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Abstract. A simulation of chaos-synchronization of unidirectionally open-loop master-slave 

configuration semiconductor lasers is introduced. We consider three scenarios, both lasers are 

single-mode, multi-mode lasers, with three modes where the interaction is between each mode 

of transmitter with the corresponding mode of the receiver, and the third scenario is for 5 

modes. The simulation was focused on the influences of frequency-detuning of different values 

of coupling strength for two types of synchronization, anticipating synchronization (AS) and 

isochronous synchronization (IS). The simulation results demonstrate that scenarios are 

sensitive to the frequency-detuning between transmitter’s and receiver’s lasers. So, the suitable 

increasing of coupling strength is a necessary solution to decrease the frequency-detuning 

effect and saving synchronization with significantly broad high-quality, which means excellent 

feasibility. 

1. Introduction 

The synchronization phenomenon fundamentally describes the ability of a set of self-oscillators, to 

oscillate in unison due to their weak-interaction, to adjust their intrinsic rhythms [1]. In the 17th 

century, Huygens observed the synchronous motion, for the first time, in two maritime pendulum-

clocks[2-4]. After that, synchronization has been observed in broad varieties of physical, chemical and 

biological systems[5]. One of these systems is communication applications[6,7], based on chaos to 

generate extremely complicated signals[8,9]. 

In recent years, optical-chaos based encryption schemes have attracted much attentions when 

compared with the traditional encryption methods[10], this momentum as a result of the requirement 

scenario and the pertinent technological progresses[11]. Generally, semiconductor-lasers (SCLs) are 

the most mainly used optical chaotic sources[7,12-14] due to their simplicity and low-cost[10]. They 

are commonly known for having complex and rich dynamical behavior intrinsically related to exciting 

physical properties and with the possible to drive to cutting edge applications[15]. The essential idea 

of secure-optical-communications is to employ chaotic output of transmitter to encode a data message 

and transfer to a receiver. Synchronizing transmitter-receiver is a fundamental condition so as to 

decode this message at receiver[16,17]. 

Buldú et al.[18] numerically demonstrated the emergence of two types of chaos-synchronization in 

two multimode scenarios, where they were consider, for simplicity, zero-detuning between the two 

lasers in each model. But this parameter, i.e. frequency-detuning, is an important influence on chaotic-
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synchronization performance of semiconductor-laser (SCL) systems, so, it should be taken into 

account[19]. Therefore, we theoretically study the effect of detuning on three scenarios. The 1st one, 

when the chaos-synchronization occurs between two single-mode lasers. The 2nd scenario is two multi-

mode lasers, both 3 modes, where each mode of transmitter laser (TL) injected to the corresponding 

mode of receiver laser (RL). And the 3rd scenario is like the 2nd scenario except both lasers with 5 

modes. 

2. Modeling 

We consider synchronization in SCL systems under effect optical-feedback (OF). The 1st scenario 

under study is shown in figure 1. It is presented two SCLs having nearly the same device features as 

light sources. The TL system with OF loop, which makes output TL oscillates as a chaotic. While the 

RL system without OF loop, as an open-loop system, with chaotic output injects only from TL to RL 

due to presence an optical isolator (OI). Under suitable conditions, RL may be synchronized with 

TL[20]. It can replace single-mode lasers in figure 1 with three-modes lasers or five-modes lasers to 

refer of 2nd scenario or 3rd scenario, respectively. 

 

 

Figure 1. Synchronization scenario of two unidirectional coupled SCLs. 

 

Many approaches used to generalize the single-mode Lang-Kobayashi model (LKM) in order to 

characterize the behavior of multi longitudinal modes of laser in the existence of feedback[21]. In this 

study, we will make develop of Buldú et al.[18] model of generalized LKM, to consider the effect of 

detuning on these scenarios, by the following set of equations for the evolution of the laser electric 

fields (𝐸𝑥(𝑡)) and the carrier density (𝑛(𝑡)). 
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Where x is the mode-number, 𝜉(𝑀,𝑆)(𝑡) is Langevin noise forces to  represent spontaneous emission 

and 
( )

x
G n

 is the gain-coefficient. Carrier noise is neglected. 
2

( ) ( )x xP t E t measures the number of 

photons. c is normalized, nth is the carrier number at the solitary-laser-threshold, given by cth=1 and 

threshold injection current 19.8thI mA . 

