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We present an experimental and theoretical study of the polarization and time-resolved nonlinear dynamics of a
long-wavelength single-mode linearly polarized vertical-cavity surface-emitting laser (VCSEL) subject to orthogo-
nal optical injection. Special attention is paid to the correlation properties of both linear polarizations emitted by
the VCSEL.Wemeasure simultaneous time traces of both linearly polarized output signals for several values of the
bias current, the strength of the optical injection, and the frequency detuning between master and the free-running
VCSEL. Different dynamical regimes, including periodic, period doubling, and irregular dynamics, are observed
for both polarizations. For positive frequency detuning we usually find that the orthogonal polarization is the only
polarization that contributes to the dynamics of the total power. Only for large values of the bias current and for
small values of the optical injection strength, near the border of the periodic region, have we found correlated
periodic dynamics in both linear polarizations. For negative frequency detuning we find anticorrelated dynamics
in both linear polarizations. The average and dispersion of the time between consecutive pulses that appear in the
anticorrelated regime increase with the injected power. The irregular dynamics, characterized by broadened
power spectra, is related to large values of the dispersion of the time between pulses. A good overall qualitative
agreement is found between our theoretical and experimental results. © 2011 Optical Society of America

OCIS codes: 140.7260, 140.1540, 190.3100.

1. INTRODUCTION
Optical injection in semiconductor lasers has been shown to
lead to a wealth of complex dynamics and bifurcations, such
as period-one state, period doubling, quasiperiodicity, chaos,
and injection locking [1]. Nonlinear dynamics of optically in-
jected semiconductor lasers is interesting from a practical
point of view because the period-one oscillation state is one
of the potential candidates for carrying message in a radio-
over-fiber (RoF) system [2]. Also optical injection can be used
to reduce the laser linewidth, the mode partition noise, or for
enhancing the modulation bandwidth without modifying the
semiconductor laser design [3]. Interest in optical injection
in vertical-cavity surface-emitting lasers (VCSELs) has re-
cently increased [4,5] due to the inherent advantages of this
type of semiconductor laser. These include single-longitudinal
mode operation, circular beam profile, reduced fabrication
costs, ease of fabrication of two-dimensional arrays, etc. Stud-
ies of nonlinear dynamics of optically injected semiconductor
lasers have been extended to VCSELs [6–15] since these de-
vices offer additional degrees of freedom, like the presence of
multiple transverse modes and the direction of the emitted po-
larization, when compared with their edge-emitting counter-
parts. The behavior of these systems not only includes the
previously mentioned dynamical regimes but also polarization
switching (PS) and optical bistability [16–20].

Early experiments considered short-wavelength devices
in which the polarizations of both the VCSEL and the optical
injection were parallel [6]. In this case optical injection pro-
duces similar effects to those found when light is injected
in edge-emitting semiconductor lasers [6,13]. However, more
attention has been paid to a configuration in which linearly
polarized light from an external laser is injected orthogonally
to the linear polarization of the free-running VCSEL, the so
called orthogonal optical injection [16]. In contrast with edge
emitters, VCSELs have an extra degree of freedom associated
to the polarization of light. The specific injection scheme with
orthogonally polarized master and slave lasers produces new
features, like PS, that cannot be found when dealing with par-
allel optical injection. Nonlinear dynamics of VCSELs under
orthogonal optical injection has been experimentally and the-
oretically analyzed for 850 [7–12] and 1550nm [13–15] wave-
length devices. Rich nonlinear dynamics, including period
doubling, quasiperiodicity, injection locking, bistability, and
chaos, have been found in short-wavelength VCSELs [7–12].
These devices were characterized by small values of birefrin-
gence and showed PS in absence of optical injection. Analysis
of 1550 nm wavelength single transverse mode VCSELs sub-
ject to orthogonal optical injection have also shown limit cycle
and period doubling dynamics, injection locking, irregular be-
havior [13–15], and bistability [18–20]. These long-wavelength
devices were characterized by very large values of the
birefringence parameter and by emission in a single linear
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polarization over the whole bias current range in absence of
optical injection. Recent measurements of the polarization-
resolved nonlinear dynamics have shown that the contribu-
tion of both linear polarizations to the dynamics of the total
power depends on the sign of the frequency detuning between
the injected light and the orthogonal linear polarization of the
VCSEL [14]. These results were based on measurements of RF
and optical spectra of both linear polarizations and of the total
power. No analysis of the nonlinear dynamics was made in
terms of simultaneous time traces of the power of both linear
polarizations. Spectra were obtained from time averages of
the signals [14], and hence relevant information contained
in the temporal domain was missed.

