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Abstract: We report direct experimental observation of interesting pulse 
synchronization dynamics in a cavity-combined Er and Yb mode-locked 
fiber lasers by measuring the relative position between the two-color pulses 
in the shared fiber section. The influence of the 1.03 µm pulse on the 1.56 
µm single pulse as well as bound soliton pairs can be clearly identified as an 
effective phase modulation through the XPM effect with the walk-off effect 
taken into account. For the 1.56 µm single pulse under synchronization, the 
dependence of the relative position variation and the center wavelength shift 
on the cavity mismatch detuning is found analogous to the typical 
characteristics of FM mode-locked lasers with modulation frequency 
detuning. Moreover, depending on the cavity mismatch, the passively 
synchronized 1.56 µm bound soliton pairs are found to exhibit two different 
dynamical behaviors, i.e., phase-locked (in-phase) as well as non-phase-
locked. The physical origins for these two kinds of bound soliton pairs are 
investigated experimentally by disclosing their locations with respective to 
the copropagating 1.03 µm pulse. 
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1. Introduction 

The technique of passive synchronization based on the combined effects of cross phase 
modulation (XPM) and anomalous group velocity dispersion (GVD) [1] has been 
demonstrated to be an effective method to generate synchronized two-color ultrashort mode-
locked pulse trains for many potential applications. These include the ultrafast optical 
parametric amplifier (OPA) [2, 3], coherent anti-Stokes Raman scattering (CARS) 
microscopy [4], and coherent optical pulse/frequency synthesis [5–7]. By utilizing the 
combined cavities or the master-slave configuration, the two-color pulses overlap and interact 
with each other in a laser crystal or fiber section such that the precise locking of pulse 
repetition rates between two mode-locked lasers with different wavelengths can be achieved. 
Although the passive synchronization technique mentioned above has been successfully used 
in a variety of ultrafast laser systems [1, 8–12], most of the studies focused on the timing jitter 
reduction between the two-color pulses and only a few works paid attention to study the 
underlying two-color pulse dynamics in the passive synchronization by analyzing the 
relationship between the laser center wavelength shift and the cavity mismatch [1, 9]. 
However, one of the most direct and important aspects in these experiments, i.e., the relative 
pulse position during copropagating, has not been investigated carefully so far. With the 
knowledge of the relative position as well as the individual pulse widths of the two-color 
pulses, how these pulses interact and affect each other during the passive synchronization 
process can be fully understood. This issue is also worthy of investigation for the more 
complicated case in which the 1.56 µm multiple-pulse bound states are synchronized with 
another copropagating 1.03 µm pulse in the two-color fiber lasers [12]. The observed 
dynamical behaviors of the 1.56 µm bound pulses under the influence of another 
copropagating pulse at 1.03 µm may be able to give new insights into the understanding of the 
general complex Ginzburg-Landau equation (CGLE) with an external potential [13–15] as 
well as the pulse interaction dynamics described by the coupled CGLEs [16–18]. 

In this paper, we report direct experimental observation results of two-color pulse 
dynamics under passive synchronization by measuring their relative pulse position in the 
shared fiber section of the cavity-combined Er and Yb mode-locked fiber lasers. A collinear 
sum-frequency generation (SFG) cross-correlator is built to perform the relative position 
measurement between the 1.56 µm and 1.03 µm pulses. It is found that the 1.56 µm fs pulses 
pass through a significant portion of the 1.03 µm chirped ps pulse and experience the 
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frequency shifts through the XPM effects to maintain the passive synchronization. By 
analyzing the dependence of the relative position on the cavity mismatch detuning, the effects 
of the cross-phase modulation, the pulse walk-off, the group velocity dispersion, and the laser 
center wavelength restoration on the two-color pulse dynamics under synchronization can be 
clearly identified. Moreover, depending on the cavity mismatch, the passively synchronized 
1.56 µm bound soliton pairs are found to be able to exhibit two different dynamical behaviors. 
They can be either in-pahse phase-locked or not phase-locked at all. The origins of these two 
kinds of bound soliton pairs are investigated experimentally by disclosing their locations with 
respective to the copropagating 1.03 µm pulse. 

