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Abstract Based on a mutually delay-coupled semiconduc-
tor lasers (SLs) system, through adjusting the bias current
of a SL and fixing that of the other one, the conversion be-
tween anticipating and lag chaos synchronization of this sys-
tem has been experimentally observed for the first time. Ex-
perimental results show that for two SLs with the similar
operation parameters, the SL biased at a relatively higher
current level plays a leader role due to its relatively higher
output power. Considering that the SL with a higher bias cur-
rent level will oscillate at a longer wavelength, the SL with
a longer wavelength becomes the leader, which provides
a synchronization conversion scheme via by purely elec-
tronic current drive. Furthermore, the corresponding theo-
retical analyses have been given, and show that whether the
SL with a longer or shorter wavelength becomes the leader
mainly depends on the approach of the driving of frequency
detuning between the two SLs.

1 Introduction

Chaos and chaos synchronization based on semiconductor
lasers (SLs) have attracted considerable attentions due to
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their attractive applications in high-speed secure commu-
nications [1–18], chaotic radar [19], high-speed random bit
generation [20, 21] and so on. In 2005, a field experiment on
unidirectional optical chaos secure communication has been
reported via a metropolitan business area network [1]. Ob-
viously, unidirectional chaos secure communication is not
enough. The inevitably developing trend of message trans-
mission should be bidirectional, multidirectional, and even
network. Therefore, in recent years, bidirectional optical
chaotic secure communication has become a new research
focus, and many schemes based on mutually delay-coupled
SLs have been proposed [7–14]. For completely symmet-
rical mutually delay-coupled SLs, the chaos synchroniza-
tion characteristics behave in an unstable way due to spon-
taneous symmetry-breaking phenomena [8]. By introducing
an additional optical feedback, stable chaos synchronization
with zero time delay can be realized [12]. However, the ad-
ditional optical feedback will make the system more com-
plex. Zhang et al. have proposed an extremely asymmetri-
cally mutually delay-coupled SLs scheme without optical
feedback, and the theoretical results showed that the sys-
tem could realize stable chaos synchronization [13]. How-
ever, this extremely asymmetrical mutually delay-coupled
SL system requires two SLs with large difference in output
power or different optical paths for two different coupled
directions.

In this paper, based on a simple mutually delay-coupled
scheme constructed by two SLs with similar operation para-
meters, the stable anticipating or lag chaos synchronization
has been firstly experimentally observed under the asym-
metrical bias current level of the two similar SLs. The rela-
tionship of synchronization state (anticipating and lag syn-
chronization) with the bias level has been investigated. For
the two similar SLs used in this experiment, the asymmet-
rical bias current level will simultaneously result in the fre-
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quency detuning and power difference between the two SLs.
Experiments show that the SL with a higher bias current,
accompanied by a higher power level and a longer oscilla-
tion wavelength, will play a leader role. This approach pro-
vides an alternative way of synchronization conversion to
that in [9] by frequency detuning driven by varying temper-
ature of one of the two SLs. Finally, based on the theoretical
model of the mutually delay-coupled SLs, numerically sim-
ulated results have been given, which are basically consis-
tent with the experimental results.

2 Experimental setup

Figure 1 shows the schematic of the experimental setup.
The output of SL1 (SMSR > 50 dB) passes through the
aspheric lens, and then is split into two parts by a beam
splitter. One part is injected into SL2 to form the mutually
delay-coupled structure after passing through a neutral den-
sity filter (NDF) and a beam splitter (BS2), and the other
part is sent to the detection system through an optical iso-
lator (OI1) and a fiber coupler (FC1). The output of SL2
experiences a similar process. The flight time τ between
the SL1 and SL2 is 3.45 ns. The NDF is used to control
coupling strength. The photoelectric detector (PD, New Fo-
cus 1544-B, bandwidth 12 GHz) is used to convert the op-
tical signal into an electrical signal. The digital oscilloscope

Fig. 1 Experimental setup. SL: semiconductor laser; AL: aspheric
lens; BS: beam splitter; OI: optical isolator; NDF: neutral density filter;
PD: photo detector; FC: fiber coupler; OSA: optical spectrum analyzer;
OSC: digital oscilloscope. The solid lines represent optical paths and
the dash lines represent microwave circuits

(OSC, Agilent 54855A, bandwidth 6 GHz) is used to record
chaotic time series. The optical spectrum analyzer (OSA,
Ando AQ6137C) with a wavelength resolution of around
0.01 nm is used to detect optical spectra of the SL. Using
the temperature controller (ILX-Lightwave, LDT-5412 with
0.01 K accuracy), the SL1 and SL2 are stabilized at 20.00°C
and 20.63°C, respectively. The bias current levels of SLs
are driven by an ultra-low-noise and high-accuracy current
source (ILX-Lightwave, LDX-3620). During experiments,
the current of SL1 (I1) is fixed at 20.15 mA (approximately
1.81 times threshold current of SL1), and the free running
wavelength of the SL1 is λ1 = 1549.814 nm. The current of
SL2 (I2) is varied continuously from 18.8 mA to 21.0 mA.
For I2 = 20.00 mA (approximately 1.8 times threshold cur-
rent of SL2), the free running wavelength of the SL2 is the
same as that of the SL1 biased at I1 = 20.15 mA.

