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ABSTRACT 

We report an experimental study of the polarization-resolved nonlinear dynamics of a 1550nm single-mode linearly 

polarized VCSEL when subject to orthogonal optical injection. We measure high-resolution (10 MHz) optical spectra of 

the linear polarizations and the total power emitted by the VCSEL. Spectra are analyzed together with the simultaneous 

temporal series of linearly polarized powers. For periodic dynamics, both linear polarizations show spectra with equally 

spaced peaks with a separation that corresponds to the frequency detuning. As the injected power increases much more 

peaks are observed with larger (smaller) separation between them when the frequency detuning is positive (negative). 

For negative values of the frequency detuning, increasing the injected power leads to irregular dynamics that is 

characterized by optical spectra for both linear polarizations with broad pedestals and much less defined peaks specially 

for the parallel polarization. 

 

Keywords: Semiconductor lasers, vertical-cavity surface-emitting laser (VCSEL), polarization switching, injection 

locking, nonlinear dynamics. 

 

INTRODUCTION 

Semiconductor lasers exhibit a rich variety of nonlinear dynamical behaviors [1]. These are usually induced by applying 

optical or opto-electronic feedback, modulation of the injected current or an external optical injection [1]. There has been 

a lot of interest in the nonlinear dynamics of a special type of semiconductor lasers, the vertical-cavity surface-emitting 

lasers (VCSELs), because of their special characteristics. These include single-longitudinal mode operation, circular 

beam profile, reduced fabrication costs, ease of fabrication of 2D arrays, etc. [2]. These devices offer additional degrees 

of freedom, like the direction of the emitted polarization and the presence of multiple transverse modes, when compared 

with their edge-emitting counterparts. A variety of phenomena related to their polarization and transverse mode 

characteristics appear in these devices. For instance, the direction of the polarization can change when changing the bias 

current [3-4], mode locking between transverse modes can occur [5], or turn-off-induced pulsations can appear when 

modulating the bias current [6-7].  

The performance of VCSELs can be improved by injecting light emitted by another laser. The optical injection technique 

can be used for reducing the laser linewidth, the mode partition noise or for enhancing the modulation bandwidth without 

modifying the semiconductor laser design [8-11]. Optical injection in VCSELs is also interesting from the fundamental 

point of view because a wealth of complex nonlinear dynamics and bifurcations are obtained. These include period 

doubling, quasiperiodicity, chaos, injection locking, polarization switching (PS) and optical bistability [12-34]. Early 

experiments considered devices in which the polarizations of both the VCSEL and the optical injection were parallel [12-

13].  
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However, most of the studies have been performed using the so called “orthogonal optical injection” [14-34]. In this 

configuration linearly polarized light from an external laser is injected orthogonally to the linear polarization of a free-

running VCSEL [14]. A lot of attention has been paid recently to the effects of orthogonal optical injection on long-

wavelength devices because of their applications in present and future optical telecommunication networks [26-34]. 

These studies have been performed using devices characterized by large values of the birefringence parameter and by  

emission in a single linear polarization over the whole bias current range in absence of optical injection.  

Nonlinear dynamics of these systems has been analyzed by using stability maps. These maps have been obtained using 

the RF spectra of the total power to identify the boundaries between regions of different behavior [31-34]. Periodic 

dynamics, PS and irregular and possibly chaotic behaviour were obtained [34]. The analysis of the dynamics has been 

complemented with measurements of simultaneous time traces and RF spectra of both linearly polarized output signals 

[32-34]. Optical spectra of the total and polarized emissions have also been obtained in order to characterize the 

dynamics [32]. These spectra were obtained with a Fabry-Perot analyzer with a resolution of 4 pm. Optical spectra with 

better resolution are desirable in order to have a better description of the dynamics of the system. 

