2 þ r2
c ÞTð1� e�s=TÞ
2

�
ð3Þ

As shown in Fig. 4, when T = 10 ns, M will eventually be a stable
value 0.9802, which means a better effect of phase-locking has
achieved.

Now we focus on the effect of rc
2on E½RUo ðsÞ�. Defining

r1
2 ¼ nrc

2, which means the linewidth of the ordinary laser is n
times the reference laser’s linewidth. And the variation of
E½RUo ðsÞ� with n can be obtained by Eq. (2). When r1

2 ¼ 2MHz,
T = 10 ns, the results are shown in Fig. 5.

Fig. 5 shows that with the increase of n, the decrease rate of
E½RUo ðsÞ� slows down. When time interval is 8 ls and n is 100,
the value of E½RUo ðsÞ� is 0.9381.

Fig. 1. Schematic diagram of the basic structure of coherent combining.

Fig. 2. The principle block diagram of OPLL system.
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