3 Experiment results and discussion

Firstly, the coupling optical path is blocked, the free running
optical spectra of SL1 can be observed as shown in Fig. 2(a).
Next, after connecting the coupling optical path and adjust-
ing the NDF, the output of SL1 in such a mutually delay-
coupled system can behave according to a chaotic state, and
the output optical spectra of SL1 is shown in Fig. 2(b). Com-
paring these two spectra, the optical spectrum in the chaotic
state is obviously broadened.

To specifically describe the synchronization quality be-
tween the two SLs, the quality of chaos synchronization and
its time shift can be quantified by calculating the following
shifted correlation coefficient C(�t) [4]:

C(�t) = 〈[P1(t) − 〈P1〉][P2(t + �t) − 〈P2〉]〉
{〈[P1(t) − 〈P1〉]2〉〈P2(t) − 〈P2〉]2〉}1/2

(1)

where subscripts 1 and 2 characterize SL1 and SL2, respec-
tively, �t is the time shift between two lasers output, the
brackets 〈 〉 denote temporal averages, P represents chaotic
time series. The larger the C value is, the better the synchro-
nization quality between the two lasers is. For perfect chaos
synchronization, C equals to 1.

Fig. 2 Output optical spectrum
of SL1: (a) free running;
(b) chaotic state
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During the experiment, through adjusting I2 within a
small range, the symmetry of the system will be broken
down. On the one hand, the variation of I2 will make the SL2
output power changed, so the relative injected levels will be
different between SL1 and SL2. One the other hand, the vari-
ation of I2 will result in frequency detuning between the two
SLs, different frequency detuning (�f = f1 − f2, f1 and
f2 represent the free running frequencies of SL1 and SL2,
respectively) can be obtained through changing I2. There-
fore, after changing I2, the broken symmetry includes the
injection level and frequency match between SL1 and SL2.
This is different from the case that the frequency detuning
occurred by adjusting the temperature of SL and fixing the
current of SL [9], where the output power of the SL does
not change obviously with the variation of the temperature
of SL. Figure 3 shows the correlation between the frequency
detuning �f of the two SLs and I2. From this diagram, one
can observe that with the increase of I2, the frequency de-
tuning is varied slowly and linearly.

Figure 4 depicts the chaotic time series and the cross-
correlation coefficient for different I2. From Figs. 4(a3)
and 4(b3), there appear two main peaks, respectively, cor-
responding to the cross-correlation values shifted by the
one-way coupling delay of �t = +τ (called C(+τ)) and
�t = −τ (called C(−τ)). For the case of I2 = 19.61 mA
(corresponding frequency detuning is −364 MHz), C(−τ)

is smaller than C(+τ), so the chaotic time series of SL1
anticipate that of SL2 by τ . However, for the case of
I2 = 20.41 mA (the corresponding frequency detuning is
338 MHz), C(−τ) is larger than C(+τ), so the chaotic time
series of SL1 lag behind that of SL2 by τ . Therefore, for the
case of frequency detuning driven by adjusting the bias cur-
rent level, the SL with the longer wavelength becomes the
leader.

Figure 5 shows the dependence of C(+τ) and C(−τ)

on the I2 (see Fig. 5(a)) and �f (see Fig. 5(b)). The solid
line represents the fitted curve for C(+τ) and the dash line
represents the fitted curve for C(−τ). When I2 is changed
from 18.8 mA to 19.86 mA (accordingly, �f varies from
−1.29 GHz to −156 MHz, i.e. I2 < I1 and λ1 > λ2), SL1
anticipates SL2 because of C(−τ) < C(+τ). When I2 is

Fig. 3 Correlation between frequency detuning �f and I2

Fig. 4 Chaotic time series and
cross-correlation coefficient for
I2 = 19.61 mA (a) and
I2 = 20.41 mA (b).
(a1) and (b1) are the chaotic
time series of SL1,
(a2) and (b2) is the chaotic time
series of SL2, (a3) and (b3) are
the cross-correlation coefficient
between the two lasers

Fig. 5 Dependence of C(+τ)

and C(−τ) on the I2 (a) and
�f (b)
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changed from 20.2 mA to 21 mA (accordingly, �f varies
from 836 MHz to 1.05 GHz, i.e. I2 > I1, λ2 > λ1), SL2 an-
ticipates SL1 because of C(−τ) > C(+τ). That is to say,
the laser with a larger bias current plays the leader role or
the laser with a longer wavelength plays the leader role. By
the way, it should be pointed out that the latter conclusion is
just drawn for the case that the frequency detuning is driven
by varying of the current of SL. If the frequency detuning
is driven by varying SL temperature, the SL with a shorter
wavelength will become the leader [9].