In this work we extend the experimental study of [32,34] by measuring  high-resolution polarization-resolved optical 

spectra of a long-wavelength VCSEL when subject to orthogonal optical injection. A high resolution optical spectrum 

analyzer (BOSA) with very high optical resolution (0.08 pm ~10 MHz) was used in our measurements. Our VCSEL is 

the same device studied in [32,34]. In this way we measure the optical spectra that characterize the simultaneous time 

traces and RF spectra obtained in [32,34]. Attention is paid to the dependence of the dynamics on the injected power, on 

the detuning between the frequency of the injected signal and the free-running frequency of the orthogonal polarization 

of the VCSEL, and on the bias current applied to the device.  

Our paper is organized as follows. The experimental results for the nonlinear dynamics for small and large values of the 

bias current are analyzed in sections II and III, respectively. Finally, in section IV, a summary and conclusions are 

presented. 

 

 

 

II. EXPERIMENTAL RESULTS: SMALL BIAS CURRENT  

 

We have used an all-fibre set-up in order to inject light from a tunable laser into a quantum-well 1550 nm VCSEL. The 

set-up is similar to that used in [32,34]. The same commercially available VCSEL (Raycan) has been used in our 

experiments. The VCSEL bias current and temperature are controlled, respectively, by a laser driver and a temperature 

controller. The temperature is held constant at 298 
o
K during the experiments.   

 

 
 

Fig. 1. Experimental set-up of orthogonal optical injection in a VCSEL.  

 

 

 

A variable optical attenuator is included after the tunable laser to control the power of the optical injection. The output of 

the tunable laser is then injected into the VCSEL using a three-port optical circulator. Orthogonal optical injection is 



obtained by using a fibre polarization controller connected to the second port of the circulator. A 90/10 fibre directional 

coupler divides the optical path in two branches; the 10% branch is used to monitor the optical input power with a power 

meter whereas the 90% output is directly connected to the VCSEL. The reflected output of the VCSEL is analyzed by 

connecting different measurement equipment to the third port of the circulator. One half of the power is used to obtain 

the time traces of the total power at the oscilloscope with bandwidth of 6 GHz. The oscilloscope is substituted by a high-

resolution optical spectrum analyzer (BOSA) for measuring the optical spectra. The other half of the power is directed to 

a polarization beam splitter that selects the polarization direction in which the time traces of the power are measured. 

Two similar high speed photodetectors (9 GHz bandwidth) were connected before the oscilloscope for measuring 

simultaneously the time traces.  

The L-I curve of the free-running VCSEL is shown in [32, Fig. 2a]. The VCSEL emits in the fundamental transverse 

mode with a threshold current of Ith=1.64 mA. The VCSEL emits in a linear polarization which we will call the 

“parallel” polarization. Emission in the parallel polarized fundamental mode is obtained along the whole current range. 

Fig. 2(b) of [32] shows the low-resolution optical spectrum of the VCSEL biased at 8 mA. The lasing mode of the device 

with parallel polarization is located at the wavelength λOO = 1536.6 nm. The subsidiary mode corresponds to the 

fundamental transverse mode with “orthogonal” polarization and its wavelength (λ⊥) is shifted 0.49 nm to the long-

wavelength side of the lasing mode. This value for the frequency splitting between the two orthogonal polarizations is 

very large in comparison to those reported in short-wavelength devices [23]. Spectra of this form are measured for all 

biases and no PS is observed for bias current above the threshold value.  

The dynamical behavior of our system has been summarized by using stability maps [32,34] for different values of the 

bias current applied to the VCSEL. In these maps RF spectra of the total power are used to distinguish between different 

dynamical regimes. The optical injection is characterized by its strength, given by the value of the optical power arriving 

at the VCSEL, Pinj, and by its frequency,νinj. We consider values of νinj, that are close to the frequency of the 

perpendicular polarization, ν⊥, the frequency detuning being ∆ν = νinj - ν⊥. In these stability maps different dynamical 

behaviors are plotted with different colours in the ∆ν - Pinj plane. The stability map of Fig. 2 of [34] shows that periodic 
(period 1 and period doubling) behaviour, irregular and possibly chaotic dynamics, and stable locking regions appear in 

this system. 

