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ABSTRACT

In this work we perform an experimental study of the polarization-resolved nonlinear dynamics of a 1550 nm single-
mode linearly polarized VCSEL when subject to orthogonal optical injection. We have measured the stability maps that
identify the boundaries between regions of different nonlinear dynamics by using the RF-spectrum of the total power.
These maps are measured in the plane of the frequency detuning between the injected light and the orthogonal linear
polarization of the VCSEL versus injected power. Stability maps are obtained for two different values of the bias current.
Analysis of the dynamics is given in terms of the time traces of the total power and of both linearly polarized output
signals. The corresponding RF and optical spectra are also measured. Different dynamical regimes including periodic,
period doubling, and irregular dynamics are observed for both polarizations. When the frequency detuning is positive
polarization switching can be observed in a periodic dynamical regime, including both period one and period two
behaviours. For positive frequency detuning, the only polarization that contributes to the dynamics of the total power is
the orthogonal polarization. For negative frequency detuning values both linear polarizations contribute to the dynamics

of the total power.
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1. INTRODUCTION

The performance of semiconductor lasers can be improved by injecting light emitted by another laser [1-3]. 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. Interest in optical injection in vertical-cavity
surface-emitting lasers (VCSELs) has recently increased [4-8] due to the inherent advantages of this type of
semiconductor lasers. These include single-longitudinal mode operation, circular beam profile, reduced fabrication costs,
ease of fabrication of 2D arrays, etc. [4]. Optical injection in semiconductor lasers is also interesting from the
fundamental point of view because a wealth of complex nonlinear dynamics and bifurcations are obtained [9]. These
include period doubling, quasiperiodicity, chaos, and injection locking [9]. These studies have been extended to VCSELs
[10-35] since 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. The behaviour of these
systems not only includes the previously mentioned dynamical regimes but also Polarization Switching (PS) and optical
bistability.

Early experiments considered short wavelength devices in which the polarizations of both the VCSEL and the optical
injection were parallel [10]. Nonlinear dynamics of VCSELs under orthogonally polarized optical injection has been
experimentally and theoretically analyzed for 850 [11-23] and 1550-nm [24] wavelength devices. In this configuration
linearly polarized light from an external laser is injected orthogonally to the linear polarization of a free-running VCSEL
[25]. Additional studies on the long-wavelength devices used in telecommunications are of interest in present and future
optical telecommunication networks.
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Most ot the studies on nonlinear dynamics of VCSELs subject to optical injection have been conducted with devices
characterized by small values of the birefringence and showing PS in absence of optical injection. Rich nonlinear
dynamics have been found including period doubling, quasi-periodicity, injection locking, bistability and chaos [13-23].
A mapping of the dynamics identifying boundaries between those behaviors was presented in [14]. Only recently the
nonlinear dynamics of a 1550-nm wavelength single transverse mode VCSEL subject to orthogonal optical injection has
been experimentally analyzed [24]. This device was characterized by very 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. A
stability map was obtained using the RF spectra of the total power to identify the boundaries between regions of different
behavior. Periodic dynamics, PS and irregular and possibly chaotic behaviour were obtained [24]. However that work
only reported the analysis of the dynamics of the total power because only measurements of their RF spectra and
temporal traces were performed.

In this work we extend the experimental study of [24] by measuring the polarization-resolved nonlinear dynamics of a
long-wavelength VCSEL when subject to orthogonal optical injection. Our VCSEL is the same device studied in [24].
Measured stability maps identifying the boundaries between regions of different nonlinear dynamics are reported for two
different values of the bias current. We analyze the dynamics by measuring the time traces of the total power and of the
power of both linear polarizations. RF and optical spectra of both linear polarizations and of the total power are also
measured. A rich variety of nonlinear behaviours including periodic, period doubling, and irregular dynamics are
observed for both polarizations and for the total power. More complex dynamics are observed as the bias current is
increased. Analysis of the dynamics in terms of the frequency detuning between the injected light and the orthogonal
linear polarization of the VCSEL is also performed. Our results show that the contribution of the linear polarizations to
the dynamics of the total power depends on the sign of the frequency detuning.

Our paper is organized as follows. The experimental setup is described in Section II. Nonlinear dynamics for small and
large values of the bias current are analyzed in sections III and IV, respectively. Finally, in section V, a summary and
conclusions are presented.