In this work we extend the experimental study of [14] by
measuring simultaneous time traces of both linearly polarized
output signals of a long-wavelength VCSEL when subject to
orthogonal optical injection. We have also measured time
traces of the total power. Results are presented for different
values of the bias current, the strength of the optical injection,
and the frequency detuning. Different dynamical regimes in-
cluding periodic, period doubling, and irregular dynamics
are observed for both polarizations. An analysis is given of the
correlation properties between both linear polarizations. We
show that anticorrelation (correlation) is found for negative
(positive) frequency detuning. The same qualitative results are
obtained by using the well-established spin-flip model (SFM).
We use this model in order to gain insight on the origin of the
uncorrelated/correlated dynamics. We show that the average
and dispersion of the time between consecutive pulses that
appear in the anticorrelated regime increase with the injected
power. We also show that the irregular dynamics is character-
ized by large values of the dispersion of the time between
pulses that causes large broadening of power spectra. Good
qualitative agreement is found between our experimental and
theoretical results.

Our paper is organized as follows. The experimental setup
is described in Section 2. Polarization-resolved time traces
and their correlation properties are analyzed in Sections 3
and 4, for small and large values of the bias current, respec-
tively. In Section 4 we present our theoretical results. Finally,
in Section 5, a summary and conclusions are presented.

2. EXPERIMENTAL SETUP
The experimental all-fiber setup is presented in Fig. 1. The
light from a tunable laser is injected into a quantum-well
1550 nm VCSEL (Raycan). Measurements are performed using
the same VCSEL of [13,14]. The VCSEL bias current and
temperature are controlled by a laser driver and a temperature
controller, respectively. The temperature is held constant at
298K during the experiments. 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 in-
jected into the VCSEL using a three-port optical circulator.
Orthogonal optical injection is obtained by using a fiber polar-
ization controller connected to the second port of the circu-
lator. A 90=10 fiber 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 a 50=50 coupler 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 6GHz. The oscilloscope is substituted by an
electrical spectrum analyzer for measuring the RF spectrum
of the total power or by an optical spectrum analyzer (OSA)
for measuring the optical spectra. The other half of the power
is directed to a polarization controller and a polarization beam
splitter that selects the polarization direction in which the
time traces or the RF spectra are measured. Simultaneous lin-
early polarized time traces are recorded by using two similar
high-speed photodetectors (Thorlabs PDA8GS of 9GHz band-
width) connected to the oscilloscope. The same detectors
were connected before the RF analyzer for measuring the
RF spectra of both linearly polarized signals.

The L-I characteristics of the solitary VCSEL is shown in
Fig. 2a of [14]. Fundamental transverse mode emission is ob-
tained for all bias currents with a threshold current of Ith ¼
1:64mA. The VCSEL emits in the same linear polarization (the
“parallel” polarization) along the whole current range. The op-
tical spectrum of the VCSEL biased well above threshold,
8mA, is illustrated in Fig. 2b of [14]. Spectra with similar
shapes are obtained for all bias currents. In that figure the two
modes correspond to the two orthogonal polarizations of the
fundamental transverse mode of the VCSEL. The main lasing
polarization mode and the subsidiary mode that emits in
the “orthogonal” polarization appear at wavelengths λ∥ ¼
1536:6 nm and λ⊥ ¼ 1537:09 nm, respectively. The frequency
splitting between the two orthogonal polarizations is 0:49nm
(61:2GHz), very large in comparison to those reported in
short-wavelength devices [14].