In this section experimental results corresponding to a small value of  the bias current, I=4mA, are presented. We show 

in the left column of Fig. 2 the results relative to simultaneous measurements of linearly polarized temporal traces. 

Results of Fig. 2 correspond to a fixed frequency detuning of ∆ν =4 GHz and different values of Pinj. These values are 
the same than those considered in [34]. Corresponding optical spectra for the total power are shown in the right column 

of Fig. 2. Showing results for the total power is enough to describe the optical spectra of both linear polarizations. We 

have checked that optical spectra of the orthogonal (parallel) polarization correspond to the optical spectra of the total 

emitted light below (above) 0 GHz. The zero value of the frequency has been chosen to correspond to  νth = (ν⊥+ν|| )/2, 

that is the intermediate value between the frequencies of both linear polarizations. Fig.2(a) shows that oscillations of 

small amplitude around the steady state characterize both linear polarizations and the total power. This behavior 

corresponds to a point near the period 1 (P1) region in the stability map [34]. Several peaks appear in the optical 

spectrum: the first one, at -31 GHz, corresponds to the orthogonal polarization, the second one, at 4.4 GHz to the right, 

corresponds to the optical injection, and the last one, at 31.5 GHz corresponds to the parallel polarization. RF spectra 

shows also a peak at 4.4 GHz [34]. A clear P1 dynamics in the total and orthogonal polarized powers is obtained when 

increasing Pinj as it is shown in Fig. 2 (c). Fig. 2(d) shows that the optical spectrum of the orthogonal and parallel 

polarizations have more peaks than in Fig. 2(b). They are equally spaced around a value of 4.6 GHz. This value also 

corresponds to the frequency at which the RF spectra of the orthogonal and total power have a well defined peak [34]. 

The separation between consecutive peaks in the optical spectrum increases as Pinj increases. This can be explained in 

terms of the “frequency pushing” effect [34]. P1 dynamics is caused by beating between the optical injection and the 

orthogonal mode of the VCSEL. Further increase of Pinj produces PS: the peak corresponding to the parallel polarization 

is no longer observed in Fig. 2(f). Fig. 2(e) shows that the orthogonal polarization power is oscillating at a frequency 

around 5.3 GHz. The amplitude of the oscillations decrease when increasing Pinj as it is shown in Fig. 2(g). Operation in 

the stable locking (SL) regime is illustrated in the lower part of Fig. 2. The amplitude of the oscillations in the time traces 

is very small (see Fig. 2(i)) and the orthogonal polarization mode is stably locked to the optical injection (see Fig. 2(j)). 

Flat RF spectra, characteristic of SL regime, are also observed [34]. 

Fig. 3 shows the time traces and optical spectra for a negative value of the frequency detuning, ∆ν= -2 GHz. Figs. 3(a-b) 
illustrate the behavior obtained for small values of Pinj, in such a way that the system is in the P1 regime. Non-sinusoidal 

periodic dynamics are obtained for both periodic dynamics, in contrast with the positive ∆ν case.  
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Fig. 2. (Left column) Time traces of the total power and of the power of both linear polarizations. (Right column) Optical  

spectra of the total power. Several values of injected power are considered: (a,b) Pinj= 47 µW, (c,d) Pinj= 76.4 µW, 

(e,f) Pinj=158 µW, (g,h) Pinj= 240.3 µW, and (i,j) Pinj= 1275.5 µW. The frequency detuning is ∆ν = 4 GHz and the bias 
current is 4 mA.  

 

The optical spectrum of the orthogonal and parallel polarizations have multiple peaks. The separation between 

consecutive peaks is around 1.9 GHz, that is the value at which the RF spectra have their fundamental frequency [34]. 



Fig. 3 (c) shows that the power of the parallel polarization consists of a train of large amplitude pulses that are 

responsible for the large amplitude pulses of the total power. The shoulder that appears in the total power after those 

pulses is due to the contribution of the orthogonally polarized mode.  