2. Passively synchronized Er and Yb mode-locked fiber lasers 

2.1 Experimental setup 

The schematic of the cavity-combined Er and Yb mode-locked fiber lasers in our passive 
synchronization experiment is shown in Fig. 1(a). The setup of the two-color fiber lasers is 
similar to that in Ref [12], in which two polarization additive-pulse mode-locked (P-APM) 
Er-fiber and Yb-fiber lasers are combined by utilizing the two 1560/1030 nm wavelength 
division multiplexers (WDM3 and MDM4). The 1.56 µm and 1.03 µm pulses can interact 
through the XPM effect in the shared fiber section and accordingly adjust their pulse 
repetition rates to achieve the synchronization. To be able to directly observe the pulse 
dynamics of the synchronized two-color pulses, their original relative positions in the shared 
fiber section are needed to be known. For the purpose, two additional fiber couplers (C1 and 
C2) are added between WDM3 and WDM4 such that part of the copropagating two-color 
pulses without separation can be delivered directly into the cross-correlator for the relative 
position measurement. The output ratios of both fiber couplers C1 and C2 are 9% at 1.56 µm 
and 6% at 1.03 µm. In addition, compared to our previous experimental setup [12], the 
locations of the gain fibers are changed such that the amplified pulses in the Er-doped and 
Yb-doped fibers pass through the shared fiber section before they reach the polarization beam 
splitters. In this way enough pulse energies can be obtained from the couplers C1 and C2 for 
the followed cross-correlation trace measurements. 

 

Fig. 1. (a) The schematic of the passively synchronized Er and Yb mode-locked fiber lasers. 
(b) and (c) The intensity and two-photon-absorption autocorrelation traces of the 1.56 µm and 
1.03 µm respectively. WDM, wavelength division multiplexer (WDM1, 1030/976 nm; WDM2, 
1560/976 nm; WDM3 and WDM4, 1560/1030 nm); LD, laser diode; PI-ISO, polarization-
independent isolator; PBS, polarization beam splitter; FC, fiber collimator; GP, grating pair; 
QWP, quarter-wave plate; HWP, half-wave plate; C1 and C2, fiber couplers; M, mirror. 
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The passive synchronization can be achieved when the pulse repetition rates of the two 
individual mode-locked fiber lasers are close enough. In our setup the cavity length mismatch 
between the Er-fiber and Yb-fiber lasers can be tuned by moving one of the fiber collimators 
in the Yb-fiber laser. Besides, additional fine adjustments of the waveplates in the fiber lasers 
are also helpful to stabilize the synchronization. After stable passive synchronization is 
achieved, two stable pulse trains with the repetition rate of ~34.5 MHz are observed in the 
oscilloscope with the same trigger signal. Figure 1(b) and 1(c) shows the intensity 
autocorrelation trace of the 1.56 µm pulse and the two-photon absorption (TPA) 
interferometric autocorrelation trace of the 1.03 µm pulse. The corresponding FWHM pulse 
widths of the 1.56 µm and 1.03 µm pulses are 0.3 ps and 2.9 ps respectively. It indicates that 
in the shared fiber section the pulse width of the 1.03 µm pulse is much wider than that of the 
1.56 µm pulse. These different pulse widths correspond to the distinct characteristics of 
stretched-pulse and self-similar mode-locking regimes. The net cavity group delay dispersion 

(GDD) of mode-locked Er-fiber and Yb-fiber lasers are estimated to be −0.03 ps
2
 and 0.058 

ps
2
 respectively. 

2.2 Relative position and walk-off of the two-color pulses in the shared fiber section 

A home-built cross-correlator based on the collinear SFG configuration is utilized to measure 
their relative position, as shown in Fig. 2(a). By comparing the change of the relative 
positions measured simultaneously at the laser outputs C1 and C2 of Fig. 1(a), the two-color 
pulse walk-off during copropagation can be obtained as well. With the knowledge of the pulse 
walk-off, the relative position between the two-color pulses at any location in the shared fiber 
section can be evaluated from the results measured at the laser outputs C1 or C2. The fiber 
lengths of the output ports of both the couplers C1 and C2 are kept the same (~70 cm, the red 
lines in Fig. 1(a)). 