3. EXPERIMENTAL RESULTS: SMALL BIAS
CURRENT
We characterize the optical injection 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 fre-
quency detuning being Δν ¼ νinj − ν⊥. The dynamical behav-
ior of our system was summarized in [14] by using stability
maps. In these maps different dynamical regimes, character-
ized by the RF spectra of the total power, were plotted in the
Pinj −Δν plane. The maps were obtained by fixing a value of
Δν and increasing Pinj from low values. Figure 2 shows two

Fig. 1. Experimental setup of orthogonal optical injection in a
VCSEL.
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stability maps, obtained for bias currents of Ib ¼ 4 and 8mA
but plotted in a linear horizontal scale instead of a logarithmic
one [14]. In Fig. 2 the region P1 shows periodic (period 1) be-
havior, P2 represents period doubling dynamics, region IR
corresponds to irregular dynamics, and region SL represents
the stable locking range. The injected power required for PS to
the orthogonal polarization of the VCSEL is also shown in
Fig. 2. When measuring these maps we considered P1 dy-
namics when the peak in the RF spectrum of the total power
measured in the RF analyzer was 10dB above the noise floor.
A complete discussion of these diagrams was already given in
[14]. We have chosen to include them in this work for the sake
of clarity.

We now present in Figs. 3–6 the new results relative to the
simultaneous measurement of linearly polarized temporal
traces. We have chosen similar parameter values, Ib, Pinj,
and Δν, to those of [14] in order to use the optical spectra
shown in [14] in our discussion. RF spectra for the two polar-
izations and for the total power are shown in the left column
of Fig. 3 for a fixed frequency detuning of 4GHz, bias current
of 4mA (2:44Ith), and increasing values of Pinj. 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 floor

in the photodetector and RF analyzer. The corresponding si-
multaneous time traces of the power of both linear polariza-
tions are shown in the right column of Fig. 3. In all the time
traces presented in this work, we also include the sum of both
powers (total power). Direct measurements of time traces of
the total power show a similar behavior to that shown in the
figures. The cases considered in Fig. 3 are identified in
Fig. 2(a) with the upper row of white stars. We first analyze
the transition to P1 dynamics that appears at low values of
Pinj. Figure 3(a) shows that a peak in the RF spectrum of
the total power begins to appear near the frequency detuning.
A similar peak appears in the RF spectrum of the orthogonal
polarization power, while the spectrum corresponding to the
parallel polarization is much flatter. Figure 3(b) shows that
oscillations of small amplitude around the steady state char-
acterize both linear polarizations and the total power. A clear
P1 dynamics in the total and orthogonal polarized powers
is obtained when increasing Pinj as is shown in Figs. 3(c)
and 3(d). The power of the parallel polarization is still appre-
ciable; however, the amplitude of their oscillations is very
small without contributing to the periodic dynamics of the to-
tal power. This is also seen in Fig. 3(c) in which its RF spec-
trum is weak and flat. This periodic dynamics is caused by
beating between the optical injection and the orthogonal
mode of the VCSEL [14]. Figure 3(e) shows that the peaks ap-
pearing at the RF spectrum have shifted to larger frequency
values. This is due to the “frequency pushing” effect observed
in the optical spectra [14] that is caused by the effect of the
increase of Pinj on the refractive index. Figure 3(f) shows that
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. Further increase of Pinj produces
a decrease of the amplitude of the oscillations of the time
traces [see Fig. 3(h)]. This is also shown by the decrease of
the peaks in the RF spectrum [see Fig. 3(g)]. Figures 3(g)
and 3(h) also illustrate the situation in which PS and P1 dy-
namics are obtained. The optical spectrum of the total power
is qualitatively similar to that of Fig. 4h in [14] showing that PS
has occurred. Operation in the SL regime is illustrated in
Figs. 3(i) and 3(j). The RF spectra and time traces of the total
power and of the power of both linear polarizations become
flat. The amplitude of the oscillations in the time traces of the
total and orthogonal polarized powers are very small. We find
an optical spectrum of the total power similar to that of Fig. 4j
in [14] showing that the orthogonal polarization mode of the
VCSEL is stably locked to the optical injection.

The correlation properties between the power of the paral-
lel, P∥ðtÞ, and the orthogonal, P⊥ðtÞ, linear polarizations can
be discussed in terms of their cross-correlation function, de-
fined as

CðτÞ ¼ ðP∥ðtþ τÞ − �P∥ÞðP⊥ðtÞ − �P⊥Þ
σ∥σ⊥

; ð1Þ

where the bar means time averaging operation and
σ2i ¼ ðPiðtÞ − �PiÞ2, i ¼ ∥,⊥. Temporal averages have been per-
formed by using time series of 500 ns duration. The correlation
between the power of the parallel and orthogonal linear po-
larizations is very weak for all the cases analyzed in Fig. 3.
The absolute value of the cross-correlation functions obtained
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Fig. 2. (Color online) Stability map of the VCSEL subject to ortho-
gonal optical injection for applied bias current of (a) 4mA and
(b) 8mA [14]. Different regions are observed: SL, stable injection lock-
ing; P1, period 1; P2, period 2; IR, irregular dynamics; PS, polarization
switching. The stars mark the situations analyzed in Figs. 3–6.
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for the different cases considered in Fig. 3 is always be-
low 0.08.

