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Abstract. We introduce a new reservoir computer based on vertical cavity surface 
emitting semiconductor laser (VCSEL) with optical injection and arbitrary 
polarization optical feedback. By changing the feedback optical polarization angle 
and under parallel or orthogonal optical injection, we demonstrate that the 
introduction of new parameter (polarization angle) increases one degree of freedom 
of the system, making the parameters adjustment space much wider than parallel or 
orthogonal optical feedback ones. Via Nonlinear channel equalization benchmark 
task, the performance of such RC system is investigated, and the results indicate the 
system can yield good performance that can be compared with or better than similar 
reservoirs. 
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1. Introduction 

Reservoir computing (RC) as a new method inspired by neural networks has received 

extensive attention in recent years. It originated from recurrent neural networks, but has 

the advantage of easy training. Generally, a traditional RC comprises of three layers, 

named as input layer, reservoir and output layer. The connection of the input layer and 

the reservoir layer is randomly selected, and then fixed, only the readout layer need to be 

trained. Notably, based on a single nonlinear component under delayed feedback, a novel 

RC system named as time delayed RC is proposed in 2011 [1]. Such time delayed RC 

system possesses the superiority of easy hardware-implementation. Semiconductor 

lasers (SLs) with time delayed feedback are very promising for high-speed 

implementation of RC and high dimensional transformation of input signal. 

Compared with edge emitting lasers, vertical cavity surface emitting semiconductor 

lasers (VCSELs) have some unique advantages due to their different structures, which 

makes VCSELs as reservoirs easier to realize some basic properties that RC must have. 

Recently, much research work has been reported on the rich nonlinear characteristics 

exhibited by VCSELs under conditions of optical injection and optical feedback, and the 
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switching between two polarization states, their nonlinear characteristics are one of the 

necessary conditions to constitute a reservoir computer. In this study, we propose a new 

method to constructing reservoir computer using VCSEL subject to optical injection and 

arbitrary polarization optical feedback. Via Nonlinear channel equalization task [2], the 

performance of such RC system is investigated, and the influences of some typical 

parameters on the performance have been analyzed. 

2. System Model 

Figure 1(a) is the schematic diagram of our proposed RC system. The main laser is a 

tunable laser, we consider that the wavelength of the main laser is adjusted to be the same 

as the VCSEL (1550nm), so here is no frequency detuning between the injected optical 

and the VCSEL. Polarization controller (PC) can adjust the polarization direction of the 

injected light. We consider two ways of injection which are defined as parallel and 

orthogonal injection, which means the injection polarization direction consistent with the 

X polarization (XP) or Y polarization (YP) mode of the VCSEL. The two attenuators 

can control the strength of inject and feedback light respectively to get the best working 

condition. In the feedback loop of VCSEL, we use a tunable polarization wave plate 

(TPW) to adjust the polarization angle of feedback light. The Mach-Zehnder (MZ) 

intensity modulator and arbitrary waveform generator (AWG) can input the signal and 

mask. θp=0° represents only XP mode can pass through TPW and no YP element. θp = 

90° represents only YP mode can pass through TPW and no XP element. Therefore, 

when θp changes from 0° to 90° as shown in figure 1(b), the output light of VCSEL is 

only the components Excos(θp) of XP mode and Eysin(θp) of YP mode can pass through 

TPW, then it can be expressed as Ef  = Excos(θp) + Eysin(θp). When this light is feedback 

into VCSEL, the feedback electric field amplitudes are given by: 
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Figure 1. (a)Schematic diagram of RC based on VCSEL subject to optical injection and arbitrary polarization 
optical feedback. (b) Schematic diagram of the relationship between two polarization modes of VCSEL under 
feedback of variable polarization angle. Ex and Ey are slow varying electric field amplitude of XP mode and 
YP mode. 
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The simulation model we used is based on the spin-flip model (SFM), which 

descripts slowly varying complex electric field amplitudes and the carrier number in the 

laser cavity [3-4]. It is extended with optical injection term and arbitrary polarization 

optical feedback term [5]. The rate equations of the extended model are given by: 
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where the subscript x, y represents two polarization modes of XP and YP, and N denotes 

the number of carriers in the laser cavity. ωinj is the injected optical angular frequency, 

ω0 is the angular frequency of VCSEL, and k is the decay rate of the electric field. γp is 

the linear birefringence rate and γa is the rate of linear dichroism. α is linewidth 

enhancement factor, γN is the decay rate of the carrier population, γs is the spin-flip 

relaxation rate. Here we will consider two ways of injection, parallel injection and 

orthogonality injection. The injected optical polarization direction is consistent with XP 

mode (kx=1, ky=0) and YP mode (kx=0, ky=1) respectively. Einj is electric field amplitude 

of the injected optical, kinj is injection coefficient and we can change it from 0 ns-1 to 300 

ns-1. And the input signal modulated by MZ can be expressed as Einj=Pinj
1/2(1+eiV/V