 

Fig. 2. (a) The setup of the cross-correlator. (b) and (c) The cross-correlation traces measured 
at the outputs C1 and C2 respectively (the thin Si filter removed). The insets show the 
measurement results when the thin Si filter is inserted. The red arrows indicate the intensity 
autocorrelation traces related to the third term in Eq. (2). PMT, photomultiplier tube; BPF, 
optical bandpass filter; BS, beam splitter; Si, thin Si filter; L, lens; M, mirror. 

The home-built cross-correlator consists of a Michelson interferometer with the scanning 
delay, a BBO nonlinear crystal, an optical bandpass filter, and a photomultiplier tube (PMT). 
The incident light of the two-color pulses from the laser output is firstly split into two beams 
by the beam splitter (BS). After introducing the scanning delay in one arm of the 
interferometer, the two separated beams with and without the delay are combined on the beam 
splitter and then focused into a BBO crystal. The SFG signal after passing through the optical 
bandpass filter is detected by a photomultiplier tube (PMT) and can be expressed as 
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where τ is the scanning delay, and the electric fields of 1.56 µm and 1.03 µm pulses are 

represented by 
1.56 1.56 1.56

( ) ( ) exp( )E t u t i tω= − , 
1.03 1.03 1.03

( ) ( )exp( )E t u t i tω= − , respectively. 

Equation (1) t 

 

1.03 1.56 1.03 1.56 1.03 1.56

1.03 1.56 1.03 1.56

1.03 1.56

( ) 2 ( ) ( ) ( ) ( ) ( ) ( )

( ) cos( ) ( )cos( ) ( ) cos[( ) ] ,

( ) cos[( ) ]

SFGX I t I t dt I t I t dt I t I t dt

A B C

D

τ τ τ

τ ω τ τ ω τ τ ω ω τ

τ ω ω τ

∞ ∞ ∞

−∞ −∞ −∞

∝ + + + +

+ + + +

+ −

∫ ∫ ∫
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where 
2

1.56 1.56
( ) ( )I t u t= , and 

2

1.03 1.03
( ) ( )I t u t=  are the intensities of 1.56 µm and 1.03 µm 

pulses. In Eq. (2), the first term represents the background dc SFG signal, the second and third 
terms are the two intensity cross-correlation traces corresponding to either the 1.56 µm or 
1.03 µm pulses with the delay, and the last four terms are the rapidly oscillating ac SFG 

signals. The intensity cross-correlation traces can be extracted from ( )
SFG

X τ  to identify the 

relative position. In the following, we illustrate how to identify the relative position as well as 
the pulse walk-off between the 1.56 µm and 1.03 µm pulses. 

First of all, we measure the cross-correlation traces (the Si filter removed in Fig. 2(a)) at 
the laser outputs C1 and C2 simultaneously and the results are shown in Fig. 2(b) and 2(c) 
respectively. It can be clearly seen that in this case the sum of the rapidly oscillating ac SFG 
signals vanishes so that only the two intensity cross-correlation traces with the background dc 
SHG signal are remained. Therefore the time separation between the two-color pulses is just 
the absolute value of the delays for the peaks of the SFG signals, i.e., 2.7 ps in Fig. 2(b) and 
3.8 ps in Fig. 2(c). Secondly, besides the separation of the two-color pulses, we need to 
determine which one of the two-color pulses leads the other. This can be simply achieved by 
inserting a thin Si filter in one arm of the interferometer to block the 1.03 µm pulses, as 
shown in Fig. 2(a). This results, on the one hand, the original second term 

1.03 1.56
( ) ( )I t I t dtτ

∞

−∞
+∫  in Eq. (2) to be diminished. On the other hand, the original third term 

1.03 1.56
( ) ( )I t I t dtτ

∞

−∞
+∫  in Eq. (2) will turn to 

1.03 1.56
( ) ( )

Si
I t I t dtτ τ

∞

−∞
+ +∫ , where 

Si
τ  is the 

additional delay introduced by the thin Si filter. The peaks, indicated by the red arrows in 
Fig. 2(b) and its inset, correspond to the intensity cross-correlation traces of 

1.03 1.56
( ) ( )I t I t dtτ

∞

−∞
+∫  and 

1.03 1.56
( ) ( )

