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Abstract: We experimentally demonstrate BER reduction and orthogonal modulation using an 

injection locked single-mode VCSEL. It allows us suppressing an amplitude noise of optical 

signal and/or double the capacity of an information channel.  
OCIS codes: (140.7260) Vertical cavity surface emitting lasers; (060.5060) Phase modulation; (030.1670) Coherent optical 

effects  

 

1.  Introduction 

Phase locking of a laser with an external seeding signal has been investigated in details [1], and stable locking 

conditions have been determined [2]. In spite of the multiple publications devoted to this problem, the case of phase-

modulated external seeding has been rather rarely considered. It has been found, that the laser under certain 

conditions can follow the phase of the external seeding, while keeping its own output amplitude, almost independent 

from the input seeding signal [3].  

It has been shown earlier, that the injection locked semiconductor lasers enable an effective amplitude noise 

suppression [4] and makes possible an extra level of signal multiplexing – orthogonal modulation [5], where PSK 

and ASK NRZ channels propagate at the same wavelength [6]. 

In this work we use for the first time to our knowledge a VCSEL as a slave laser providing amplitude 

disturbance suppression and consequently BER improvement. VCSELs are known to have high energy efficiency 

due to small threshold currents, low fabrication cost, possibility of on-chip integration, and effective coupling with 

an optical fiber. 

An injection locked VCSEL can extract the phase information before receiver effectively suppressing the 

amplitude modulation, which the phase modulated signal acquires propagating through the dispersive fiber. As a 

result, the BER decreases significantly 

Also amplitude and phase modulations, carrying independent information flows (orthogonal modulation [5, 6]), 

have been separated using an injection locked VCSEL. This approach can be used as a cost- and energy-efficient 

extension of the existing systems in order to improve the capacity of short-range optical fiber communications and 

optical interconnects for data centers. This method is simple, requires only relatively small modification in 

infrastructure, and hence is supposed to be cost effective.  

An extra advantages can be potentially provided in future by wavelength tunable MEMS-VCSELs [7]. The 

tunability of the MEMS-VCSEL could allow us to control precisely the wavelength detuning between the seeding 

signal and free run mode of the MEMS-VCSEL.  

2.  Operation principle and experimental setup 

To validate the possibility of phase modulation extraction by an injection-locked VCSEL, an experimental setup 

shown in Fig. 1 has been built. CW light from a tunable external cavity laser (ECL), used as a master laser, is 

consecutively modulated by amplitude and phase with 1 Gb/s rate. An electro-absorption modulator (EAM) and 

phase modulator (PM) are independently fed by two pulse pattern generators (PPG), which provide pseudorandom 

binary sequences (PRBS) with lengths of 29–1 and 27–1 bits respectively. PPGs are synchronized in such a way that 

the modulated amplitude and phase symbols in optical signal coincide in time. This part emulates propagation of the 

signal through the dispersive fiber with appearance of amplitude modulation and losses modeled by attenuator. The 

amplified spontaneous emission (ASE) noise of optical amplifiers is introduced in order to test different OSNR 

scenarios in a hypothetic transmission system. After EDFA and 3-nm optical bandpass filter, the received signal 

passes through the variable attenuator, which allows optimizing an injection power. An optical circulator is used to 

separate the injected and emitted by VCSEL signals. The VCSEL (slave laser) is pumped slightly above its lasing 
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threshold. Polarization controller before the VCSEL provides the optimal polarization state of the injected optical 

signal. The output signal of VCSEL after the circulator is detected by a differential binary phase-shift keying 

(DBPSK) receiver. Analysis of the detected bit sequences is performed by the bit error rate tester (BERT). For 

capturing eye diagrams and measuring extinction ratio (ER) before and after VCSEL, digitizing oscilloscope is used. 
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Fig. 1. Scheme of the experimental setup (ATT – variable attenuator; OF – 3-nm band pass optical optical filter; PD – p-i-n photodiode; DLI – 

delay line interferometer; OSA – optical spectrum analyzer; Osc. – digitizing oscilloscope). 