II. EXPERIMENTAL SET-UP

We have used the all-fibre set-up shown in Fig. 1 to inject the light from a tunable laser into a quantum-well 1550 nm
VCSEL. A commercially available VCSEL (Raycan™) is used in our experiments. Measurements of the dynamics of the
total power emitted by this device were reported in [24]. The VCSEL bias current and temperature are controlled,
respectively, by a laser driver and a temperature controller. The temperature is held constant at 298 °K during the
experiments.
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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
electrical spectrum analyzer for measuring the RF spectrum of the total power or by an Optical Spectrum Analyzer
(OSA) for measuring the optical spectra. We have also used a Fabry-Perot (FP) analyzer to obtain optical spectra with a
better resolution. The other half of the power is directed to a polarization beam splitter that selects the polarization
direction in which the time traces or the RF spectra are measured. A high speed photodetector (9 GHz bandwidth) was
connected before the oscilloscope or the RF analyzer for measuring the time traces and the RF spectra, respectively.

The L-I characteristics of the free-running VCSEL is shown in Fig. 2(a). The VCSEL emits in the fundamental
transverse mode with a threshold current of 7,=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) shows the optical spectrum of the VCSEL biased at 8 mA (4.88 /). The lasing mode of the device with
parallel polarization is located at the wavelength A4, = 1536.6 nm. The subsidiary mode corresponds to the fundamental
transverse mode with “orthogonal” polarization and its wavelength (A,) 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 [14]. A Side Mode Suppression Ratio (SMSR) of 43 dB is
measured for the orthogonal polarization. Spectra of this form are measured for all biases and no PS is observed for bias
current above the threshold value. This is probably due to a large value of the dichroism parameter for our device.
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Fig. 2. (a) Light-current characteristics of the VCSEL without optical injection. (b) Optical spectrum of the free-running
VCSEL (IVCSEL:8 mA)

III. NONLINEAR DYNAMICS AT SMALL BIAS CURRENT

The dynamical behavior of our system can be summarized by using stability maps. We have used the RF spectra of the
total power 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, P,,;, and by its frequency, ;,. We consider values of v,
that are close to the frequency of the perpendicular polarization, v,, the frequency detuning being Av = v,,; - v,. The
experimental stability map is obtained by fixing a value of Av and increasing P;,; from low values. Different dynamical
behaviours of the total power are plotted with different colours in the stability map of Fig. 3. Measurements are
performed with the VCSEL biased with an applied current of 4 mA (2.44 1,). The relaxation oscillation frequency of the
free-running VCSEL, 1, is 2.95 GHz. In Fig. 3 the region P1 shows periodic (period 1) behaviour, region IR
corresponds to irregular and possibly chaotic dynamics, and region SL represents the stable locking range.
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Fig. 3. Stability map of the VCSEL subject to orthogonal optical injection. Different regions are observed: SL (stable
injection locking), P1 (period 1), IR (irregular dynamics), and PS (polarization switching). The stars mark the
situations analyzed in Figs 4 and 5. Applied bias current of 4 mA.

We have considered P1 dynamics when the peak in the RF spectrum measured in the RF analyzer is 10 dB above the
noise floor. The injected power required for PS to the orthogonal polarization of the VCSEL is also shown in Fig. 3. It is
found that PS is always accompanied with stable locking for negative Av. However, PS can be also observed in a
periodic (P1) dynamical regime for positive values of Av. RF spectra for the two polarizations and for the total power
are shown in the left column of Fig. 4 for different dynamical regimes. They correspond to a fixed frequency detuning of
4 GHz and different values of P,,. The cases considered in Fig. 4 are identified in Fig. 3 with white stars. The
corresponding time traces of the total power and of the power of both linear polarizations are shown in the right column
of Fig. 4. We note that the time traces have not been simultaneously recorded because only one high-speed photodetector
was available in our experiment. A direct comparison between the powers of the time traces can not be done because of
the different losses suffered by the total and polarization-resolved powers.

