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Abstract: We report a first experimental study of the simultaneous temporal and
polarization-resolved dynamics of a 1550-nm vertical-cavity surface-emitting laser (VCSEL)
subject to orthogonally polarized optical injection. A novel technique is used to reveal the
behavior of both polarizations at the VCSEL’s output. In general, the same type of
dynamics can be seen in both polarizations of the fundamental transverse mode but with
unequal intensity/modulation depth. We show that both polarizations exhibit period one and
chaotic dynamics and reveal antiphase dynamics. These results offer promise for the
development of dual-channel, anticorrelated periodic and chaotic-signal generators with a
single VCSEL for use as oscillators or chaotic sources in present and future optical
networks.

Index Terms: Vertical cavity surface emitting laser (VCSEL), nonlinear dynamical systems.

1. Introduction

A semiconductor laser under external optical injection can exhibit a wide range of nonlinear
dynamics (see, for instance, [1] and [2] for reviews). There have been many reports analyzing these
dynamics in different laser structures, including edge-emitting devices such as Fabry—Perot [3] or
distributed feedback (DFB) [4] lasers but in multisection lasers as well [5] and, more recently, in
vertical-cavity surface-emitting lasers (VCSELSs) [6], [7] (see also [1], [2], and references therein). Of
these VCSELs are very promising devices due to their inherent advantages such as on-wafer
testing capability, reduced manufacturing costs, high-coupling efficiency to optical fibers, ease of
integration in 2-D arrays, low threshold current, etc. (see, for instance, [8]). More specifically,
optically injected long wavelength (LW) VCSELs emitting at 1550 nm are very promising devices for
use as low-cost optical emitters for applications in optical networks from high-speed sources to
optical switching/routing elements. In addition, enhanced modulation bandwidth, as well as reduced
chirp and nonlinearities, have recently been reported in injection-locked 1550-nm VCSELs [9], [10].
Moreover, it is also known that optical injection into multimode lasers leads to complex dynamics
between the different modes of the device [11]. Thus in the present contribution we focus on the
analysis of polarization-resolved dynamics induced in a 1550-nm VCSEL subject to orthogonally
polarized optical injection, whose optical spectrum exhibits two modes corresponding to the
orthogonal polarizations of the fundamental transverse mode.
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Considerable research effort has been dedicated in recent years to the topic of polarized optical
injection in short wavelength (SW) [6], [12]-{16] and LW-VCSELs [7], [17]-[23], and different
phenomena, such as polarization switching and bistability [12]-[14], [18]-[20], injection locking and
nonlinear dynamics [15]-[17], [21]-[23], have been described. However the effect of polarized
injection on the stability properties and nonlinear dynamics of both SW- and LW-VCSELSs has yet to
receive as much attention. Buesa et al. [6] reported a measured stability map based on the analysis
of optical spectra for an 845-nm VCSEL subject to orthogonal optical injection. However, no further
studies have been published for LW devices until recently, when we reported the first stability maps
for 1550-nm VCSELs subject to parallel and orthogonally polarized injection, revealing the
occurrence of differences in the stable locking range and regions of distinct nonlinear dynamics with
applied bias current and different polarized injection [7], [21]-[23]. All these previous experimental
studies mainly focused on the analysis of time-averaged spectra, using the so-called spectral
signature method, where each different type of dynamics has a characteristic optical and electrical
spectrum. However, although useful, the spectral signature method itself cannot provide a complete
picture of the nonlinear dynamics as it averages the signals in time and, hence, eliminates important
temporal information.

