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In this article, we propose and investigate a novel scheme to generate optical frequency combs (OFCs) by using a three-stage generator, which is based on optical injection–induced dynamics cascaded by subharmonic electro-optic modulation and the four-wave mixing (FWM) effect. A primary seed OFC is rooted from the nonlinear dynamics in the optically injected semiconductor laser, and its performance is improved using a two-stage booster based on subharmonic electro-optic modulation and the FWM effect. The comb spacing can be easily tuned by adjusting that of the primary seed OFC or through electro-optic modulation by the use of subharmonics with different orders. Moreover, it becomes stabilized because the phase relationship between the comb teeth can be fixed in the process of subharmonic electro-optic modulation. Its optical spectrum continues to be broadened in the following FWM process. Finally, robust OFCs with a comb spacing of 4 GHz and a comb teeth number of 23 and a comb spacing of 5 GHz and a comb teeth number of 21 are experimentally demonstrated.
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INTRODUCTION
As a special kind of ultrashort optical pulse, optical frequency combs (OFCs) have important applications in various fields, ranging from examining the theory of quantum electro-dynamics [1, 2], space and time variations of fundamental constants [3–5], optical frequency synthesis [6], optical communications [7], and precise optical metrology [8] to optical arbitrary waveform generation [9] and so on. For example, it can realize high-precision measurement of optical frequency. The core of such high-precision optical spectroscopy is due to high frequency stabilities and accuracies of ultranarrow light sources at the desired wavelengths provided by the OFC [10].
Over the past decades, to meet the preference demand on OFCs in various application scenarios, various kinds of generation techniques for OFCs have been proposed, which have demonstrated their own distinct characteristics. These generation techniques can be generally categorized into six main types. The two classical ones are based on mode-locked lasers (MLLs) [11, 12] and on cyclic frequency shift structures [13, 14]. The four others can all be classified into the microwave photonic domain, namely, based on modulators [15, 16], based on optoelectronic oscillators (OEOs) [17, 18], based on nonlinear optical fibers [19, 20], and based on optically injected semiconductor lasers [21, 22]. For OFCs based on modulators, the phase relationship between the comb teeth is fixed due to the known electro-optic effect, the frequency stability is robust, and comb spacing can be flexibly adjusted by changing the frequency of the modulation signal. However, the number of comb teeth is small and the flatness is poor, both of which are limited by the power of the modulation signal and the bandwidth of the used modulators. The comb spacing of OFCs based on MLLs can also be adjustable, for the wavelength tuning range of MLLs is large and its repetition frequency can be adjusted in a certain range. Yet its flexibility is poor, for the repetition frequency of MLLs can only be tuned in a small range. The OFC based on cyclic frequency shift structures has numbers of comb teeth and good flatness, whereas it has disadvantages such as an unclear phase relationship between comb teeth and high carrier noise. The OFC generated by the self-oscillation in the optoelectronic oscillation loop does not need an external microwave source, which can help avoid the additional phase noise caused by the external microwave source. At the same time, OEOs can provide a stable microwave signal with stable ultralow noise to reduce the phase noise of the generated OFC. However, not only is the system structure of the scheme complex and expensive but also the number of comb teeth is relatively small and the comb spacing cannot be changed due to the limited narrow bandwidth of the electronic filter in the OEO loop. The OFC based on nonlinear effects in optical fibers has numbers of comb teeth, but the flatness is poor. What is worse is that the number of comb teeth cannot be controlled because it is difficult to quantitatively control nonlinear effects. Interestingly, the optical spectrum of the period-one oscillation state induced in the optically injected semiconductor laser has several frequency modes, and the frequency spacing between these modes is strictly equal, which is exactly an embryonic form of OFCs. Therefore, it has the potential to generate OFCs based on optical injection technology. It has been found that the nonlinear period-one dynamic can successfully provide seed OFCs. The process of optical injection in the resonance cavity of the laser can ensure coherence among the comb teeth, and it can realize the flexile adjustment of comb spacing in principle. In addition, the optical injection technology is simple in structure, rich in theoretical analysis, and mature in technology. However, such primary seed OFCs are quite sparse in number and uneven in flatness with respect to comb teeth, and the phase relationship between the comb teeth may become unstable due to the fluctuation noise originating in the resonance cavity of the laser.
In this study, we employ the primary OFC that originated from the process of optical injection as the seed OFC. We propose and demonstrate that improved OFCs with adjustable comb spacing and excellent frequency stability can be obtained with cascaded subharmonic electro-optic modulation and the four-wave mixing (FWM) effect. Finally, robust OFCs with a comb spacing of 4 GHz and a comb teeth number of 23 and a comb spacing of 5 GHz and a comb teeth number of 21 are demonstrated in the experiment.
