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Abstract: We report on the experimental observation of coherence 
enhancement of noise-induced intermittency in a semiconductor laser 
subject to optical injection from another laser at the boundary of the 
frequency-locking regime. The intermittent switches between locked and 
unlocked states occur more regularly at a certain value of the injecting laser 
pump current. A shape of probability distribution of the experimental inter-
spike-interval fluctuations is used to quantitatively characterize the 
intermittent behavior. 
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1. Introduction 

Bistability in semiconductor laser (SL) injection locking was first experimentally 
demonstrated by Kawaguchi et al. [1] and then numerically simulated using different laser 
models [2–4]. The two states are associated with two different laser frequencies. One of them 
is the frequency of the injected light from a master laser, that captures the optical frequency 
of a slave laser, and the other one is the proper unlocked frequency of the slave laser [5, 6]. 
Noise is known to play an important role in laser dynamics. There are many sources of noise 
in laser systems: quantum, electrical, thermal, and mechanical vibration noise. All these 
noises have different time scales. Spontaneous emission noise, as known [7, 8], substantially 
modifies laser dynamics; it induces random spikes and intermittent switches between two 
wavelengths in the bistability domain where deterministic models allow for a single state 
only, either locking or unlocking [9]. We refer this behavior to noise-induced two-state 
intermittency. 

Among many types of intermittency, only few types are well defined and characterized 
by specific scaling laws, especially, types I-III and crisis-induced intermittencies [10–12]. 
Characterization of other types of intermittency, such as, for instance, noise-induced two-
state and multistate intermittencies is still under debate and requires further investigation. 
Two-state intermittency was first predicted by Lai and Grebogi [13] and then experimentally 
found in a SL [14]. Unlike classical on-off intermittency [15, 16], where the system 
departures from and approaches towards only one invariant subspace, two-state intermittency 
requires the existence of at least two invariant subspaces. More complex intermittent 
behavior, which involves more than two invariant subspaces, so-called multistate 
intermittency has also been observed in a laser system (see, for example [17, 18],). The 
regularity of noise-induced pulses in dynamical systems can have non-monotonic character 
with respect to the noise intensity, optimally correlated to its non-zero value. This 
phenomenon, referred to as coherence resonance [19, 20], was previously demonstrated 
theoretically and experimentally in various dynamical systems, including lasers with 
saturable absorber [21] and optical feedback [22, 23]. Recently, coherence resonance was 
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predicted in the model of optically injected quantum-dot SLs operated in a frequency-locked 
regime [3]. 

In this paper, we present experimental evidence of coherence enhancement of intermittent 
switches between two different laser wavelengths at the frequency-locking boundary in an 
optically injected SL. We study how coherence can be enhanced by adjusting the injecting 
(master) laser pump current. The rest of the paper is organized as follows. In section 2 we 
describe our experimental setup. In section 3 we analyze optical spectra and time series, and 
in section 4 we introduce quantitative measures to characterize the coherence and the 
observed intermittent behavior. Finally, main conclusions are given in section 5. 

2. Experimental setup 

The experimental setup is shown in Fig. 1. We use two fiber-coupled SLs (Eblana Photonics) 
stabilized in both the current and the temperature with accuracies of ± 0.01 mA and ± 
0.01°C, respectively. An optical isolator (ISO) is inserted between the two lasers to provide 
unidirectional coupling between the master and slave SLs. The lasers are connected via two 
90/10 fiber optical couplers (OC); 90% of the output radiation is used for the coupling 
through a polarization controller (PC) to ensure parallel polarization, and the remaining 10% 
is used for signal detection by photodetectors (PD) (Thorlabs PDB 150C, 150-MHz 
bandwidth). The signal from the photodetector is analyzed with an oscilloscope (Agilent 
Technologies DSO-X 3102A, 1-GHz bandwidth) and a frequency spectrum analyzer (FSA) 
(Agilent Technologies EXA N9010A, 9 kHz - 13.6 GHz bandwidth). The threshold currents 
of the solitary master and slave SLs are 11.5 mA and 12.0 mA at temperatures T = 20.0°C 
and T = 22.53°C, respectively. The injected power is regulated by an attenuator (Att).The 
wavelengths of both lasers are monitored using an optical spectrum analyzer (OSA) (ANDO 
AQ-6315A). The injected light of the master laser enters to the OSA after its reflection from 
the end of the slave laser. Since the master laser is always in a cw regime, the reflected light 
has no effect on temporal dynamics recorded by the oscilloscope. 

