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Abstract

:

The performance of optical M-level (multi-level) amplitude shift keying (ASK) modulation is improved by directly using modulated optically injection-locked (OIL) semiconductor lasers. The direct modulation performance of free-running and OIL semiconductor lasers is evaluated and compared theoretically based on coupled-rate equation. We have found that OIL semiconductor lasers can significantly improve the modulation performance in terms of the signal eye opening and Q-factor. Additionally, we found that the Q-factor increases even more in the negative frequency detuning range due to its dependence on the locking parameters.
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1. Introduction


The generation and transmission of high-capacity optical modulation signals have become key factors in recent photonic applications, such as high-speed optical communications, data centers, supercomputers, and photonic integrated circuits [1,2,3,4]. Accordingly, many studies have been conducted to support the demand for higher transmission speeds in optical communication. Optical modulation signals with high-speed, small-form factor, high output, and high efficiency should be accomplished for various next-generation optical systems to be utilized in real field applications.



Among the various technologies that enable high-speed optical data generation and signal processing, amplitude modulation (AM) is a widely known technology owing to its simplicity when compared to the other modulation methods such as frequency modulation (FM) or phase modulation (PM). FM and PM require a wider frequency bandwidth, and the electrical circuit of the transceivers is much more complex than that of AM. The AM method is realized either by a direction modulation of a laser or by external modulation of a laser using piezoelectric transducers, electro-optic modulators, or acousto-optic modulators [5,6,7]. However, external modulators have several limitations that hinder the performance of optical applications. They include a large form factor, high power consumption, and difficulty in integration with other optical devices [8]. Despite improved integration, challenges such as existence of parasitic modes and high insertion loss exist.



Optically injection-locked (OIL) semiconductor lasers have garnered considerable interest, as they exhibit various advantages over free-running lasers. In OIL semiconductor lasers, when light from a master laser (ML) is injected into a slave laser (SL), the output of the SL can be controlled to achieve the injection-locked state by the appropriate control of the injection locking parameters. In an OIL laser, the resonance frequency and modulation bandwidth of the SL can be improved [9,10,11,12,13]. It also exhibits improved laser performance such as reduction of mode partition noise [14], chirp [15,16,17], and nonlinear distortions [18,19]. Therefore, OIL systems are potential candidates for generating high-capacity signals for various photonic applications such as data centers, high-speed photonics integrated circuits, optical signal processing, and light detection and ranging.



High-speed direct modulation of a laser (DML) have been reported theoretically and experimentally in various optical communication applications [20,21,22]. Direct modulation of the OIL semiconductor laser can overcome the limitations of DML which includes the reduction of frequency chirp and harmful transient effects such as over and undershoots. The OIL laser ensures higher modulation speed owing to the enhanced resonant frequency. The enhanced modulation performances can be distributed to the array of slave lasers [23,24]. Coherent optical communications and applications can be also achieved by the OIL laser [15].



In this paper, we evaluate the performance of optical M-level modulation based on a directly modulated OIL semiconductor laser. We simulated the eye opening and the Q-factor of the optical M-level signal based on the coupled-rate equation. By observing the modulation signal from 2 to 32-level modulation with the symbol rate from 1 to 50 Gbaud, we concluded that performance of M-level modulation signal of the OIL semiconductor laser improved. Additionally, we evaluated the dependence of Q-factor on the locking parameters. We found that the Q-factor increases when the injection-locking parameters are adjusted in the region of negative detuning frequency and high injection ratio.




2. Principle and Theoretical Model


Figure 1 shows the schematic of the generation of the M-level ASK modulated optical signals based on OIL semiconductor lasers. The output of the ML is injected into the SL to achieve the injection-locked output of the SL. The amplitude and phase of the injection-locked SL are controlled by the two injection-locking parameters: the detuning frequency and injection ratio. The detuning frequency is defined by the following Equation (1):


  Δ  ω  i n j   ≡  ω  ML   −  ω  f r , SL   ,  



(1)




where    ω  ML     and    ω  f r , SL     are the angular frequencies of ML and SL, respectively. The injection ratio is defined as the following Equation (2):


   R  i n j   ≡    S  ML      S  f r , SL     ,  



(2)




where    S  ML     is the number of photons of the ML and    S  f r , SL     is the number of photons in SL in the free-running state.