4 Theoretical simulations and analysis

To confirm our experimental observations, we use a rate
equation theoretical model of mutually delay-coupled SLs
as follows [8]:

dE1

dt
= 1

2
(1 + iα)

[
G1 − 1

τp

]
E1(t)

+ k

τin
E2(t − τ)e[−i2π(f2τ+�f t)] (2)

dE2

dt
= 1

2
(1 + iα)

[
G2 − 1

τp

]
E2(t)

+ k

τin
E1(t − τ)e[−i2π(f1τ−�f t)] (3)

dN1,2

dt
= I1,2

q
− N1,2

τn

− G1,2|E1,2|2 (4)

where subscripts 1 and 2 represent SL1 and SL2, respec-
tively. E is the slowly varying complex electrical field am-
plitudes, N is the carrier numbers, α is the line-width en-
hancement factor, τp is the photo lifetime, τ is the delay-
coupling time, k is the coupling coefficient, τin is the round-
trip time, f is the frequency, �f is the frequency detuning,
I is the bias current, τn is the carrier lifetime, G is optical
gain coefficient and can be represented by

G1,2 = g1,2(N1.2 − N0)

1 + ε|E1,2|2 (5)

where g is differential gain coefficient, N0 is the trans-
parency carrier number, ε is the gain saturation coefficient.

Equations (2)–(5) can be solved by using the fourth-order
Runge–Kutta algorithm. During the simulations, the used
data of the parameters are α = 3, τn = 2.25 ns, τp = 2 ps,
τin = 8 ps, g = 8.9 × 10−6 ns−1, ε = 1 × 10−7, τ = 3.45 ns,
N0 = 1 × 108, I1 = 20.15 mA, �f is varied with I2 and the
correlation between them has been given in Fig. 3.

Figure 6 depicts the relationship between C(τ) and
C(−τ) with I2 (Fig. 6(a)) and �f (Fig. 6(b)). From
Fig. 6(a), it can be seen that C(+τ) > C(−τ) for increas-
ing I2 from 18.8 mA to 20 mA (≈I1) but C(+τ) < C(−τ)

for increasing I2 from 20 mA to 21 mA. Therefore, the SL
with a larger bias current level becomes the leader. Based on
Fig. 6(b), the SL with a longer wavelength will be the leader.
The above simulated results are the same as the experimen-
tal results.

In order to determine which laser will play the leader role
under different conditions, Fig. 7 gives the dependence of

Fig. 6 Dependence of C(+τ)

and C(−τ) with I2 (a) and
�f (b). The triangle line
represents C(+τ) and the dotted
line represents C(−τ)

Fig. 7 Dependence of C(+τ)

and C(−τ) on �f (a) and
I2 (b), where (a) is for fixing the
laser current and changing the
laser temperature and (b) is for
changing the current but without
frequency detuning
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C(+τ) and C(−τ) on I2 and �f , where Fig. 7(a) is for
fixing the current and changing the temperature of SL2 and
Fig. 7(b) is for changing current of SL2 but without fre-
quency detuning. Through adjusting the temperature of SL2
but fixing the current of SLs, a different frequency detun-
ing can also be obtained. The results show that the SL with
short wavelength will be the leader, which has been proved
experimentally [9]. For the case of changing the current but
without frequency detuning (see Fig. 7(b)), the SL with a
larger bias current level becomes the leader due to its larger
output power. Comparing Fig. 7(b) with Fig. 6(a), it can be
deduced that the power asymmetry is the key factor to de-
termine which one is the leader when the system simulta-
neously exists with asymmetrical power and asymmetrical
frequency. Therefore, the SL with a longer wavelength be-
comes the leader for the currents of two SLs that are asym-
metrical and the two SLs temperatures are fixed, but the op-
posite results will be obtained once the bias current levels
of the two SLs are approximately identical but the two SL
temperature are asymmetrical.

5 Conclusions

Based on a simple mutually delay-coupled system of SLs,
the chaos synchronization states including anticipating and
lag synchronization for the two lasers with different bias cur-
rent levels are experimentally investigated for the first time.
The experimental results show that the conversion between
anticipating and lag chaos synchronization can be achieved
by varying the bias current levels of the two SLs. Further-
more, based on the rate equation theoretical model of such
a mutually delay-coupled SLs system, the synchronization
characteristics of this system have been simulated. The the-
oretical results are similar to the experimental results.
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