Fig. 4(a) shows the RF spectra just before reaching the P1 region. The RF spectra shown in this work have been obtained
by subtracting the RF spectra in the absence of light to the RF spectra with optical injection. We have done it in order to
subtract the noise in the photodetector and RF analyzer. A peak in the RF spectrum of the total power appears near the
frequency detuning. A similar peak appears in the RF spectrum of the orthogonal polarization power. Oscillations of
small amplitude around the steady state characterize both linear polarizations and the total power as it is shown in Fig.
4(b). The amplitude of the oscillations is smaller for the parallel polarization because its spectrum is flat as it is
illustrated in Fig. 4(a). A clear P1 dynamics in the total and orthogonal polarized powers is obtained when increasing P;,,
as it is shown in Figs. 4(c-d). Optical spectra obtained with the FP analyzer show that the orthogonal polarization of the
VCSEL is excited. The frequency difference between the orthogonal polarization of the VCSEL and the injection
frequency corresponds to the frequency of the peak in the RF spectrum. This is an indication of a periodic dynamics
caused by beating between the optical injection and the orthogonal mode of the VCSEL. The parallel polarization keeps
on being constant without contributing to the dynamics of the total power because its RF spectrum is weak and flat (see
Fig. 4(c)). In Figs. 4(c-d) the VCSEL has not reached the PS region yet because the parallel polarization is still
appreciable in the OSA spectrum. We have used the optical spectra obtained with the OSA to depict the PS region in Fig.
3. Our criterion has been the following: PS is achieved when the ratio between the power of the orthogonal and parallel
polarizations is higher than 30 dB. The situation in which PS and P1 dynamics is obtained is illustrated in Figs. 4(e-f).



We note that the time traces of the parallel polarization in Figs. 4(f,h,j) is mainly due to the noise in the experimental set-
up.The peaks appearing at the RF spectrum have shifted to larger frequency values. The frequencies of the times traces
of the total and orthogonal polarized powers have increased to the values at which RF spectra have their peaks in Fig.
4(e). An increase of P;,; produces a larger amount of stimulated recombination of carriers and hence a smaller carrier
density. In this way the refractive index and the wavelength of the orthogonal polarization increase producing a larger
frequency detuning in the optical spectrum, that is a “frequency pushing” effect. We have observed this frequency
pushing effect in our optical spectra. Peaks in the RF spectrum appear at larger frequencies because they appear at the
value given by the frequency detuning in the optical spectrum obtained in the presence of optical injection.
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Fig. 4. (Left column) RF spectra of the total and polarized powers. (Right column) Time traces of the total power and of the
power of both linear polarizations. Several values of injected power are considered: (a,b) P;,= 47 uW, (c,d) P;,= 76.4
uw, (e-f) P, =158 uW, (g,h) P;,= 240.3 uW, and (i,j) P;,= 1275.5 uW. The frequency detuning is Av =4 GHz and
the bias current is 4 mA.

Further increase of P, produces a decrease of the amplitude of the peaks in the RF spectrum (see Fig. 4(g)) and also of
the amplitude of the oscillations of the time traces (see Fig. 4(h)). Operation in the SL regime is illustrated in Figs. 4(i-j).
The RF spectra and the time traces of the total power and of the power of both linear polarizations become flat. The
flatness of the RF spectrum is the criterion that we have used to depict the SL region in Fig. 3. We have also checked in
the optical spectrum that the orthogonal polarization mode of the VCSEL is stably locked to the optical injection. We
note that stable injection locking is observed for larger injected powers than those required for PS when 4v>0 . This is in
contrast with results reported in [14] in which no locking of the fundamental mode was observed for 4v>0. This is an
indication of the different role played by the much larger values of our birefringence parameter when compared to those

considered in [14].



Fig. 5 shows the RF and time traces for a negative value of the frequency detuning, Av= -2 GHz. The positions in the
stability map of the cases analyzed in Fig. 5 are indicated in Fig. 3 with white stars. Figs. 5(a-b) illustrate the behavior
obtained for small values of P;,; in such a way that the system is in the P1 regime. RF spectra of both polarizations and
total power have peaks at 1.9 GHz frequency and their harmonics. This frequency corresponds to the frequency detuning
observed in our FP analyzer. Figs. 5(a-b) also shows that in contrast with Fig. 4 both polarization modes have periodic
dynamics. The large amplitude of the harmonics in the RF spectrum is related to the non-sinusoidal shape of the time
traces in contrast to those shown in Fig. 4. Periodic behavior in both polarizations was also obtained for 850-nm
wavelength VCSELs [18]. Increasing P;,; produces an increase of the wavelength of the orthogonal polarization mode in
such a way that the frequency detuning decreases. In this way the major peaks of the RF spectra of both polarizations and
total power appear at a smaller value of the frequency, as it is shown in Fig. 5(c). Comparison between Figs. 5(b)-(d)
shows that the frequency of the periodic time traces decreases as P;,,is increased.
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Fig. 5. (Left column) RF spectra of the total and polarized powers. (Right column) Time traces of the total power and of the
power of both linear polarizations. Several values of injected power are considered: (a,b) P;,= 26.9 uW, (c,d) P;,~=
35.5 uW, (e-f) P;,=42.4 uW, (g,h) P;,= 53.6 uW, and (i,j) P;,= 79.1 uW. The frequency detuning is Av=-2 GHz and
the applied bias current is 4 mA.