Si
I t I t dtτ τ

∞

−∞
+ +∫  respectively. Therefore the peak of 

1.03 1.56
( ) ( )I t I t dtτ

∞

−∞
+∫  located at a negative delay of −2.7 ps in Fig. 2(b) indicates that the 

1.56 µm pulse leads the 1.03 µm pulse at the laser output C1. Similarly, Fig. 2(c) and its inset 
show that the 1.56 µm pulse leads the 1.03 µm pulse by 3.8 ps at the output C2. By comparing 
the relative position variation between the outputs C1 and C2 one can conclude that the group 

velocity mismatch 
,1.56 ,1.03

1 1
( )

g g
v v

−  between the 1.56 µm and 1.03 µm pulses in the two fiber 

couplers (65-cm-long HI 1060 fiber) is ~-1.7 ps/m. 
In addition, we have also measured the pulse walk-off in the WDM3 and WDM4, which is 

comprised of the OFS 980 fiber. After an additional section of the OFS 980 fiber is spliced to 
the output C2, the measurement of the relative position between the two-color pulses is 
performed again. The experimental results show that the 1.56 µm pulse leads the 1.03 µm 
pulse by an additional 4.1 ps after propagating the 50-cm-long OFS 980 fiber. Thus the total 
pulse walk-off accumulated in the 3 fiber sections of the shared cavity (WDM3-C1: 22-cm-
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long OFS 980 fiber, C1-C2: 112-cm-long HI 1060 fiber, C2-WDM4: 29-cm-long OFS 980 
fiber) is estimated to be 6.1 ps, which is larger than the pulse width of the 1.03 µm pulse. This 
indicates that the 1.56 µm fs pulses pass through a significant portion of the 1.03 µm chirped 
ps pulse under the passive synchronization process. The measured relative position as well as 
pulse walk-off is used in the following section to evaluate the influence of the 1.03 µm pulse 
on the 1.56 µm pulse via the XPM effect. 

3. Experimental observation of two-color pulse dynamics 

3.1 Dynamics of a single 1.56 µm pulse synchronized to the 1.03 µm pulse 

When the pump powers of the two-color mode-locked fiber lasers are kept low, one single 
1.56 µm pulse and one single 1.03 µm pulse are generated. For the 1.03 µm pulse, no obvious 
change in the optical spectrum or autocorrelation trace of the 1.03 µm pulse is observed 
before and after achieving the passive synchronization. However, for the synchronized 1.56 
µm pulse, the variations of the optical spectrum and the location relative to the copropagating 
1.03 µm pulse can be clearly observed when the cavity mismatch is detuned. As the cavity 
length of the mode-locked Yb-fiber laser increases by each step of 2 µm, the center 
wavelength of the 1.56 µm pulse continuingly shifts towards longer wavelengths, as shown in 
Fig. 3(a). In the meanwhile, the corresponding relative positions between the two-color pulses 
measured at the output C1 are shown in Fig. 3(b). These cross-correlation traces show that the 
1.56 µm pulse moves toward the leading part of the 1.03 µm pulse as the cavity length of the 
Yb-fiber laser increased. 

 

Fig. 3. The optical spectrum of the 1.56 µm pulse (a) and the corresponding relative positions 
(b) as the the cavity length of the Yb-fiber laser increased. The insets in Fig. 3(b) are the results 
measured when the Si filter is inserted in the cross-correlator. 

The relation among the center wavelength shift, the relative position, and cavity mismatch 
detuning, provide the more complete evidence to understand the two-color pulse dynamics in 
our passively synchronized fiber lasers. On the one hand, the 1.03 µm chirped ps pulse is not 
affected by the 1.56 µm fs pulse, since the pulse width of 1.56 µm pulse is much shorter than 
that of the 1.03 µm pulse. The net effect from the 1.56 µm pulse is balanced by its leading and 
trailing parts. On the other hand, 1.56 µm fs pulses pass through a significant portion of the 
1.03 µm chirped ps pulse and obtain the required frequency shifts though the XPM effects to 
maintain the passive synchronization. The influence of the 1.03 µm pulse on the 1.56 µm 
pulse in the shared fiber sections is evaluated by using the relative position and pulse walk-off 
as follows. After passing through the 1.03 µm pulse, the 1.56 µm fs pulse can obtain the phase 
shift via the XPM effect, which can be described as [19] 
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where γ  is the Kerr nonlinear parameter of the fiber, 
0