We now analyze in Fig. 4 the case of a negative fre-
quency detuning, Δν ¼ −2GHz, with the same value of the
applied bias current (4mA). The cases analyzed in Fig. 4
are marked in Fig. 2(a) with the lower row of white stars.
Figures 4(a) and 4(b) show the P1 dynamics obtained for
small values of Pinj. Nonsinusoidal periodic dynamics are ob-
tained for both polarization modes, in contrast with the posi-
tiveΔν case. RF spectra of both polarizations and total power
have peaks at a fundamental frequency (1:9GHz) and their
harmonics that corresponds to the frequency detuning

observed in the optical spectrum [14]. The large amplitude
of the harmonic peaks in the RF spectrum is related to the
nonsinusoidal shape of the temporal traces, in contrast to
those obtained for positive Δν [see Figs. 3(d) and 3(f)].
Figure 4(b) shows that the power of the parallel polarization
consists of a train of large amplitude pulses that are respon-
sible for the large amplitude pulses of the total power. The
shoulder that appears in the total power after those pulses
is mainly due to the contribution of the orthogonally polarized
mode. Figure 4(b) shows that, after the decrease of P⊥, a
pulse of P∥ is fired with a certain delay. That delay is small
enough for the pulse of P∥ to still coincide with the valley
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Fig. 3. (Color online) (Left) RF spectra of the total and polarized powers. (Right) Time traces of the total power and of the power of both linear
polarizations. Several values of injected power are considered: (a), (b) Pinj ¼ 47 μW, (c), (d) Pinj ¼ 76:4 μW, (e), (f) Pinj ¼ 158 μW, (g),
(h) Pinj ¼ 240:3 μW, and (i), (j) Pinj ¼ 1275:5 μW. The frequency detuning is Δν ¼ 4GHz, and the bias current is 4mA.
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of the orthogonal power. Also the maximum of P⊥ coincides
with the absence of a pulse of P∥. In this way the orthogonal
and parallel polarized powers are anticorrelated. Figure 4(c)
shows that, for increasing Pinj values, peaks of the RF spectra
of both polarizations and total power appear at a smaller value
of the frequency. This is a “frequency pulling” effect due to the
change of refractive index induced by the increase of Pinj [14].
The qualitative behavior of P∥ and P⊥ shown in Fig. 4(d) is
similar to that described in Fig. 4(b), although now the con-
tributions of the pulses of P∥ and P⊥ to the amplitude peaks
and shoulders of the total power, respectively, are better de-
fined. Comparison between Figs. 4(b) and 4(d) shows that the
time between consecutive large amplitude peaks increases as
Pinj is increased. That time is usually called the interpulse
time, T . The average of the interpulse time corresponding
to the total power, hTi, is 0.52 and 0:66ns for Figs. 4(b)
and 4(d), respectively. The fundamental frequency in the
RF spectra in Figs. 4(a) and 4(c) corresponds approximately
to the inverse of hTi.

Figure 4(f) illustrates the polarization-resolved time traces
obtained for the irregular dynamics shown in Fig. 2(a). This
dynamics is characterized by broad RF spectra in which

the peaks tend to disappear as can be seen in Fig. 4(e). A bet-
ter defined peak appears near 1GHz frequency that approxi-
mately corresponds to the inverse of hTi in Fig. 4(f) (hTi ¼
0:93ns). Broadening of the RF spectra as Pinj increases is
related to a large increase of the interpulse time dispersion,
σT . In fact, σT is 12, 40, and 96ps for Figs. 4(b), 4(f), and 4(h),
respectively. The shoulder that appears after the large pulse of
the total power changes its shape toward a plateau with small
oscillations as Pinj increases [see Figs. 4(f) and 4(h)]. The main
contribution to that plateau is given by the orthogonal polar-
ization. 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, simultaneously to SL, by
increasing slightly Pinj to 65 μW.