The peaks in the RF spectra tend to disappear as P, is increased as it can be seen in Fig. 5(e). Broad spectra are obtained
that are the signature of irregular dynamics (IR region in Fig. 3). A better defined peak appears near 1 GHz frequency
that approximately corresponds to the average value of the time between consecutive large amplitude peaks (interpulse
time) in Fig. 5(f). Broadening of the RF spectra are caused by the dispersion of the interpulse time values. Fig. 5(e)
shows that the RF spectra corresponding to the total and parallel polarized powers are much broader than that of the
orthogonal polarized power. This corresponds to large (small) dispersion values of the interpulse time for the total and
orthogonal (parallel) polarizations. Comparison between different time traces in Fig. 5(f) shows that the large amplitude



peak of the total power is due to the large amplitude peak of the parallel polarization. Also the plateau with small
oscillations that appear in the total power after the large amplitude peak is basically due to the plateau observed in the
orthogonal polarization. Figs. 5(g-h) show the spectra when P, is increased to 53.6 uW, such that the system is near the
border between the IR and PS regions in Fig. 3. Peaks in the broad RF spectra are less defined than those in Fig. 5(e).
Comparison between Figs. 5(f)-(h) shows that the interpulse time increases because the duration of the plateau of the
total power is longer as P, increases (the averaged interpulse time corresponding to the total power is 0.87 and 1.83 ns
for Fig. 5(f) and 5(h), respectively). This means that as the PS region is approached the VCSEL is orthogonally polarized
with a constant power during a longer time. In fact PS is obtained by increasing slightly P;,; to 65 uW. The standard
deviation of the interpulse time corresponding to the total power is 0.05 and 0.31 ns for Fig. 5(f) and 5(h), respectively.
This explains the broader spectrum of the total power in Fig. 5(g) when compared to that of Fig. 5(¢). We also note that
Figs. 5(e,g) show that the RF spectra of the total power is much smaller at low frequencies than those corresponding to
the polarization-resolved powers (polarization mode partition noise). This suggests some anticorrelation between the
powers of both polarizations. Some indication of this anticorrelation can be seen in Figs. 5(fh). Simultaneous
measurement of both polarizations would be required to confirm the anticorrelated behavior. A sudden decrease of the
RF spectra to the flat shape characteristic of SL is also obtained at that injected power value. Spectra and time traces
corresponding to the SL regime are illustrated in Figs. 5(i-j) when P;,; = 79.1 uW.

IV. NONLINEAR DYNAMICS AT LARGE BIAS CURRENT

The stability map corresponding to a bias current value of 8§ mA (4.88 [,;) is shown in Fig. 6. There are several
differences with respect to the stability map discussed in the previous section. First, period doubling (P2) dynamics is
obtained for positive and negative Av values. Second, PS can be observed in a periodic dynamical regime including P2
behavior. Third, the PS and the SL regions become more asymmetric as the current is increased, as it was obtained in
[34] and [35], respectively. Although it is not shown in the Figure, SL is also observed for P;,>1 mW for positive
frequency detunings such that Av < 6GHz. As in Fig. 3, PS is always accompanied with SL for negative Av. Also the
irregular behavior is only obtained for negative values of Av.
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Fig. 6. Stability map of the VCSEL subject to orthogonal optical injection. Different regions are observed: SL (stable
injection locking), P1 (period 1), P2 (period 2), IR (irregular dynamics), and PS (polarization switching). The stars
mark the situations analyzed in Figs 7 and 8. Applied bias current of 8 mA.



RF spectra and time traces are shown in Fig. 7 for different dynamical regimes. They correspond to a fixed frequency
detuning of 5 GHz and different values of P;,;. The cases considered in Fig. 7 are identified in Fig. 6 with white stars.
Fig. 7(a) show the dynamics near the border of the P1 region. A peak in the RF spectra of the total power and of both
linear polarizations appear near 5.5 GHz that is near the frequency difference between the peaks observed in the optical
spectrum corresponding to the orthogonal polarization of the VCSEL and the injected frequency. A similar situation,
with oscillations of larger amplitude, is obtained near the border but inside the P1 region as illustrated in Figs. 7(c-d). As
we move further inside the P1 region the RF peak corresponding to the parallel polarization disappears while those
corresponding to the orthogonal polarization and total power are maintained. Period doubling dynamics is obtained as it
is shown in Fig. 7(e). Two well defined peaks appear near 3.1 and 6.2 GHz. These frequencies are near the relaxation
oscillation frequency of the free-running VCSEL, v, and 2V, (v measured at 8mA is 3.5 GHz). This is probably due to
a subharmonic resonance. In the situation illustrated in Figs. 7(e-f) the polarization of the VCSEL has not switched yet,
as it can be seen in Fig. 6. Measurement of the optical spectrum with the OSA shows that the parallel polarization is still
excited and its flat and very weak RF spectrum indicates that it does not contribute to the dynamics of the total power
because (see Fig. 7(e)).
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Fig. 7. (Left column) RF spectra of the total and polarized powers. (Right column) Time traces of the total power and of the power of
both linear polarizations. Several values of injected power are considered: (a,b) P;,~= 96.1 uW, (c,d) P;,= 127.6 uW, (e-f) P;,=197.3
uw, (g,h) P;,=287.8 uW, and (i,j) P;,~= 3301.8 uW. The frequency detuning is Av=5 GHz and the applied bias current is 8 mA.