It is assumed, for all modes, TL feedback parameters 𝑘𝑀 and feedback time (𝜏𝑇𝐿 = 3.8𝑛𝑠) to be equal, 

and the parameters 𝛼, 𝛾 and 𝛾𝑒, for all modes to both SCLs, to be equal. ( )ox c c lx x      , 

where 𝜔𝑐 corresponding to the mode 𝑥𝑐. ∆𝜔 = 2𝜋∆𝑓, where ∆𝑓 is the frequency-detuning. ∆𝜔𝑙 is the 
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longitudinal mode spacing ∆𝜔𝑙 = 2𝜋/𝜏𝑙. Coupling strength 𝑘𝑆,𝑥 and coupling time 𝜏𝑅𝐿 = 0 are equal 

for all modes. Linewidth-enhancement-factor 𝛼 = 2.5 [4]. Other parameters are defined in table 1. 

3. Results and discussion 

With equations (1), (2) and (3) in hand, it is presently proceeding to measure the synchronization 

degree numerically under effect of detuning. The mechanism of chaotic synchronization is based on 

output oscillations of TL by optical feedback which injection unidirectional to RL. 

We study the influence of frequency-detuning, from -40GHz to 40GHz, on the cross-correlations 

function with respect coupling strength, 20𝑛𝑠−1, 40𝑛𝑠−1 and 60𝑛𝑠−1, of all our scenarios. The cross-

correlation function is determined to quantify the chaotic synchronization-quality, which is defined 

according to the following-equation[22]: 
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Figure 2 presents the choatic-synchronization of the 1st scenario at ∆𝑓 = 0𝐺𝐻𝑧 𝑎𝑛𝑑 𝑘𝑐 = 20𝑛𝑠−1, it 

is noted that two types of synchronization appeared, AS and IS, between these single-mode lasers with 

very-good quality, CCF of AS and IS are (CCF=1.00) and (CCF=0.92), respectively. When we allow 

for a detuning with respect to the coupling strength in figure 3. It is observed by fitting the simulated 

that the curves which represent the quality of synchronization are decreasing with growth of 

frequency-detuning on both sides of zero-detuning, and the curves are increasing with the rising 

coupling strength, which agree with the refs. [20,23,24], although there are synchronization zones 

behind the non-synchronization zone, as in the curve at 𝑘𝑐 = 20𝑛𝑠−1 in the figure 3(a), it may be as a 

result of the complex behavior of lasers chaotic output. It also observed the area under the curve at 

𝑘𝑐 = 60𝑛𝑠−1 remains larger than the area under the curve at 𝑘𝑐 = 40𝑛𝑠−1, which in turn is larger 

than the area under the curve at 𝑘𝑐 = 20𝑛𝑠−1. It can be seen that both types of synchronization, AS 

and IS, can wonderful appear until good values of detuning. Where synchronization at positive 

detuning is clearly better than synchronization at negative detuning, which agree with refs. [20,25] for 

both types of synchronization. There are deviation of the best synchronization toward positive 

detuning, which agree with ref. [25], for both types of synchronization, which made curves are not 

symmetric on both sides of zero-detuning. 

 

Table 1. Simulation parameters [19,26]. 

Symbol Definition Value 

𝚪 Cavity loss coefficient 0.238 ps-1 

𝐤𝐌 Feedback strength 2 × 10−2 𝑝𝑠−1 

𝛃 Spontaneous emission rate 5×10-10 ps-1 

𝛄𝐞 Carrier inverse lifetime 6.21×10-4 ps-1 

c Injection current 1.015 

𝛕𝐥 Internal round trip time 8.5ps 

𝛚𝐜 Gain peak frequency 0 𝑚𝑜𝑑 2𝜋

𝜏
 

∆𝛚𝐠 Material gain width 2𝜋 × 21.17 THz 

S Saturation coefficient 1×10-7 

𝐠𝐜 Differential gain coefficient 3.2×10-9 ps-1 

𝐧𝟎 Transparency inversion 1.25×108 

 

The choatic-synchronization of the 2nd scenario at ∆𝑓 = 0𝐺𝐻𝑧 𝑎𝑛𝑑 𝑘𝑐 = 60𝑛𝑠−1 is presented in 

figure 4. It is seen a very good AS and IS for all modes and total, which are (CCF=0.87) and 