OPERATION PRINCIPLE
The evolution process of the proposed three-stage OFC generator is shown in Figure 1. [image: image] and [image: image] are the working frequencies of the master laser (ML) and the free-running slave laser (SL), as shown in Figure 1A. The SL that is optically injected by the ML can be piloted to enter the period-one oscillation state under appropriate injection conditions, and a primary seed OFC with a comb spacing of [image: image] is generated in the first stage, which has sparse comb teeth, as shown in Figure 1B. This primary seed OFC is then sent into a phase modulator (PM) and modulated by the external RF signal at the frequencies of subharmonics of the oscillation period. The primary seed OFC teeth are locked by the subharmonic electro-optic modulation sidebands in the second stage, which will fix the phase relationship of the comb teeth through electro-optic modulation. Interestingly, similar to the dynamic process that is the optical injection locking being able to occur in a certain range of the detuning frequency between the ML and the SL, this subharmonic locking behavior stays robust in a certain frequency deviation between the period-one frequency and the subharmonic frequency. In addition, the number of comb teeth of this subharmonic-locked OFC increases, and the comb spacing is now [image: image](at 1/N subharmonic electro-optic modulation, N = 1, 2, 3 …), as shown in Figure 1C at 1/2 subharmonic electro-optic modulation. Then the subharmonic-locked OFC with the locked phase relationship between the comb teeth is sent into a semiconductor optical amplifier (SOA).
[image: Figure 1]FIGURE 1 | Principle diagram of the proposed generation system of the OFC. Spectra diagram of (A) free-running ML and SL lasers, (B) primary seed OFC, (C) subharmonic-locked OFC, and (D) FMW-broadened OFC.
In the SOA, if the comb teeth at frequencies of [image: image] satisfy the phase matching condition, they will interact with each other and bring out the FWM effect, which leads to the parametric amplification of the frequency mode [image: image]while generating the signal light with the frequency of [image: image]. The generated signal light with the two comb teeth at frequencies of [image: image] will continue to bring out the FWM effect under the condition of phase matching, which will lead to another new signal light at the frequency of [image: image] being generated and new parametric amplification being carried out at the same time. The comb teeth at frequencies of [image: image] will be generated in turn. Similarly, the comb teeth at frequencies of [image: image] will be generated at the side of high frequency, and the intensity of the newly generated modes will be increased in these parametric amplification processes. Consequently, the number of comb teeth becomes greater in the third stage, and the newly generated OFC becomes flatter, namely, the FWM-broadened OFC, as shown in Figure 1D. In summary, the robust OFC is obtained after experiencing a three-stage evolutionary process, including the period-one oscillation state in the optically injected laser, the electro-optic modulation in the PM, and the FWM effect in the SOA.
SIMULATION RESULTS
To verify the proposed scheme, simulation is conducted using Optisystem. When the detuning frequency is set to 5 GHz and the injected intensity is –17.5 dBm, the SL enters the period-one oscillation state and the primary seed OFC is generated, as shown in Figure 2A. Due to the redshift of 3.6 GHz caused by optical injection, the frequency spacing between the comb teeth is 8.6 GHz. The primary seed OFC has few comb teeth, only 4, and is not flat in intensity. In order to increase the number of comb teeth and stabilize the phase relationship between the comb teeth, a PM is used to modulate the seed OFC, and an RF signal is employed, whose frequency is set to 4.3 GHz, which is half of the oscillation period of 8.6 GHz. For the subharmonic-locked OFC, the number of comb teeth is increased to 10, and the comb spacing is equal to the frequency of the modulation RF signal, as shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) Primary seed OFC. (B) Subharmonic-locked OFC obtained by simulation.
The subharmonic-locked OFC is then sent into the following SOA, and the FWM effect in the SOA is induced to relay the increasing of the number of comb teeth. The corresponding simulation results are shown in Figure 3. It can be seen that the FWM effect drives the number of comb teeth increasing in an obvious manner, and the number of comb teeth increases with the increase in the injection current of the SOA. Compared with the primary seed OFC, the number of comb teeth is up to 35 when the injection current of the SOA is 200 mA, 50 when it is 400 mA, 65 when it is 600 mA, 79 when it is 800 mA, and 101 when it is 1000 mA. The cascaded subharmonic electro-optic modulation and the relaying FWM effect can effectively improve the primary seed OFC in terms of the number and flatness of its comb teeth.
[image: Figure 3]FIGURE 3 | OFCs obtained by simulation under different injection currents of the SOA.