Master PC SlaveOC OCAtt

PD PD

OscilloscopeFSA

10% 10%

90% 90%
ISO

OSA  

Fig. 1. Experimental setup. PC is a polarization controller, ISO is an optical isolator, OC is an 
output coupler, Att is an optical attenuator, PD is a photodetector, FSA is a frequency 
spectrum analyzer, and OSA is an optical spectrum analyzer. The red wire represents the 
optical fiber, and the black and yellow wires represent the electrical connections. 

3. Optical spectrum and time series 

During our experiments the slave laser pump current is fixed at Is = 12.80 mA. Without 
injection its wavelength is λs = 1540.42 nm. The master laser pump current (Im) is used as a 
control parameter. A change in Im leads to approximately linear changes in both the laser 
power and its wavelength. For 12 mA < Im < 22 mA the optical frequency of the slave laser is 
locked by the injected light, i.e. the slave laser emits the radiation with the same wavelength 
as the master laser. When Im increases from 22 mA to 27 mA, the wavelength of the master 
laser increases from λm = 1540.58 nm to 1540.64 nm. Despite this slight increase, the slave 
laser dynamics changes drastically because the control parameter crosses the frequency-
locking boundary, i.e. the system leaves the frequency-locking region and the injected light 
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has no influence on the slave laser anymore. This situation is illustrated in Fig. 2 with the 
optical spectra and time series. The coincidence of the wavelengths [Fig. 2(a)] means 
frequency locking and their separation [Figs. 2(b) and 2(c)] means either an intermittent or a 
free-running regime of the slave laser. At the boundary between the frequency-locking and 
unlocked regimes, the slave laser intermittently switches between the two wavelengths λm 
and λs resulting in jumps between two different values of the slave laser intensity; the value 
with higher intensity corresponds to the frequency-locking regime and with lower intensity to 
the unlocked regime. 

When 22 mA < Im < 24 mA the slave laser remains most of the time in the frequency-
locking regime (higher intensity level), occasionally jumping to the unlocked state (lower 
intensity level), as seen in Figs. 2(d) and 2(g). Around Im = 24.6 mA the switches occur more 
regularly with an average switching frequency of 3.7 MHz [Figs. 2(e) and 2(h)]. At Im = 25.4 
mA the slave laser remains most of the time in the unlocked state, presenting occasional 
switches to the locked state [Figs. 2(f) and 2(i)]. For Im > 26.0 mA the slave laser emits again 
a stable radiation being outside the frequency-locking region. Thus, the slave laser emission 
presents two well-defined stable states and the intermittency region between them. Such a 
behavior is illustrated in Fig. 3(a) with the bifurcation diagram of the slave laser peak 
intensity. To obtain this diagram we analyzed 501 time series, each 1-ms long and comprised 
of 500000 points, recorded for the driving currents from Im = 20 mA to 28 mA with a step of 
0.02 mA. In the diagram, one can clearly distinguish each one of the two stable states and the 
intermittency region between 22 mA and 26 mA. 
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Fig. 2. (a-c) Average optical spectra recorded by OSA and (d-i) oscilloscope traces for (a,d) Im 
= 22.0 mA, (b,e) 24.6 mA, and (c,f) 25.4 mA. The lower row (g,h,i) is the zoomed parts of the 
above time series. 

Figure 3(b) shows the evolution of the optical spectrum of both lasers recorded by the 
OSA. The color shows the maximum power of the optical spectral components. For small 
pump currents of the master laser (Im < 11.5 mA), i.e. below the laser threshold, only the 
wavelength of the slave laser (λs = 1540.4 nm) is presented in the spectrum, and it is 
independent of Im. At Im = 11.5 mA the master laser reaches the lasing threshold and locks 
the slave laser frequency, i.e. λs = λm for 12 mA < Im < 21 mA [the single sloping line in Fig. 
3(b)]. For larger currents (21 mA < Im < 26 mA) the slave laser exhibits the intermittent 
behavior. When the difference between λs and λm is smaller than the OSA spectral resolution 
( ± 0.05 nm), the local maximum at λs does not appear in the optical spectrum. This results in 
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the approximately 0.05-nm width of the lines in the diagram. When the separation between 
the lines corresponding to the master and slave laser wavelengths is large enough, we are 
able to distinguish two peaks in the spectrum, as in Fig. 2(b). If not [as in Fig. 2(a)], we can 
only decide that the laser switches between the two wavelengths by observing the time series 
recorded with the oscilloscope. Finally, for Im > 26 mA each laser emits at its own free-
running frequency. For high currents, the two lines in Fig. 3(b) represent two independent 
wavelengths, the upper one corresponds to λm, which increases with Im, and the lower one, 
fixed at 1540.4 nm, corresponds to the free-running frequency of the slave master. 