I  and 
FWHM

T  are the peak power and 

the FWHM pulse width of the 1.03 µm pulse, 
i

L  and 
i

∆  are the fiber length and the group 

velocity mismatch in the three fiber sections of the shared cavity, and 
i

t  is the position of 1.56 

µm pulse relative to the 1.03 µm pulse at the beginnings of the three fiber sections. Here, for 
simplicity the pulse shape of 1.03 µm pulse is approximated to be Gaussian and kept 

unchanged during the copropagation. In Eq. (3) 
1i

t +  can be related to 
i

t  by 
1i i i i

t t L+ = + ∆  for 

i = 1,2. In addition, 
1
t  is replaced by 

1 1
3.5

C
t t= + ps, where 

1C
t  is the relative position 

measured at the output C1 and 3.5 ps is the pulse walk-off between the beginning of the 
shared cavity and the output C1. Using the actual parameters of the two-color mode-locked 

fiber lasers, 
FWHM

T = 2.9 ps, 
1

L = 0.22 m, 
2

L = 1.12 m, 
3

L = 0.29 m, 
1 3

∆ = ∆ = -8.2 ps/m, and 

2
∆ = -1.7 ps/m, the normalized XPM-induced phase shift and its corresponding frequency 

shift can be evaluated. As shown in Fig. 4 and its inset, both the phase and frequency shifts 

have been plotted as a function of 
1C

t . This means that our passively synchronized two-color 

mode-locked fiber lasers can be treated as a 1.5 µm mode-locked Er-fiber laser with an 
effective intracavity phase modulation that is provided by the copropagating 1.03 µm pulse. In 
such a case, the position of the 1.5 µm pulse with respect to the effective phase modulation is 
dependent on the modulation frequency detuning [20]. The passive synchronization should be 
achieved in the range where the derivative of the frequency shift with respect to the pulse 

timing is positive, i.e., between −2 ps and 1 ps in the inset of Fig. 4. Thus when the Er-fiber 
laser has smaller pulse repetition rate than that of the Yb-fiber laser, the 1.5 µm pulse can 
have the blue shift and move faster in the laser cavity with the net anomalous GVD to achieve 
the synchronization, or vice versa. The locking range in Fig. 4 is almost in agreement with 
that observed in Fig. 3(b). Besides, the observation of that the 1.5 µm pulse do not need to be 
located at the maximum of the phase modulation also indicates the existence of the laser 
center wavelength restoration effect [1]. The stable passive synchronization is achieved when 
the effects of the XPM-induced frequency shift and the laser center wavelength restoration are 
balanced. 

 

Fig. 4. XPM-induced phase shift and frequency shift (the inset). 

3.2 Dynamics of the 1.56 µm bound soliton pair synchronized to a 1.03 µm pulse 

When the pump power of the Er-fiber laser is increased while the pump power of the Yb-fiber 
laser is kept unchanged, the 1.56 µm bound soliton pairs are generated and also can be 
synchronized with a 1.03 µm pulse [12]. Depending on the cavity mismatch, two different 
kinds of the 1.56 µm bound soliton pairs, i.e., phase-locked and non-phase-locked, have been 
both observed. For the synchronized 1.56 µm bound soliton pair with the locked relative 
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phase, the optical spectrum and the corresponding intensity autocorrelation trace are shown in 
Fig. 5(a) and 5(b) respectively. In Fig. 5(a), the obvious interferometric visibility and the 
center peak in the optical spectrum reveal that the relative phase between the bound soliton 
pair is locked close to zero (in-phase). The period of the modulation on the optical spectrum is 
12.5 nm, which is consistent with the close separation of 0.65 ps of the bound soliton pair 
observed in Fig. 5(b). However, as shown in Fig. 5(d) and 5(e), the bound soliton pair with a 
wider separation of 2.4 ps does not exhibit any observable modulation, indicating that the 
relative phase between the bound soliton pair is not locked. In the experiment, the transition 
between these two different kinds of bound soliton pair is made only by detuning the cavity 
length mismatch. 