Fig. 7(g) illustrates the spectra when PS has been achieved. Both, the orthogonal polarization and the total power have
P2 dynamics as it can be seen in Fig. 7(g). PS is then observed in a periodic dynamical regime including P2 behavior.



Further increase of P;,; produces P1 and SL (see Figs. 7(i-j)) dynamics.

Fig. 8 shows RF spectra and time traces for a negative Av value of -1.5 GHz. White stars in Fig. 6 show the position in
the mapping of the cases analyzed in Fig. 8. Figs. 8(a-b) illustrate the P1 dynamics obtained at low values of P,;,; RF
spectra of both polarizations have peaks at 3 GHz frequency and their harmonics. P2 dynamics is obtained for both linear
polarizations when increasing P;,; as it can be seen in Fig. 8(c). Fig. 6 shows that the region in which P2 dynamics
appears is very narrow. Figs. 8(a),(c) show that in contrast with the results obtained at positive A4V both polarization
modes have periodic dynamics. Irregular dynamics in both linear polarizations is obtained in Figs. 8(e)-(f). Dynamics is
more irregular than those observed in Fig. 5(g-h). Peaks in the RF spectra are much more smeared, specially those
corresponding to the RF spectrum of the orthogonal polarization. Also the time traces are more irregular than in Fig.
5(h). For instance two large amplitude consecutive peaks are occasionally obtained in the total power. This situation was
not obtained in Fig. 5(h). Finally, Figs. 8(g-h) illustrate the dynamics when simultaneous SL and PS are achieved, just at
the border between the IR and SL regions.
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current is 8§ mA.



V.SUMMARY AND CONCLUSIONS.

In this work we have measured the polarization-resolved nonlinear dynamics of a 1550 nm single-mode VCSEL subject
to orthogonal optical injection. These results have complemented our previous analysis of that system based just on the
emitted total power [24]. Our VCSEL is characterized by emission in a single linear polarization over the whole bias
current range in absence of optical injection and by very large values of the birefringence parameter. Stability maps
identifying the boundaries between regions of different dynamics have been obtained for two different values of the bias
current: 2.44 and 4.88 [, times the threshold value. A rich variety of nonlinear behaviours including periodic, period
doubling, and irregular dynamics have been observed for both linear polarizations. We have used time traces and RF
spectra of the total and polarized powers to illustrate those dynamics. The dynamics becomes more complex as the bias
current is increased. Injection locking and PS behaviours have been also analyzed as a function of the frequency
detuning, Av, between the injected light and the orthogonal linear polarization of the VCSEL. Injection locking has been
obtained for larger (similar) injected powers than those corresponding to PS when Av>0 (4v<0). For positive values of
Av, PS can be observed in a periodic dynamical regime, including both period one and period two behaviors. Period two
dynamics has been only observed for large values of the bias current, for both positive and negative Av. We have shown
that one of the main differences between results for positive and negative Av is the following. For Av>0, the dynamics of
the total power is determined by the dynamics of the orthogonal polarization as the injected power is increased. In this
case the orthogonal polarization have periodic dynamics while the parallel polarization is characterized by a flat and
much weaker RF spectrum. For 4v<0 both linear polarizations contribute to the dynamics of the total power. Situations
have been described in which the parallel polarization has an irregular dynamics while the orthogonal polarization has
irregular or periodic dynamics. In other situations both linear polarizations have periodic dynamics. Irregular dynamics
has only been observed for negative values of the frequency detuning. Finally, simultaneous measurements of the time
traces of the power of both linear polarizations will be done in future work to distinguish their contribution to the
dynamics of the total power.
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