(CCF=0.96) for mode 1, (CCF=0.53) and (CCF=1.00) for mode 2, (CCF=0.81) and (CCF=0.95) for 

mode 3, (CCF=0.74) and (CCF=0.96) for total, respectively. The effect of detuning on each mode and 
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total of the 2nd scenario in figure 5. At which point, the curves fitting ebb away with growth detuning, 

and they increase with rising 𝑘𝑐, Except the curve in figure 5(3b), where curves increase visibly only 

when the rising between two values of 𝑘𝑐 is (40𝑛𝑠−1), It also showed synchronization zones behind 

the non-synchronization zone as shown in figure 5(3a),  which agree with ref. [19]. It may be as a 

result of the complex behavior of lasers chaotic output which makes it difficult to predict its 

magnitude. The results are close to each others of all modes and total at each value of 𝑘𝑐 for each type 

of synchronization and both sides of zero-detuning, which makes results more reliable. It is important 

to refer that both types of synchronization can appear until, relatively, high values of detuning. From 

these results, in addition to increasing curves with increasing 𝑘𝑐, it is also noted that positive detuning 

synchronization is better than negative detuning synchronization for both types of synchronization. 

The curves are not symmetric on both sides of zero-detuning because the deviation of the best 

synchronization toward positive detuning for both types of synchronization. 

When we examine the effect of frequency-detuning on the cross correlations of 3rd scenario in figure 6. 

It is found that both types of synchronization of this scenario recorded all the features which is seen in 

2nd scenario. So, there is agreement between them. 

 

Figure 2. Synchronization of single-mode lasers at ∆𝑓 = 0𝐺𝐻𝑧 𝑎𝑛𝑑 𝑘𝑐 = 20𝑛𝑠−1. (1a) chaotic-

output of TL with time. (1b) chaotic-output of RL with time. (1c) synchronization plot between TL 

and RL. (1d) the time shift CCF for TL with RL. 

 

 

Figure 3. The curves fitting between CCF and frequency-detuning with respect coupling strength of 

single-mode lasers. (1a) Anticipating synchronization. (1b) Isochronous synchronization. 
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Figure 4. Synchronization of three-mode lasers at ∆𝑓 = 0𝐺𝐻𝑧 𝑎𝑛𝑑 𝑘𝑐 = 60𝑛𝑠−1 (1a, 2a, 3a and 4a) 

chaotic-output of modes 1, 2, 3 and total of TL, respectively, with time. (1b, 2b, 3b and 4b) chaotic-

output of modes 1, 2, 3 and total of RL, respectively, with time. (1c, 2c, 3c and 4c) synchronization 

plot between of modes 1, 2, 3 and total of TL and RL, respectively. (1d, 2d, 3d and 4d) the time shift 

CCF for modes 1, 2, 3 and total of TL with RL, respectively. 
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Figure 5. The curves fitting between CCF and frequency-detuning with respect coupling strength of 

multi-mode lasers (both with 3 modes). (1a, 2a, 3a and 4a) Anticipating synchronization of modes 1, 

2, 3 and total, respectively. (1b, 2b, 3b and 4b) Isochronous synchronization of modes 1, 2, 3 and total, 

respectively. 
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Figure 6. The curves fitting between CCF and frequency-detuning with respect coupling strength of 

multi-mode lasers (both with 5 modes). (1a, 2a, 3a, 4a, 5a and 6a) Anticipating synchronization of 

modes 1, 2, 3, 4, 5 and total, respectively. (1b, 2b, 3b, 4b, 5b and 6b) Isochronous synchronization of 

modes 1, 2, 3, 4, 5 and total, respectively. 

 

4. Conclusion 

The detuning-frequency effect on of three chaotic synchronization scenarios were studied via 

numerical simulation for single-mode scenario, three-mode scenario and five-mode scenario. For all 

these scenarios, It is appeared two types of synchronization, AS and IS. It is demonstrated that these 

two types of chaos-synchronization is decreasing with increasing frequency-detuning. Both types of 

synchronization may be obtained even if the certain-level of frequency-detuning exists, as long as 𝑘𝑐 

is large enough. It is found that both types of synchronization can obtained in the total output at 

CCF=0.5 for both sides of detuning, with excellent agreement between these three scenarios. The 

synchronization of positive-detuning is better than negative-detuning for both types of 

synchronization, which makes the deviation of the best synchronization toward positive-detuning for 

both types of synchronization, thus, The curves are not symmetric on both sides of zero-detuning. 

Therefore, 𝑘𝑐 should be much larger at negative-detuning. Finally, the results of these three scenarios 

support each other, which makes them more reliable. 
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