 

Fig. 5. The optical spectra, autocorrelation traces, and cross-correlation traces of the phase-
locked (a)-(c) and non-phase-locked (d)-(f) bound soliton pairs. All the cross-correlation traces 
are measured at the output C1, except the inset of Fig. 5(c). Only the cross-correlation trace in 
the inset of Fig. 5(f) is measured using a Si filter inserted in the cross-correlator. 

In order to clarify the origin that causes the synchronized 1.56 µm bound soliton pair to 
exhibit the different characteristics, the locations of these bound soliton pairs relative to the 
copropagating 1.03 µm pulse in the shared fiber section is also measured experimentally. 
Figure 5(c) and its inset show the cross-correlation traces measured at the outputs C1 and C2 
respectively. The change between the relative positions at the output C1 and C2 shows that 
the group velocity of the 1.56 bound soliton pair is the same as that of a 1.56 µm single pulse, 
owing to the same center wavelength of these pulses. The center of the phase-locked bound 
soliton pair measured at the output C1 is at ~-1.6 ps with respect to the center of the 1.03 µm 
pulse, which corresponds to the location where the XPM-induced phase modulation (the inset 
of Fig. 4) is approximately linear. Therefore for the phase-locked bound soliton pair with a 
very small time separation, the influence of the 1.03 µm pulse can be reasonably 
approximated by a linear phase modulation. The bound states of soliton in the CGLE with a 
linear potential has been studied in the theoretical work [15]. The results in Ref [15] show a 
stable solution of the phase-locked bound soliton pair moving along with the linear potential, 
which is similar to the observations in our experiment. However, the observed relative phase 
in our case is close to zero, instead of π/2. This may be resulted from the fact that the zero 
phase difference can provides a stronger repulsive force from the effect of larger quintic loss 
in the CGLE model to avoid the closely bound soliton pair to merge. 

When the non-phase-locked bound soliton pair occurs under the passive synchronization, 
the cross-correlation traces measured at the output C1 without and with suing the Si filter are 
shown in Fig. 5(f) and its inset respectively. By subtracting the delay of ~5.5 ps introduced by 
the thin Si filter from the delay time corresponding to the center (i.e., ~6 ps) of the intensity 
cross-correlation trace in the inset of Fig. 5(f), the center of non-phase-locked bound soliton 
pair is estimated to be located at ~0.5 ps relative to the center of the 1.03 µm pulse. This 

indicates the two individual pulses are located at −0.7 ps and 1.7 ps respectively. Therefore 
the 1.56 µm bound soliton pair experiences an asymmetry influence from the 1.03 µm pulse to 
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cause the phase unlocked. To our knowledge, the experimental observation of the stable two-
pulse bound state with entire loss of observable interference pattern in the optical spectrum 
was only reported in the Ti-sapphire laser mode-locked by a semiconductor saturable-
absorber mirror [21]. One of the possible scenarios underlying the non-phase-locked bound 
soliton pairs is that the phase difference is dynamically rotating or independently evolving 
[21, 22]. However, more experimentally dynamical observations of the bound soliton pair’s 
relative phase as well as theoretically numerical investigations based on the CGLE may be 
needed to further clarify these phenomena. 

4. Conclusion 

We have carefully measured the relative positions and the walk-off between the two-color 
pulses along the shared fiber section in passively synchronized mode-locked Er-fiber and Yb-
fiber lasers. The influence of a 1.03 µm pulse on the 1.56 µm single pulse as well as bound 
soliton pairs can be clearly identified as an effective phase modulation from the XPM effect 
with the walk-off effect taken into account. For the 1.56 µm single pulse under the 
synchronization, the dependence of the relative position variation and the center wavelength 
shift on the cavity mismatch detuning is analogous to the typical characteristics of FM mode-
locked lasers with the modulation frequency detuning effects. For the 1.56 µm bound soliton 
pairs under synchronization, two new dynamical behaviors subject to different kinds of 
relative cross-phase modulation have been observed experimentally. One is the phase-locked 
soliton pair moving along with the effective linear phase modulation, which are bound very 
closely and in-phase. The other one, in which two individual pulses are located 
asymmetrically with respective to the effective phase modulation, exhibits the different 
dynamical behavior with possibly rotating or independently evolving phase difference. 
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