Anticorrelation between both linear polarizations is clear
from the time traces of Fig. 4. This anticorrelation is con-
firmed by using the cross-correlation coefficient at τ ¼ 0,
Cð0Þ that takes the values −0:54, −0:51, −0:48, −0:50 for
Figs. 4(b), 4(d), 4(f), and 4(h), respectively. Information about
the relative phase between the time traces of both polariza-
tions can be obtained from the time at which CðτÞ takes
its minimum value. CðτÞ have minimum values of −0:85,
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Fig. 4. (Color online) (Left) RF spectra of the total and polarized powers. (Right) Time traces of the total power and of the power of both linear
polarizations. Several values of injected power are considered: (a), (b) Pinj ¼ 26:9 μW, (c), (d) Pinj ¼ 35:5 μW, (e), (f) Pinj ¼ 42:4 μW, and (g),
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−0:76, −0:64, −0:66, at τmin ¼ 0:075, 0.1, 0.175, 0:187ns for
Figs. 4(b), 4(d), 4(f), and 4(h), respectively. τmin increases
when increasing Pinj in such a way that the relative phase
ð1 − 2τmin=hTiÞπ is approximately constant [0:71π, 0:69π,
0:62π, 0:67π rads for Figs. 4(b), 4(d), 4(f), and 4(h), respec-
tively]. This relative phase is not exactly π (antiphase) due
to the delay of the emission of the parallel polarization pulse
with respect to the decrease of the orthogonal one. Antiphase
dynamics has been observed experimentally in multimode
edge-emitting lasers with optical injection but at positive va-
lues of the frequency detuning [21]. Theoretical calculations in

VCSELs subject to orthogonal optical injection predicted that
the two linearly polarized modes are anticorrelated at the time
scale of slow oscillations while they exhibit an in-phase dy-
namics at the fast time scale of the relaxation oscillations
[22]. Very recently, excitability and self-pulsating dynamics
has been analyzed in optically injected quantum-dot and
quantum-well laser diodes [23,24]. Time traces of the total
power shown in Figs. 4(f) and 4(h) resemble the traces
showing single-pulse excitability or self-pulsating behavior
observed in [23,24].
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Fig. 5. (Color online) (Left) RF spectra of the total and polarized powers. (Right) Time traces of the total power and of the power of both linear
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4. EXPERIMENTAL RESULTS: LARGE BIAS
CURRENT
We now discuss the dynamics of the system when the bias
current is increased to 8mA (4:9Ith). RF spectra, and time
traces are shown in Fig. 5 for a fixed frequency detuning of
5GHz and increasing values of Pinj. The cases considered
in Fig. 5 are identified in Fig. 2(b) with the upper row of white
stars. Figures 5(a) and 5(b) illustrate the dynamics obtained
for low values of Pinj near the border of the P1 region. A peak
in the RF spectra of the total power and of both linear polar-
izations appear near 5:5GHz that is slightly above the fre-
quency detuning value. Figure 5(b) shows that powers of
both linear polarizations have a nearly sinusoidal oscillation.
Both powers oscillate in a correlated way in such a way that
both contribute to the sinusoidal time trace of the total power.
A similar situation, with oscillations of larger amplitude, is ob-
tained near the border but inside the P1 region as illustrated in
Figs. 5(c) and 5(d).

Positive correlation between linear polarizations is also
confirmed by using Cð0Þ that takes the values 0.75 and 0.65 for
Figs. 5(b) and 5(d), respectively. Information about the
relative phase between the time traces of both polarizations
can be obtained from the time at which CðτÞ takes its maxi-
mum value. These times are τmax ¼ −0:012, 0ns, for Figs. 5(b)
and 5(d), respectively. The relative phase is given by 0:13π,
0 rads for Figs. 5(b) and 5(d), respectively. This corresponds
to a slight delay of the appearance of the maximum value of
the orthogonal polarization with respect to the parallel one for
Fig. 5(b). Only in the region near the border of P1 have we
been able to observe correlated periodic dynamics in both lin-
ear polarizations. 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 [14]. This situation, in which only
the orthogonal polarization contributes to the dynamics of the
total power, is found for all the values of Pinj before SL is
reached. Figures 5(e)–5(h) are two examples that illustrate
this behavior. In the situation illustrated in Figs. 5(e) and 5(f),
the power of the parallel polarization is still not negligible
since the polarization of the VCSEL has not switched yet, as
can be seen in Fig. 2(b). A weak positive correlation is found
in Fig. 5(f): CðτÞ has a maximum value of 0.24 at τmax ¼ 0 ns.
In-phase behavior of both polarizations is observed. In
Figs. 5(g) and 5(h), in which PS has already occurred, no
correlation is observed [the maximum value of CðτÞ is 0.05].
Figures 5(e) and 5(g) show that the orthogonal polarization
and the total power have period doubling dynamics. PS is
observed in a periodic dynamical regime including period
doubling behavior. Figures 5(i) and 5(j) show that SL dy-
namics is finally observed when Pinj is increased to 3:3mW.