The direct analysis of real-time traces is therefore necessary to provide a complete picture of the
nature of the nonlinear dynamics appearing in an optically injected laser. The availability of high
performance real-time oscilloscopes has thus, in recent years, led to various experimental studies
of the time-evolution of nonlinear dynamics in optically injected lasers. Valling et al. [24]-{26]
proposed the study of time series of an optically injected solid-state laser and compared numerical
solutions of the laser rate equations with experimental data. Using semiconductor lasers,
Toomey et al. [27] have reported a real-time series analysis of the dynamics induced in a Fabry—Perot
laser under optical feedback and modulation. Also, experimentally captured real-time series have
been used to analyze excitability and dynamics in optically injected quantum-dot edge emitting
devices [28]-[30] and very recently Kelleher et al. [31] have used real-time traces to contrast the
excitability occurring in a quantum dot and a quantum-well (QW) device. In VCSELs, some previous
studies have reported experimentally the use of time series to analyze the anticorrelated dynamics
induced by optical feedback in SW emitting devices [32], [33]. However, we are not aware of any
previous experimental studies analyzing real-time series for an optically injected LW-VCSEL.
Furthermore, with the exception of a recent conference presentation [34] reporting measured
averaged electrical spectra, we are not aware of any previous studies on optically injected LW-
VCSEL that analyze simultaneously the dynamics induced in the two orthogonal polarizations of the
fundamental transverse mode. Thus, in this paper, we report for the first time, to the best of our
knowledge, a complete experimental study of the polarization-resolved dynamics of a 1550-nm
VCSEL subject to orthogonally polarized optical injection. A novel technique based on the analysis of
the experimentally measured real-time series captured simultaneously for both orthogonal
polarizations of the fundamental mode of the 1550-nm VCSEL is used. The results obtained are
compared to those measured when no polarization-resolved techniques are applied. This method
provides new insights into the analysis of the dynamics induced in a 1550-nm VCSEL that could not
be obtained otherwise by analyzing only the time-averaged optical and electrical spectra, as it
includes a study of the temporal stability of dynamic states [35].

2. Experimental Setup

The experimental arrangement is shown in Fig. 1(a)—(c). Fig. 1(a) shows the part used to externally
inject an orthogonally polarized optical signal into the 1550-nm VCSEL. A tunable master laser forms
the external optical source and this is used in conjunction with a polarization controller to adjust the
polarization relative to that of the lasing mode of the slave VCSEL. An optical attenuator is also
included to vary the injection strength. A 85/15 coupler divides the optical input signal into two
branches; the 85% port feeds directly into the slave laser (VCSEL) via an optical circulator, while the
15% port is connected to a power-meter for monitoring the injected optical power. The emitted signal
from the VCSEL is separated using the circulator and passed through an erbium-doped fiber
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Fig. 1. (a) Setup used for the study of orthogonally polarized injection in a 1550-nm VCSEL. The spectrum
of the VCSEL is given for a bias current of 5 mA (2.8 times above threshold). Two configurations are used
for the analysis part of the setup: (b) for the analysis of the total signal and (c) for the simultaneous study of
both polarizations.

amplifier (EDFA) to slightly boost the signal level to a few milliwatts balancing the signal-to-noise
ratio while avoiding detector saturation. We also incorporate a narrow-band optical filter centered on
the VCSEL’s wavelength to remove the EDFA’s broadband amplified spontaneous emission (ASE)
noise prior to signal analysis. Two different signal analysis configurations were used. The first [see
Fig. 1(b)] is used to study the total reflected signal, while the second configuration [see Fig. 1(c)]
allows individual analysis of both orthogonal polarizations. The latter are separated using a
polarization beam-splitter and are simultaneously monitored using an Agilent DSA91304A 13 GHz,
four-channel real-time oscilloscope. Additional equipment also used in the experiments includes an
optical spectrum analyzer (OSA) and an electrical spectrum analyzer (ESA). These are used to
spectrally characterize the nonlinear dynamics in both the optical and electrical domains. Finally, two
closely matched fast photodiodes (12 GHz bandwidth) were used to detect the optical signals for
electrical analysis with the ESA or the oscilloscope. To support the simultaneous measurement of
the two orthogonal polarizations of the VCSEL on separate channels of the oscilloscope, the delay
between both channels was characterized using the modulated tunable laser to induce temporal
features into both polarizations (which were not “dynamics”). These features were used as the
references to align the two channels.