π), V 

is the voltage of signal which output by AWG, and between [-πVπ; πVπ], Vπ is the half 

wave voltage of MZ. In our simulation, we set Pinj =1, Vπ=1. Fx and Fy which are the last 

item in equation (3) and (4) represent spontaneous emission noise, and can be expressed 

mathematically as: 
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here ξ1 and ξ2 are Gaussian white noise, βsp is the spontaneous emission factor. In our 

simulation α=3, k=300×109 s-1, γa=1×109 s-1, γp=192.1×109 s-1, γN=1×109 s-1, λ=1550×10-

9 m, c=2.998×108 m.s-1, βsp=4.5×10-4 ns-1. We use the method of fourth order Runge-Kutta 

to solve differential equations, and the integration step set to 2 ps. 
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In the reservoir, the delay time of the feedback loop is defined as τ, and then θ is 

defined as time interval between virtual nodes which evenly distributed along the 

feedback loop. So, the number of nodes N=τ/θ. we set VCSEL work current μ=1.3Ith. 

3. Results and Discussion  

We use 3000 points to train the readout weights, and 6000 points for the test. We consider 

two kinds of injection of parallel mode and orthogonality mode. First, we inject the light 

as parallel mode, fix the polarization angle θp =0, θ= 0.02 ns, N =40. In the meanwhile, 

the SNR is set to 20 dB, and then we explore the optimal combination range of feedback 

strength and injection coefficient. 

 

Figure 2. Nonlinear channel equalization testing result, with parameters θ=0.02ns and number of nodes N=40, 
SER as a function of (a) feedback strength η and injection coefficient kinj under parallel injection mode, 
SNR=20dB,θp=0 , (b) polarization angle θp under parallel injection, η=11ns-1 and kinj=90ns-1, under six kinds 
of SNR, (c) feedback strength η and injection coefficient kinj under orthogonality injection mode, SNR=20dB, 
θp=45°, (d) polarization angle θp under orthogonality injection, η=10ns-1 and kinj=165ns-1, under six kinds of 
SNR. 

As shown in figure 2(a), we find three areas that achieved good performance, i.e. kinj 

between 60ns-1 to 90ns-1 with η around 10ns-1, kinj near 150ns-1 with η above 15ns-1 and 

kinj above 270ns-1 with η above 15 ns-1. Then we select kinj =90ns-1 and η=11ns-1. We test 

the performance of reservoir as we change θp from 0° to 90° under different SNR. The 

result is shown in figure 2(b). In this figure, we can see that in several kinds of SNR this 
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reservoir can achieve good performance, and when θp is below 45°, the SER is much 

lower than θp>45°, and the best performance is achieved around θp=45°. With 

SNR=32dB, the best SER is about 5×10-4. 

Next, we change the injection mode as orthogonality mode, and also set θ=0.02ns, 

N=40, and fixed SNR=20dB. Set polarization angle θp=45°. As we change the injection 

coefficient kinj and feedback strength η we can identify the trend of SER. 

As shown in figure 2(c), in this situation, the effect of feedback strength is not 

obvious, and the injection coefficient dominated the SER trend. In the orthogonality 

injection mode, we can easily find out the most suitable parameters. The best 

performance can achieve with kinj near 150ns-1 and 300ns-1. We then fixed kinj=165ns-1 

and η=10ns-1 and run the reservoir in different value of SNR and polarization angle. It 

can be shown in figure 2(d). We can also achieve desired output but the best range is 

located near θp=90°, and when SNR=32dB, the minimum SER is 1×10-3. We can see that 

in the test of Nonlinear channel equalization, when SNR is relatively large (SNR=12dB), 

the SER still below 0.05. In fact, we have also tested the extreme noise environment 

(SNR=0dB), and achieved SER is below 0.5. Note that we set VCSEL spontaneous 

emission rate to realistic value βsp=4.5×10-4 ns-1 throughout the test, so we can see this 

reservoir shows strong anti-interference ability. 

4. Conclusion  

In conclusion, the new implementation of reservoir using 1550-nm VCSEL with optical 

injection and under arbitrary polarization angle optical feedback is proposed and 

investigated in this article. We discussed the parallel and orthogonality injection mode 

of VCSEL respectively, and with the optical feedback of arbitrary polarization by 

adjusting the angle of the adjustable polarization plate. Nonlinear channel equalization 

task is utilized to test the system, and the simulation results show that the system exhibits 

excellent anti-jamming performance. In the two injection modes, when the injection 

coefficient and the feedback strength are determined, the better effect can be obtained by 

adjusting the polarization angle in the region of 0° to 90°. We also note that when XP 

mode dominated mode and YP mode is suppressed, adjusting the injected light parallel 

with the direction of YP mode, the reservoir can achieve good performance in a wide 

range of parameters, which provides a useful basis for experiment implementation. 

Furthermore, compared with the result obtained in similar time delayed RC system with 

single optical feedback, this system possesses better prediction performance. 
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