0 1 2 3 4
0,00

0,02

0,04

0,06

0,08

0 1 2 3 4
0,00

0,02

0,04

0,06

0,08

0 1 2 3 4
0,00

0,02

0,04

0,06

0,08

0 1 2 3 4
0,00

0,02

0,04

0,06

0,08

-35 -30 -25 25 30 35 40 45

-70

-60

-50

-40

-30

-20

-10

0

-40 -35 -30 -25 -20 25 30 35 40 45 50

-70

-60

-50

-40

-30

-20

-10

0

-40 -30 -20 20 30 40 50

-70

-60

-50

-40

-30

-20

-10

0

-40 -30 -20 20 30 40 50

-70

-60

-50

-40

-30

-20

-10

0

h)

c)

b)

P
 (

m
W

)

 Total

 Orthogonal

 Parallel

a)

P
 (

m
W

)
P

 (
m

W
)

T

P
 (

m
W

)

t (ns)

 

P
 (

d
B

)

 

g)

f)e)

d)

P
 (

d
B

)

 

P
 (

d
B

)
P

 (
d
B

)

f (GHz)
 

Fig. 3. (Left column) Time traces of the total power and of the power of both linear polarizations. (Right column) Optical  

spectra of the total power. Several values of injected power are considered: (a,b) Pinj= 26.9 µW, (c,d) Pinj= 35.5 µW, (e,f) 

Pinj=42.4 µW, and (g,h) Pinj= 53.6 µW. The frequency detuning is ∆ν = -2 GHz and the applied bias current is 4 mA.  



Comparison between Fig. 3(b) and Fig. 3 (d) shows that the number of peaks in the optical spectra of both linear 

polarizations increases as Pinj is increased. Also the separation between consecutive peaks decreases to 1.5 GHz in Fig. 

3(d). This can be explained in terms of a “frequency pulling” effect [34]. This frequency also corresponds to  the value at 

which the RF spectra have their fundamental frequency [34]. Figs. 3(e)-(h) illustrate the irregular dynamical behavior 

that is obtained when increasing Pinj. This dynamics is characterized by broad RF spectra in which the peaks tend to 

disappear (see Fig. 4(e), and 4(g) of [34]). Fig. 3(f) and Fig. 3(h) show the corresponding optical spectra. Irregular 

dynamics is characterized by optical spectra for both linear polarizations with wide pedestals and much less defined 

peaks with smaller separation between them.  

Temporal dynamics can be characterized also by the interpulse time, T, illustrated in Fig. 3(e). This time is defined as the 

time between consecutive pulses, larger than a chosen reference level. The level used in this figure is also plotted in Fig. 

3(e) with a dotted line. Broadening of the optical and RF spectra is related to a large increase of the interpulse time 

dispersion, σT. This is illustrated in Table 1 in which the average value of T, <T>, and  σT are shown for different values 

of Pinj.  

 

∆ν/GHz Pinj/µW <T>/ns σT/ps C(0) C(τm) τm/ns 

47.0 0.22 60 0.006 0.006 0 

76.4 0.22 8 -0.12 -0.21 0.0375 

158.0 0.19 6 0.014 0.036 -0.0375 

 

 

4 

240.3 0.18 40 0.002 0.019 -0.05 

26.9 0.52 17 -0.54 -0.85 0.075 

35.5 0.66 12 -0.51 -0.76 0.1 

42.4 0.93 40 -0.48 -0.64 0.175 

 

 

-2 

53.6 1.04 96 -0.50 -0.66 0.187 

 
Table 1: Averaged interpulse time (<T>), standard deviation (σT), and correlation coefficient (C(0)), first minimum of the cross-

correlation function (C(τm)) and time at which it appears (τm). The applied bias current is 4 mA 
 