The slave laser was a commercially available InAlGaAs/InP QW 1550-nm VCSEL [36]. The
device had a threshold current of 1.8 mA at 293 K. The optical spectrum of the device which
appears in the inset in Fig. 1(a) exhibits two modes that correspond to the two orthogonal
polarizations of the fundamental transverse mode separated by approximately 0.5 nm (60 GHz).
The polarization of the main lasing [at —5 dBm in the spectrum shown in Fig. 1(a)] and that of the
subsidiary mode (at —44 dBm) are referred to as parallel and orthogonal polarizations throughout
this work.

3. Experimental Results

Combining the setup included in Fig. 1(a) with the analysis approach described in Fig. 1(c), real-
time series of the intensities of the orthogonal (/) and parallel (/) polarizations at the output of the
VCSEL were captured and recorded simultaneously. Fig. 2 shows measured time series and phase
plots for the intensities of the parallel (/, blue) and orthogonal (/, red) polarizations for four different
values of injection strength (K) and frequency detuning (Af) selected based on previous
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Fig. 2. Time series and phase plots of the parallel (/, blue) and orthogonal (/, red) polarizations. The

VCSEL is biased five times above threshold and has a power of 615 uW. Phase plots are built plotting

the time series against their derivative. K and Af are (a) {1 dB,13.1 GHz}, (b) —{3.2 dB, 9.6 GHz},
—{14.1 dB,0.1 GHz}, and (d) —{12.3 dB, —0.9 GHz}.

characterization of the dynamics [23], [37]. Phase plots are constructed by plotting the
instantaneous signal intensity /x , against its time derivative. The injection strength is defined as
the injected power normalized to the power of the solitary VCSEL and the frequency detuning as the
frequency difference between that of the externally injected signal and that of the resonance of the
orthogonal polarization of the VCSEL. The VCSEL was biased five times above threshold to ensure
that various strong dynamics can be found. Different types of nonlinear dynamic behaviors are
found depending on the applied injection parameters. In particular, Fig. 2(a) shows the
simultaneous occurrence of period one dynamics (P1, also referred as limit cycle) for both
polarizations. In this case, as seen in Fig. 2(a), both time series exhibit periodic oscillations at a
single frequency with both associated phase plots showing a characteristic open circular shape [1].
Additionally, the radius of the circle is indicative of the amplitude of the periodic oscillations. In
contrast, Fig. 2(b) shows a different situation where period doubling (P2) dynamics occur for the
orthogonal polarization (in red) whereas very small power fluctuations, almost hidden within the
instrument’s inherent noise background are observed for the output of the parallel polarization. In
this latter case, the time series for the orthogonal polarization show oscillatory behavior at two
different frequencies, the second frequency being half of the first, and the associated phase plot
shows two distinct open circles [1]. Finally, Fig. 2(c) and (d) illustrate a completely different situation
where chaotic dynamics with similar amplitudes are obtained simultaneously for the output of both
polarizations. Strongly aperiodic behavior is observed in the measured time series, and the phase
plots show a very irregular and poorly defined closed shape.

In Figs. 3 and 4, we compare the experimental nonlinear dynamics when measuring the total
output signal of the VCSEL with those obtained when both orthogonal polarizations are analyzed
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Fig. 3. Electrical Spectra (left), time series (center), and phase plots (right) of the total signal (black),
parallel (blue), and orthogonal (red) polarizations of the VCSEL. {K = —10.5 dB, Af = —3.6 GHz}. The
VCSEL is biased 2.8 times above threshold and has a power of 330 pW.
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Fig. 4. Electrical Spectra (left), time series (center), and phase plots (right) of the total signal (black),
parallel (blue), and orthogonal (red) polarizations of the VCSEL {K = —9.3 dB, Af = —3.6 GHz}. The
VCSEL is biased 2.8 times above threshold and has a power of 330 pyW.

independently. In particular, we show electrical spectra, time series, and phase plots for the total
output signal (black) and the orthogonal (blue) and parallel (red) polarizations for two different
values of injection strength, i.e., K = —10.5 dB (see Fig. 3) and —9.3 dB (see Fig. 4), measured
using the same detuning Af = —3.6 GHz in both cases. It is important to note that all the time series
in Figs. 3 and 4 and the associated phase plots are obtained from experimentally captured real-time
signals. For comparison purposes, we also show the frequency spectra of the dynamics computed
from the time series of the total output signal and each of the two individual polarizations obtained
using a fast Fourier transform (FFT).