EXPERIMENT RESULTS AND DISCUSSION
Experiments based on the scheme in Figure 4 are performed to verify the proposed scheme and the simulation results above. The light emitted by the ML passes through the optical isolator (OI), the variable optical attenuator (VOA), and the polarization controller (PC1) in sequence and is then sent into the 3-port optical circulator (OC) at the first port. The SL is connected to the second port of this OC. Due to the perturbation by the external coherence light from the ML, the SL can be controlled into the period-one oscillation state, and the primary seed OFC is experimentally generated, which is directly sent into the PM at the third port of the OC. After being modulated in the PM, it is sent into the SOA through the PC2. Finally, the enhanced OFC can be obtained at the output end of the SOA. As analyzed above, the reason for modulating the primary seed OFC from the SL is that the phase stability between the frequency modes of the period-one oscillation state is poor. Such a primary seed OFC is unstable in phase due to carriers in the resonance cavity of the SL. With the use of subharmonic electro-optic modulation, the phase relationship between the comb teeth can be locked and stabilized in the process of the electro-optic modulation, and the original comb teeth are locked to the modulation sidebands at the same frequency. At the same time, subharmonic electro-optic modulation can also make the primary seed OFC teeth become more in number. The function of the PC2 is to control the polarization state of the subharmonic-locked seed OFC because the FWM effect is polarization dependent. By adjusting the PC, the FWM efficiency in the SOA can be maximized.
[image: Figure 4]FIGURE 4 | Experimental setup of the proposed system. ML, master laser; SL, slave laser; RFS, RF source; PM, phase modulator; SOA, semiconductor optical amplifier; OI, optical isolator; VOA, variable optical attenuator; PC, polarization controller.
The bias current of the SL is set to 19.72 mA, the temperature of the laser control system is set to 19.81°C, the working wavelength is 1554.1460 nm, and the output power is –3 dBm for the SL. Adjusting the injection intensity by the VOA and the working wavelength of the ML (i.e., changing the detuning frequency between the ML and the SL), the primary seed OFC with flexible and adjustable comb spacing can be obtained. When the detuning frequency is 6 GHz, a primary seed OFC with a comb spacing of 8 GHz and a comb teeth number of eight is generated, as shown in Figure 5A. The reason why the comb spacing is larger than the detuning frequency between the ML and the SL is the redshift of the cavity resonant mode wavelength of the SL due to optical injection. It can be seen that the period-one oscillation state can naturally provide a primary seed OFC with tunable comb spacing, but the number of comb teeth is relatively small and its flatness is poor. When the primary seed OFC is modulated by 1/2 subharmonic at 18 dBm, the comb spacing becomes 4 GHz and the number of comb teeth becomes 16, as shown in Figure 5B. The comb spacing of the OFC modulated by the 1/2 subharmonic is halved, the number of comb teeth is doubled, and the envelope of comb teeth becomes flatter as well.
[image: Figure 5]FIGURE 5 | (A) Primary seed OFC. (B) Subharmonic-locked OFC generated in the experiment.
The subharmonic-locked OFC with a comb spacing of 4 GHz is sent into the following SOA. The performance of the experimentally obtained OFCs varies with the injection current of the SOA, as shown in Figure 6. Because the phase relationship between the comb teeth is stabilized by subharmonic electro-optic modulation, it is observed that the obtained OFC is very stable when the FWM effect occurs in the SOA. With the increase in the injection current of the SOA, the FWM efficiency increases, which leads to the number of comb teeth increasing in an obvious manner, as expected by the simulation.
[image: Figure 6]FIGURE 6 | Experimentally obtained FWM-broadened OFCs under different injection currents of the SOA.
For the proposed system, when the intensity of the modulation signal is set to 18 dBm and the injection current of the SOA is set to 300 mA, the quality of the primary seed OFC is obviously improved, and we finally get the FWM-broadened OFC with a comb teeth number of 23 and a comb spacing of 4 GHz, as shown in Figure 7A. The system can also generate OFCs with different comb spacing. By adjusting the injection parameters, we obtain a primary seed OFC with a comb spacing of 10 GHz and modulate it with the use of the 1/2 subharmonic before sending it into the SOA with an injection current of 300 mA, and then another OFC with a comb spacing of 5 GHz and a comb teeth number of 21 is obtained, as shown in Figure 7B. While in the SOA, the smaller the comb spacing, the higher the FWM efficiency. Moreover, the higher the injection current of the SOA, the higher the FWM efficiency. Here, the authors would like to mention that the injection current of the SOA in our laboratory is limited to less than 300 mA, which greatly limits the performance enhancement for the proposed OFC.
[image: Figure 7]FIGURE 7 | OFCs from the SOA with a comb spacing of (A) 4 GHz and (B) 5 GHz.
CONCLUSIONS
In this article, we have proposed and demonstrated a novel scheme to produce robust OFCs using a three-stage generator, which is based on optical injection and improved by cascaded subharmonic electro-optic modulation and the FWM effect. The obtained OFC features high stability, thanks to the stable phase relationship between the primary seed OFC teeth and the subharmonic electro-optic modulation sidebands through the subharmonic locking. Moreover, it can be flexibly tuned by adjusting the injection parameters of the slaver laser. Finally, robust OFCs with a comb spacing of 4 GHz and a comb teeth number of 23 and a comb spacing of 5 GHz and a comb teeth number of 21 are experimentally obtained and demonstrated. If the injection current of the SOA in the experiment can be higher than 300 mA, the maximum value in our laboratory, the proposed OFC generator can be expected to behave like the simulation situation.
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