The injection-locked SL is directly modulated by the electrical M-level signal to achieve an optical M-level signal. Several researchers have experimentally and theoretically investigated the modulation performance of semiconductor lasers based on rate equation analysis [25,26,27]. We evaluated the theoretical performance of the M-level signals using the coupled rate equation that describes the modulation process of OIL semiconductor lasers. For the evaluation, the exact relationship between the injection-locking parameters and the extent of AM that produces the desired M-level optical signals must be established first. Hence, we performed an analysis based on the rate equation, which includes the steady state and frequency response of the OIL semiconductor lasers. The rate equation for the OIL semiconductor lasers is defined as


    d S ( t )   d t   =  {  g [ N ( t ) −  N  t r   ] −  γ p   }  S ( t ) + 2 κ    S  ML   S ( t )   cos [ ϕ ( t ) −  ϕ  ML   ] ,  



(3)






    d ϕ ( t )   d t   =  α 2   {  g [ N ( t ) −  N  t r   ] −  γ p   }  − κ      S  ML     S ( t )     sin [ ϕ ( t ) −  ϕ  ML   ] − Δ  ω  i n j   ,  



(4)






    d N ( t )   d t   = J ( t ) −  γ n  N ( t ) − g [ N ( t ) −  N  t r   ] S ( t ) ,  



(5)







Equations (3)–(5) show the rate of change of photons and the number of free electron carriers in SL [23,25]. The time-dependent functions of   S ( t )  ,   ϕ ( t )  , and   N ( t )   are the photon numbers, optical phase, and carrier numbers of the injection-locked SL, respectively. The time-dependent functions of   J ( t )   is the bias current.    S  ML     is the photon numbers of the ML. The physical parameters are defined as follows:  g  is the linear gain,    N  t r     is the transparency carrier number of free running SL,    γ p    is the photon decay rate,    γ n    is the carrier decay rate,  κ  is the field coupling ratio between the ML and SL, and  α  is the linewidth enhancement factor of the laser. The values used for the calculation are listed in Table 1.




3. Simulation and Result


The small-signal modulation performance improvement and the potential for the complex signal generation of the OIL laser has been reported and found in [24,25]. In our simulation condition ( J  = 5 ×    J  t h    ), we found that the frequency modulation response (not shown in this study) significantly enhanced the 3-dB modulation bandwidth from 17 GHz for the free-running laser to 42 GHz for the OIL laser. Here, we focus on the evaluation of the performance of the novel ultra-high-capacity optical signal generation. It is based on OIL semiconductor lasers directly modulated by M-level ASK signals.



Figure 2 shows the eye patterns of the semiconductor lasers modulated by M-level ASK signals under free-running conditions. For the simulation conducted in the present study, we biased the laser with a DC current of 5 ×    J  t h     and modulated it with M-level signals equally divided by the value of M within the current range between the lowest level of 3 ×    J  t h     and the highest level of 7 ×    J  t h    . It shows the output photon numbers for various M-levels and symbol rate. Figure 2a–c show the eye patterns of 2-, 4-, and 8-level ASK modulated signals, respectively, at 1-Gbaud data. Figure 2d–f show the eye patterns of the 2-, 4-, and 8-level ASK modulated signals, respectively at a 5-Gbaud data. The higher symbol-rate and the increased number of M-levels significantly degrade the eye-opening performance, which hindered the ultra-high-speed optical signal generation and transmission.



Figure 3 shows the eye patterns of the OIL semiconductor lasers modulated by M-level ASK signals. It shows the output photon numbers for various M-levels and symbol-rates. Figure 3a–c show the eye patterns of 2-, 4-, and 8-level ASK modulated signals at a 1-Gbaud data, respectively. Figure 3d–f show the eye patterns of the 2-, 4-, and 8-level ASK modulated signals at a 5-Gbaud data, respectively.