The correlation properties between the power of the parallel, P||(t), and the orthogonal, P⊥(t),  linear polarizations can be 

discussed in terms of their cross correlation function, C(τ) given by 

 

( )( )
⊥

⊥⊥ −−+
=

σσ

τ
τ

||

|||| )()(
)(

PtPPtP
C  

 

where the bar means time averaging operation and ( )22 )( iii PtP −=σ , i=||, ⊥.  Temporal averages have been performed 

by using time series of 500 ns duration. When ∆ν <0 anticorrelated behavior between the power of both linear 

polarizations is clear from the time traces shown in Fig. 3 and from the values of C(0) shown in Table 1. However, when 

∆ν >0  the correlation between both linear polarizations is very weak as seen from Fig.2 and Table 2. 

 

 

 

III. EXPERIMENTAL RESULTS: LARGE  BIAS CURRENT 

 

In this section we present experimental results corresponding to a large value of  the bias current, I=8mA. We show in 

Fig. 4 the results corresponding to a fixed frequency detuning of ∆ν =5 GHz and different values of Pinj. ∆ν and Pinj 
values are similar to those considered in [34]. In Fig. 4(a) sinusoidal time traces are found for the power of both linear 

polarizations. These time traces have a correlated behavior as it can also be seen in Table 2. The optical spectrum of each 

linear polarization consists in several peaks as it can be seen in Fig. 4(b). The peak that corresponds to the optical 

injection is the one appearing near the -25 GHz frequency. Consecutive peaks are separated by an averaged value of 5.4 

GHz. This value is very similar to the value at which RF spectra have a well defined peak (5.5 GHz) [34]. P1 dynamics 

is more clear when increasing Pinj as it can be seen in Fig. 4(c) because the total power has more regular oscillations with 



larger amplitudes. Fig. 4(d) and Fig. 4(f) show that the number of peaks in the optical spectrum of the orthogonal 

polarization is larger as Pinj  is increased. The separation between consecutive peaks in Fig. 4(f) is around 6.2 GHz. The 

magnitude of the peaks in the spectrum of the parallel polarization decreases because the PS region is approached. Figs. 

4(e-f) show that only the orthogonal polarization contributes to the dynamics of the total power. RF spectra 

corresponding to Figs. 4(e-h) show weak period doubling dynamics [34] that we were not able to appreciate in the 

optical spectrum. Fig. 4(h) shows that PS has been achieved when Pinj= 287.8 µW. Further increase of Pinj leads to SL 

dynamics, as it is shown in Figs. 4(i-j). 
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Fig. 4. (Left column) Time traces of the total power and of the power of both linear polarizations. (Right column) Optical  spectra of 

the total power. Several values of injected power are considered: (a,b) Pinj= 96.1 µW, (c,d) Pinj= 127.6 µW, (e,f) Pinj=197.3 µW, (g,h) 

Pinj= 287.8 µW, and (i,j) Pinj= 3301.8 µW. The frequency detuning is ∆ν = 5 GHz and the applied bias current is 8 mA. 
 



We now analyze the dynamics obtained for a negative ∆ν  value. Fig.5 shows time traces and optical spectra when 
∆ν =-1.5 GHz. Figures 5(a) and 5(b) show the P1 dynamics that is obtained for low values of  Pinj. The qualitative 
behaviour of the time traces is similar to that shown in Fig. 3(a). Maxima of the total power are due to the maxima 

of the power of the parallel polarization. Fig. 5(b) shows that there are several peaks in the optical spectra of the 

parallel and orthogonal polarization. They are separated by 3.3 GHz, a value that is similar to that found for the 

frequency of the fundamental peak (3 GHz) in the RF spectrum [34].  
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Fig. 5. (Left column) Time traces of the total power and of the power of both linear polarizations. (Right column) Optical  

spectra of the total power. Several values of injected power are considered:  (a,b) Pinj= 58.5 µW, (c,d) Pinj= 67.6 µW, 

(e,f) Pinj=84 µW, and (g,h) Pinj= 111.2 µW. The frequency detuning is ∆ν = -1.5 GHz and the applied bias current is 8 
mA. 