The desirable regime of injection locking can be obtained when the detuning between master and slave lasers 

approaches zero (from the shorter wavelengths). The developed recently MEMS-VCSELs [7] could therefore play a 

crucial role in the proposed technique, allowing accurate wavelength matching. In our experimental setup an 

absolute value of detuning was first minimized coarsely by setting the wavelength of ECL as close as possible to the 

free-running wavelength of VCSEL, and then optimized more precisely by changing the temperature and driving 

current of the VCSEL. Depending on both VCSEL current and resulting detuning, an optimal injection power was 

empirically adjusted in order to minimize BER in the demodulated signal after DBPSK receiver. It follows from the 

experimental observations that for optimal regime of phase translation and amplitude modulation suppression an 

external power injection ratio has to be >14 dB. 

3.  Experiment results and discussion 

The obtained results shown in Fig. 2(a) demonstrate the suppression of the amplitude modulation (AM) in an optical 

signal rectified by the VCSEL. At the value of ER = 7.8 dB, where eye diagram of the detected DBPSK-signal tends 

to be closed, employment of the proposed approach provides gain of 4.75 dB in diminishing ER, which allows 

keeping the eye open. When the ER of AM in the input signal approaches 10 dB, the use of VCSEL provides ER 

suppression of 6.37 dB. Fig. 2(b) shows BER vs. AM ER dependences. As follows from these curves, utilization of 

the injection-locked VCSEL provides significant improvement of the transmission reliability for DBPSK signal 

component, BER improvement of 8 orders can be achieved. Consequently, after VCSEL-based rectification the 

impairment caused by amplitude modulation due to acquired dispersion is no more limiting factor of the system. 

  
Fig. 2. (a) Extinction ratio of amplitude modulation measured at the input (red) and the output (green) of injection-locked VCSEL; (b) BER vs. 

extinction ratios of amplitude modulation for the DBPSK channel before (red) and after (green) phase rectification using VCSEL.  

Efficiency of suppression of the amplitude modulation by injection-locked laser depends on its time scale. The 

maximum treatable symbol rate of AM is limited by the time required for damping relaxation oscillations and 

establishing a steady-state regime. For the VCSEL used in our setup, relaxation oscillations take about 0.4 ns, so that 

the optical signal with a symbol rate not higher than 2.5 Gbit/s could be processed. However, state-of-art VCSELs 

with enlarged bandwidth [8] could be used for high speed transmission.  
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In the scenario of simultaneous orthogonal amplitude and phase modulation, BERT was connected to the 40%-

output of the fiber splitter after EDFA 1 to analyze the bit sequence encoded by the optical signal amplitude, and to 

the output of DBPSK receiver to analyze the phase-modulated component. Fig. 3 shows BER vs. AM ER 

dependences for the amplitude- and phase-modulated signals (orthogonal modulation) in the presence of ASE for 

losses in the transmission line of –12 dB. The utilization of the injection-locked VCSEL provides significant 

improvement of the transmission reliability for DBPSK signal component; moreover, the higher initial ER of AM, 

the more BER improvement can be achieved.  

Fig. 3: BER vs. ER of amplitude modulation for the amplitude-modulated channel (blue), and the DBPSK channel before (red) and after (green) 

phase rectification using VCSEL. Points A and B are the crossing with the maximum admissible BER before FEC. Crossing points C and C’ are 
the points of equal BERs for amplitude- and phase-modulated channels – improvement of more than an order is recognized.  

The use of the injection-locked VCSEL as an optical phase rectifier gains BER with a simple differential phase 

demodulation scheme even for quite high ERs of amplitude modulation, superimposed over the phase one.  

4.  Conclusions 

We have found that the special operation mode of an externally seeded VCSEL can be used for effective 

suppression of the residual amplitude modulation in phase-modulated optical signal. Based on this effect, we have 

successfully demonstrated BER improvement of the phase modulated signal by several orders of magnitude. It is 

believed that the proposed technique can find immediate applications for the fiber optic coherent transmission lines. 

We have shown experimentally that the special operation mode of an injection locked VCSEL can be used for 

effective separation of the phase and amplitude modulated signals simultaneously carried by the same wavelength – 

orthogonal modulation. We have demonstrated (de)modulation scheme, which provides at least double information 

capacity increase using the standard communication system architecture by the cost of one extra element (VCSEL) 

per wavelength channel.  
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