The frequency spectra in Fig. 3 suggest a situation where the total intensity exhibits dynamics
with strong periodic components. However, the measured time series also reveals slower periodic
variations in overall amplitude, with an envelope of periods of strong and weaker oscillation. This
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Fig. 5. (a) Real-time series of the parallel (blue) and orthogonal (red) polarizations intensities
simultaneously measured at the VCSEL'’s output (for comparison purposes, a negative signed version
of the orthogonal polarization intensity is included: —Ix). (b) Computed Electrical Spectra of the parallel
(in blue) and orthogonal (in red) polarization output of the VCSEL, (c) Intensity of the parallel versus the
orthogonal polarization (black). {K = —14.8 dB, Af = —1.1 GHz}. The VCSEL is biased 2.8 times
above threshold and has a power of 330 pW.

quasi-periodic behavior can be better seen from the phase plot (top row, right figure), which, despite
being slightly spread in the top half of the phase plane, exhibits an open shape, which is
characteristic of periodic dynamics [1]. Although noncircular in shape the degree of openness is
indicative of quasi-periodic behavior with high amplitude oscillations.

Under the same measurement conditions, Fig. 3 also shows the time series, phase plots, and
computed spectra for the two individual polarizations, i.e., orthogonal (middle row, in blue) and
parallel (bottom row, in red), which exhibit very different behaviors. Their radio-frequency (RF)
spectra calculated from the time series intensities are both characterized by the appearance of a
very well defined harmonic structure with peaks spaced at the dominant oscillation frequency
(approximately 1.8 GHz). Both polarizations seem to exhibit similar temporal characteristics but with
different amplitudes and relative phase; the amplitude of the oscillations of the parallel polarization
is higher than those of the orthogonal one, and the signals are not in antiphase. This simultaneous
periodic oscillation for both polarizations has been previously predicted in early theoretical work
[14]1-[16]. The phase plots provide further confirmation of this behavior as they both show closed-
loop shapes with different degrees of openness, each covering only one half of the phase plane.
The openness of the parallel polarization (middle row, right figure, in blue) is indicative of high
amplitude periodic oscillations. On the other hand the orthogonal polarization (bottom row, left
figure, in red) appears more closed as the amplitude of the oscillations is more irregular but also
smaller which make the representation in the phase plane more sensitive to measurement noise.
Additionally, Fig. 4 shows a different situation where chaotic dynamics are measured for the total
signal output of the VCSEL (upper plots, in black), as seen in the behavior of the measured time
series, the fuzziness, and irregular shape of the phase plot, as well as the broadened measured
spectra with much increased pedestal. In this case, the analysis of the individual polarizations,
orthogonal (middle row, in blue), and parallel (bottom row, in red) also reveal that chaotic dynamics
appear in both of them. Additionally, as seen in Fig. 3, some features of the time series of one of the
polarizations are found mirrored in the other one. In this case, the amplitude of the oscillations in the
orthogonal polarization is higher than those in the parallel. Finally, the similarity of the calculated RF
spectra shows that the strong chaotic dynamics observed in the total output signal are a
combination of those observed for both individual polarizations.