 

Fig. 3. (a) Bifurcation diagram of slave laser peak intensity frequency-locking boundary and 
(b) local maxima recorded by OSA. 

To test the reproducibility of the diagrams in Fig. 3, we performed the measurements 
many times and obtained the same behavior. We should note that the injected power is too 
small to induce chaos in the slave laser. The spiking and switching dynamics at the 
frequency-locking boundary has a stochastic origin due to internal noise. 

4. Coherence enhancement 

The observed intermittent behavior is known to be induced by noise inherent to SLs (see, 
e.g., [3, 7]). The noisy behavior of the laser emission is clearly seen in Fig. 3(a) as broaden 
widths of the upper and lower branches of the bifurcation diagram. In the bistability domain, 
the system behavior can be presented in the form of a double-well potential with a current-
dependent shape. Unlike coherence resonance, which is characterized by increasing 
regularity with respect to noise, in our case the noise is almost constant and the regularity is 
optimized for a certain value of the master laser current when the double-well potential is 
more symmetric. On-off intermittency is typically defined by conditions for the onset of 
intermittent behavior, namely, the distribution of laminar phases and the mean laminar phase 
versus a control parameter, usually noise intensity [16]. Since our laser displays either 
separate spikes, like those in Figs. 2(g) and 2(i), or switches between two equilibriums, like 
those in Fig. 2(h), it is impossible to measure the duration of the turbulent phase and hence 
characterize this type of intermittency by commonly used scaling relations. Therefore, 
similar to neuron systems, we measure inter-spike-intervals (ISI) between consecutive optical 
spikes or switches, evaluated by ΔTi = ti +1 − ti, with ti being the instant of time when a spike 
occurs. Although the ISI distribution has been the subject of many studies [24, 25], to the 
best of our knowledge, the ISI fluctuations Δn for this system have not been yet considered. 
The ISI fluctuations are defined as the difference between successive natural logarithms: 

 ( ) ( )1ln ln .n i iT T+Δ = Δ − Δ  (1) 

To find Δn in the intermittency region of our system, we analyze the time series and measure 
ΔTi as the spike intensity crosses the value of 60 mV. This value is selected because it lies at 
the middle of the two system states. For spikes whose intensity does not cross the value of 60 
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mV, ΔTi is calculated as the distance between the consecutive local minima or local maxima. 
The current dependence of the standard deviation (SD) of Δn in the intermittency region, 
shown in Fig. 4(a), displays a minimum around 24.5 mA meaning that the system dynamics 
exhibits maximum coherence. It should be noted that small variations of the current threshold 
do not produce qualitative changes in Δn. 

 

Fig. 4. (a) Standard deviation of inter-spike-interval fluctuations in intermittency region and 
(b) power spectrum as a function of master laser pump current. The minimum in (a) and the 
dark spot in (b) correspond to maximum coherence. 

Another quantitative measure of the coherence is the power of the dominant spectral 
component in the frequency spectrum. The higher the power at a particular frequency, the 
more regular dynamics is. Figure 4(b) shows the power spectrum as a function of Im. The 
dark spot in the vicinity of 25 mA means that the laser behavior for this pump current is more 
regular than for other currents, because of the existence of the dominant frequency of about 
3.7 MHz at which the power is significantly higher than for other spectral components. This 
frequency is probably related to the Kramers time in the bistable potential [26]. Another, but 
no so pronounced maximum occurs at the second harmonic of this frequency. 