Although the higher symbol-rate and the increased number of M-levels degrades the eye-opening performance, the degradation is not as drastic as that of the free-running laser. The eye openings of the OIL semiconductor lasers are much larger than those of the free-running laser. The eye patterns produce a decent modulation signal with reduced modulation-induced noise as compared to the free-running laser. It was found that the OIL lasers can significantly improve the M-level modulation performances for ultra-high-capacity systems owing to the enhanced laser modulation dynamics, such as increase in resonance frequency, reduction in turn-on-delay, and reduction in damping.



Figure 3e,f show an asymmetry in the rising and falling shapes. The falling time of the photon number due to the temporal decrease of the modulation current is greater than the rising time of the photon number due to the temporal increase of the modulation current. The external photon injection to the OIL laser cavity maintains the level of the photon reservoir so that the time required to decrease the photon number in the cavity reservoir is longer than the case of rising signal.



We calculated the Q-factor to evaluate the optical M-level modulation performance. The Q-factor plays an important role in quantifying the performance of a digital communication system. It is shown in Equation (6) [28]:


    Q k  =    u k  −  u  k − 1      σ k  +  σ  k − 1      ·  ( k = 1 , 2 , 3 , ⋯ , M − 1 ) ,   



(6)




where    u k    and    u  k − 1     are the average values of the two adjacent signal levels in M-level ASK signals. The difference of    u k    and    u  k − 1     is divided by the sum of the standard deviations    σ k    and    σ  k − 1     for each signal level. For M-level ASK modulation, we calculated the Q-factors for the adjacent signals by the Equation (6) and divided the sum of the adjacent Q-factors by (M-1) to obtain the average Q-factor.



Figure 4 shows the averaged Q-factors of the free-running and OIL semiconductor lasers as a function of various M-levels for 10-Gbaud and 20-Gbaud modulation. As the level of M-value in the M-level ASK modulation increases, the Q-factor decreases in both the free-running and OIL semiconductor lasers. The Q-factor also decreases as the data rate increases. The performance of M-level modulation in terms of Q-factor improves significantly for the OIL laser as compared to the free-running laser. It shows more than two times the improvement for the OIL laser (~0.7) as compared to the free-running laser (~0.3) at 10-Gbaud data rate with 5-level modulation.



Figure 5 shows the averaged Q-factors of the free-running and OIL semiconductor lasers as a function of various data rates for 2- and 4-level ASK signals. The Q-factor performance is maintained as high as 0.3 for the OIL laser with 2- and 4-level modulation cases for 50-Gbaud data rates, while it is significantly reduced to a low value for the free-running laser. This clearly shows the potential of the M-level optical modulation based on the OIL laser for ultra-high-capacity data systems.



We evaluated the dependence of Q-factor performance on the detuning frequency and injection ratio. Figure 6 shows the averaged Q-factors represented as gray-colored range in the locking map for two-level ASK signals at 10-Gbaud data modulation. The Q-factor exhibits an enhanced performance when the injection-locking parameters are adjusted in the region of negative detuning frequency and high injection ratio. The reason for this is because of the increased damping of the resonance of the OIL laser in the negative detuning range.




4. Discussion


Direct modulation performances of optically injection-locked (OIL) lasers exhibit the significant improvement compared with a free-running laser [9,10,11,12,13,14,15,16,17,18,19]. Based on the theory of the modulation property improvement, we apply the multi-level (M-level) modulation signal to the OIL laser to increase data transmission capacity. We achieved the enhanced M-level modulation performance owing to the modulation bandwidth increase, chirp reduction, and turn-on delay reduction of the OIL laser. Furthermore, we found that the M-level modulation performance can be significantly improved when the OIL laser operates within the negative frequency detuning regime. This is due to the strong damping of the modulation dynamics of the OIL laser. The improved M-level optical modulation performance of the OIL laser can be applied to a wide range of various high-capacity optical systems, including optical wired/wireless communication, data centers, and photonic circuits. As a future work, we will confirm the simulation results by the experimental demonstrations.