Itis also interesting to note that under the right conditions both polarizations can exhibit antiphase
dynamics. This is shown in Fig. 5 for the VCSEL subject to orthogonally polarized injection with
initial detuning and injection strength equal to Af = —1.1 GHz and K = —14.8 dB, respectively.
Fig. 5(a) shows the time series of the intensities of the parallel and orthogonal polarizations plotted
together. An inverted version of the orthogonal polarization intensity (—k) is included for
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comparison purposes. Fig. 5(a) reveals the simultaneous occurrence of periodic dynamics (P1) in
both polarizations. The electrical spectra computed from the FFT of both time series is included in
Fig. 5(b) and reveals the similarity of their harmonic content. These spectra both show a dominant
oscillation frequency with additional peaks corresponding to harmonics at multiples of that
frequency. Fig. 5(a) also shows that the periodic dynamics appearing for both polarizations are in
antiphase, with the maxima of the amplitude of one polarization coinciding with the minima of the
other one. It is important to note here that the analysis of the experimental time series uniquely
reveals the antiphase nature of the occurring dynamics, as that information cannot be extracted
from the analysis of time-averaged spectra alone. Finally, in Fig. 5(c), we use the time series to plot
the instantaneous intensities of the parallel versus orthogonal mode. This verifies the antiphase
nature of the dynamics showing an approximate linear response with a negative slope. It is also
important to note that, although the dynamics for both polarizations are in antiphase, the temporal
emission differs slightly in the shape of the “trailing edges,” as shown in Fig. 5(a). Moreover, RF
spectra also reveal that the power ratio between the different frequency components is different for
both polarizations. Taken together, these explain the appearance of a small deviation in Fig. 5(c)
from a “perfectly” linear plot. We obtain a good straight line from the “rising edges” when both
dynamics are in antiphase and are of very similar shape, but we get a slightly curved line where
signals exhibit a slightly different shape in their “trailing edges.” Antiphase dynamics have been
reported experimentally in optically injected edge-emitting multimode lasers [11]; in addition,
anticorrelated dynamics have been reported in both modal polarizations of SW-VCSELSs subject to
optical feedback (see [32], [33], and references therein). For optically injected VCSELs, the
possibility of antiphase (and in-phase) periodic dynamics in both orthogonal polarization modes has
been predicted theoretically [14]-[16]. However, we are not aware of any experimental work
confirming these predictions. Thus, in this work, we report, to the best of our knowledge, a first
experimental observation of antiphase dynamics for both modal polarizations of a 1550-nm VCSEL
subject to orthogonally polarized optical injection. This result offers promise for novel applications of
these devices, including the development of dual-channel, anticorrelated periodic, and chaotic-
signal generators for use in optical telecommunication networks.

Finally, very recently, we have reported a first theoretical stability analysis [23] of a 1550-nm
VCSEL subject to different polarized injection. For this purpose, we have developed a novel
extension of the well-established Spin Flip Model (SFM) [38], [39]. This can model the behavior of a
VCSEL when subject to arbitrary polarized optical injection (parallel, orthogonal, or elliptically
polarized) into either of the two polarizations of the fundamental transverse mode of the device. Our
first results, consisting of numerically generated stability maps identifying the boundaries of the
injection locking range and regions of different nonlinear dynamics in a 1550-nm VCSEL subject to
orthogonally polarized injection show very good agreement with the experimental findings [23].
Building on these early promising results we plan to extend our theoretical analysis to simulate the
time- and polarization-resolved dynamics of a 1550-nm VCSEL when subject to different polarized
injection and compare the results with measurements. This is the subject of ongoing research and
results will be reported elsewhere.

4. Conclusion

In conclusion, we report a first experimental study of the polarization-resolved dynamics of a 1550-nm
VCSEL subject to orthogonally polarized injection based on the observation and analysis of real-time
experimental measurements. This novel approach permits the effective identification of the dynamics
appearing in both polarizations, and provides new perspectives on their suitability for use as periodic
or chaotic-signal generators. For the former the same type of dynamics is observed for both
polarizations, where one of the polarizations usually exhibits stronger dynamics than the other.
However, for chaotic operation different dynamics are found simultaneously in both polarizations,
each having comparable amplitudes. In addition antiphase dynamics have also been experimentally
reported for the first time for both orthogonal polarizations at the output of a 1550-nm VCSEL. In
particular, the fact that chaotic dynamics can be induced simultaneously in both polarizations of the
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VCSEL’s fundamental transverse mode offers promise for the development of dual-channel,
anticorrelated chaotic-signal generators using a single commercially available 1550-nm VCSEL.
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