Next, we will show that the intermittent behavior can be characterized with probability 
distribution of the ISI fluctuations. In particular, we find that the observed spiking behavior 
obeys a non-Gaussian stable distribution, a class of probability distributions allowing 
skewness and heavy tails, i.e. tails that are “heavier” than an exponential. This means that 
events, which are far from the average, appear more frequently than in a Gaussian case. 
Heavy tailed distributions were found in different areas, from economics and finance to 
engineering and biology [27–30]. General stable distributions allow for varying degrees of 
tail heaviness and skewness, and are characterized by four parameters: an index of stability 
or characteristic exponent α ∈ (0,2], a skewness parameter β ∈ [−1,1], a scale parameter γ ≥ 
0, and a location parameter δ. The parameter α is an indicator of the tails. For α = 2 the 
distribution is Gaussian, and smaller values imply heavier tails. For β = 0 the distribution is 
symmetric, and a different value means that the distribution is skewed either to the left or to 
the right, depending on the sign. The parameter γ is an indicator of the distribution width. 
The parameter δ translates the distribution horizontally, accordingly to its value. Since α and 
β determine the distribution form, they may be considered as shape parameters. The fitted 
stable parameters of this kind of probability distributions are showing to be a useful tool to 
quantify and monitor the state of complex systems. To fit the ISI fluctuations we use the 
computer program STABLE [31] based on the maximum likelihood method for estimation of 
stable parameters. The probability density, obtained with a Gaussian kernel [30] for the 
experimental data is compared with the fitted stable probability density. 

The stable model is acceptable if there is a good agreement between the fitted stable 
density and the smoothed data density. We find that the smoothed data density of the 
experimental ISI fluctuations is in good agreement with the fitted stable density for the range 
of pump currents. The stable fitted parameters α and γ in the intermittency region plotted 
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with the 95% confidence interval are shown in Fig. 5. We can see that at the center of the 
intermittency region α is very close to 2 (α = 1.99), and before and after this region the 
characteristic exponent is around 1.9. In this case, as α > 1.9 the parameter β has no effect on 
the shape of the distribution. The parameter γ represents essentially the same behavior as the 
SD of the ISI fluctuations, since it is related with how spread the distribution is. The 
parameter δ is practically zero for all pump currents. 

 

Fig. 5. Fitted stable parameters (a) α and (b) γ as a function of the master laser pump current. 
The 95% confidence intervals are plotted. 

The results presented in Fig. 5 suggest that the fitted stable parameters α and γ can be 
used to quantify the intermittent behavior in the laser. The non-smooth dependence of α on Im 
means the existence of two fluctuation states, the one obeys a non-Gaussian stable 
distribution, which is heavy tailed, and the other one obeys a Gaussian stable distribution. 
The two abrupt changes in Fig. 5(a) occur at the bifurcation points Im = 22.8 mA and 25.2 
mA, where the laser changes its behavior, respectively, from one-state on-off intermittency to 
two-state intermittency and back. The fluctuation state with smaller α (heavy density tails) 
means higher probability for large ISI fluctuations, whereas the fluctuation state with α ≈2 
implies a normal distribution. Therefore, the parameter α can serve as an indicator of the type 
of intermittency. Since γ is an indicator of the distribution width, the larger the ISI 
fluctuations, the wider the distribution is. Therefore, the dependence of γ on Im in Fig. 5(b) 
almost replicates the dependence in Fig. 4(a); minimum γ indicates maximum coherence. 

5. Conclusion 

In this work we have presented experimental evidence of coherence enhancement of noise-
induced two-state intermittency in an optically injected SL at the boundary of the frequency-
locking regime. With the bifurcation diagrams of the laser peak intensity and the optical 
spectral components we have demonstrated the existence of intermittent switches between 
the frequency-locking and unlocked regimes. The minimum in SD of the ISI fluctuations has 
indicated the existence of an optimal master laser pump current for highest coherence of the 
intermittent jumps. Furthermore, the power spectrum exhibited the prevalence of a particular 
spectral component or the existence of a dominant frequency, which is probably related to 
the Kramers time. We have associated this phenomenon with an improvement in the 
symmetry of the double-well potential. We have also found that the ISI fluctuations in the 
intermittency regime obeyed two different probability distributions, a non-Gaussian stable 
distribution (heavy tailed) for the spiking behavior near one equilibrium state, and a normal 
distribution for the random switches between the two states, quantified by fitted stable 
parameters α and γ. The stable fit can be used to select adequate models and parameters for 
simulating intermittent dynamics by comparing the fitted stable parameters obtained from 
experimental and numerical data. 
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