5. Conclusions


We proposed a simple and efficient multi-level (M-level) optical modulation based on the direct modulation of optically injection-locked (OIL) lasers. We theoretically confirmed the potential of the OIL laser for ultra-high-capacity data systems by evaluating the eye-diagram and Q-factor performances. The directly modulated OIL laser exhibited a wider eye-opening and a higher Q-factor for a large value of the M-level modulation as compared to a free-running laser. They also exhibited high optical modulation performances for large data rates up to 50 Gbaud. We also found that the Q-factor performance is improved when the injection-locking parameters are adjusted in the region of negative detuning frequency and strong injection ratio.
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Figure 1. Schematic for the generation of the multi-level (M-level) amplitude shift keying (ASK) optical signals based on the optically injection-locked (OIL) semiconductor lasers. 
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Figure 2. Eye patterns of the free-running lasers. (a) 2-level amplitude-shift keying (ASK) signal at 1-Gbaud data modulation. (b) 4-level ASK signal at 1-Gbaud data modulation. (c) 8-level ASK signal at 1-Gbaud data modulation. (d) 2-level ASK signal at 5-Gbaud data modulation. (e) 4-level ASK signal at 5-Gbaud data modulation. (f) 8-level ASK signal at 5-Gbaud data modulation. 
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Figure 3. Eye pattern of the OIL semiconductor lasers. (a) 2-level amplitude-shift keying (ASK) signal at 1-Gbaud data modulation. (b) 4-level ASK signal at 1-Gbaud data modulation. (c) 8-level ASK signal at 1-Gbaud data modulation. (d) 2-level ASK signal at 5-Gbaud data modulation. (e) 4-level ASK signal at 5-Gbaud data modulation. (f) 8-level ASK signal at 5-Gbaud data modulation. 






Figure 3. Eye pattern of the OIL semiconductor lasers. (a) 2-level amplitude-shift keying (ASK) signal at 1-Gbaud data modulation. (b) 4-level ASK signal at 1-Gbaud data modulation. (c) 8-level ASK signal at 1-Gbaud data modulation. (d) 2-level ASK signal at 5-Gbaud data modulation. (e) 4-level ASK signal at 5-Gbaud data modulation. (f) 8-level ASK signal at 5-Gbaud data modulation.
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Figure 4. Averaged Q-factors of the free-running and the OIL semiconductor lasers as a function of various M-levels for 10-Gbaud and 20-Gbaud modulation. Q-factor: quality-factor; M-level: multi-level; OIL: optically injection locked. 
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Figure 5. Averaged Q-factors of the free-running and the OIL semiconductor lasers as a function of various data rates for 2 and 4-level ASK signals. Q-factor: quality-factor; ASK: amplitude-shift keying; OIL: optically injection-locked. 
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Figure 6. Q-factor dependence on the injection-locking parameters for two-level ASK signals at 10-Gbaud data modulation. The locking range is represented as a gray-scaled range that shows the Q-factor value. Q-factor: quality-factor; n.s.: unstable locking range. 
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Table 1. Values used in calculations.






Table 1. Values used in calculations.





	Symbol
	Quantity
	Value
	Unit





	    λ 0    
	Wavelength
	   1550   
	nm



	  g  
	Net stimulated gain
	   4.7 ×   10  4    
	    1 / s    



	    N  t r     
	Transparency carrier number
	   9.36 ×   10  6    
	No unit



	    J  t h     
	Threshold current
	   2 ×   10   16     
	    1 / s    



	    J  b i a s     
	Bias current
	   5 ×  J  t h     
	    1 / s    



	    γ p    
	Photon decay rate
	   5 ×   10   11     
	    1 / s    



	    γ n    
	Carrier decay rate
	   1 ×   10  9    
	    1 / s    



	  α  
	Linewidth enhancement factor
	  5  
	No unit



	  κ  
	Coupling ratio
	   225   
	    1 / s    



	    R  i n j     
	Injection power ratio
	   10   
	dB



	   Δ  ω  i n j     
	Detuning frequency
	   − 10   
	GHz
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