 



Comparison between Fig. 5(b) and Fig. 5(d) shows that the number of peaks in the optical spectra of both linear 

polarizations increases as Pinj is increased. This behavior is similar to that found in Fig. 3(b) and 3(d). However, the 

approach to the SL dynamics as Pinj is increased is different to that found for small bias currents. First, weak period 

doubling dynamics is found for both linear polarizations and for the total power as it has been shown with the 

corresponding RF spectra [34]. The optical spectrum corresponding to this case is shown in Fig. 5(d). P2 dynamics 

is barely visible from the peak appearing near 29 GHz frequency. Second, further increase of Pinj  leads to irregular 

behavior in both linear polarizations that is qualitatively different to that shown in Figs. 3(g-h). Time traces of Fig. 

5(e) are much more irregular than those of Fig. 3(g) because two large amplitude consecutive pulses are 

occasionally fired in the total power. Also RF spectra corresponding to Fig. 5(e) are much broader than  those 

corresponding to Fig. 3(g) [34]. The corresponding optical spectra are shown in Fig. 5(f). The optical spectrum 

corresponding to the orthogonal polarization consists in a very intense peak at the frequency of the optical injection 

and a very wide pedestal characterized by two maxima that appear near -30 and -24 GHz. The parallel polarization 

is also characterized by a wide optical spectrum with some peaks still visible between 30 and 35 GHz. Increasing 

Pinj leads to a simultaneous appearance of PS and SL, as it is illustrated in Figs. 5(g-h): only the optical spectrum 

corresponding to the orthogonal polarization has a very narrow peak that appears at the frequency of the optical 

injection.   

Some other qualitative features are similar to those found for smaller values of the bias current. Anticorrelation 

between the power of both linear polarizations appear (see the time traces shown in Figs. 5(a), (c), (e)). Also σT 

increases as Pinj. This can be seen in the values of σT and C(0)corresponding to Fig. 5 that are included in Table 2. 

 

 

∆ν/GHz Pinj/µW <T>/ns σT/ps C(0) C(τm) τm/ns 

96.1 0.19 7 0.75 0.87 -0.0125 

127.6 0.187 6 0.65 0.65 0 

197.3 0.168 6 0.24 0.24 0 

 

 

5 

287.8 0.155 6 -0.013 -0.05 0.0375 

58.5 0.326 7 -0.37 -0.94 0.0625 

67.6 0.404 10 -0.47 -0.93 0.0625 

 

-1.5 

84.0 0.38 200 -0.67 -0.77 0.075 

 
Table 2: Averaged interpulse time (<T>), standard deviation (σT), and correlation coefficient (C(0)), first minimum of the cross-

correlation function (C(τm)) and time at which it appears (τm). The applied bias current is 8 mA. 

 

 

IV. SUMMARY AND CONCLUSIONS. 

 

In this work we have made an experimental study of the polarization-resolved nonlinear dynamics of a 1550 nm VCSEL 

subject to orthogonal optical injection. Our attention has been focused on describing the high-resolution (10 MHz) 

optical spectra corresponding to both linear polarizations. We have related our spectra with the results previously 

described in [34] that concern polarization-resolved simultaneous time traces and RF spectra. Different injected powers 

and detunings between the frequency of the injected signal and the free-running frequency of the VCSEL have been 

considered. For periodic dynamics, both linear polarizations show spectra with equally spaced peaks, with a separation 

that corresponds to the frequency detuning. As the injected power increases much more peaks are observed with larger 

(smaller) separation between them when the frequency detuning is positive (negative) due to the frequency pushing 

(pulling) effect. For negative values of the frequency detuning, increasing the injected power leads to irregular dynamics 

that is characterized by optical spectra for both linear polarizations with broad pedestals and much less defined peaks 

specially for the parallel polarization. 
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