We now analyze the dynamics obtained for the case of a
negative Δν value. Figure 6 shows RF spectra and time traces
for Δν ¼ −1:5GHz. The cases considered in Fig. 6 are identi-
fied in Fig. 2(b) with the lower row of white stars. Figures 6(a)
and 6(b) illustrate the P1 dynamics obtained at low values of
Pinj. The qualitative behavior of both polarizations is similar to
that shown in Figs. 4(a) and 4(b): maxima (shoulders) of the
total power are due to the large amplitude peaks (maxima) of
the parallel (orthogonal) polarization. However, the approach
to the SL dynamics as Pinj is increased is different to that dis-
cussed in Section 3. Figure 6(c) shows that P2 dynamics is

obtained for both linear polarizations and for the total power
when increasing Pinj. In fact, one of the main differences with
respect to the small bias current case is the presence of P2
regions for positive and negative Δν values (see Fig. 2).
Further increase of Pinj leads to irregular behavior in both lin-
ear polarizations and in the total power as can be seen in
Figs. 6(e) and 6(f). Figure 6(f) shows that, before the SL re-
gion, time traces are much more irregular than those observed
for smaller bias currents [see Fig. 4(h)]. Two large amplitude
consecutive pulses are occasionally obtained in the total
power [see Fig. 6(f) between 1 and 2ns, between 2 and
3 ns, and after 4 ns]. The first (second) large amplitude pulse
is due to a pulse of the orthogonal (parallel) polarized mode.
Other parts of the time series resemble the results shown in
Fig. 4(h): for instance, sometimes a single pulse is fired in the
total power. This pulse is due to a large pulse of parallel po-
larized light [see Fig. 6(f) between 0 and 1 ns and between 3
and 4 ns]. The more irregular behavior obtained for large
values of the bias current is also observed in RF spectra:
peaks of Fig. 6(e) are more smeared than those of Fig. 4(g),
especially those corresponding to the RF spectrum of the
orthogonal polarization. The value of the interpulse time dis-
persion increases as Pinj is increased [σT ¼ 7, 10, 200ps for
Figs. 6(b), 6(d), and 6(f), respectively]. The large value of
σT in Fig. 6(f) is caused by the simultaneous presence of sin-
gle-pulse and two-pulse packages. Finally, dynamics illustrat-
ing simultaneous achievement of SL and PS are also illustrated
in Figs. 6(g) and 6(h). Some other similarities are observed
with respect to the case of small bias current. First, the irre-
gular behavior is also obtained only for negative values of
Δν. Second, the orthogonal and parallel polarized powers
are anticorrelated.

This anticorrelation is confirmed by using the cross-corre-
lation coefficient at τ ¼ 0, Cð0Þ that takes the values −0:37,
−0:47, −0:67 for Figs. 6(b), 6(d), and 6(f), respectively. CðτÞ
have minimum values of −0:94, −0:93, −0:77 at τmin ¼ 0:062,
0.062, 0:075ns for Figs. 6(b), 6(d), and 6(f), respectively. τmin

increases when increasing Pinj in such a way that the relative
phase ð1 − 2τmin=hTiÞπ is approximately constant [0:64π,
0:69π, and 0:74π rads for Figs. 6(b), 6(d), and 6(f), respec-
tively]. Both signals are not exactly in antiphase due to the
delay of the emission of the parallel polarization pulse with
respect to the decrease of the orthogonal one.

5. THEORETICAL RESULTS
In this section we are going to analyze from a theoretical point
of view the correlation properties corresponding to the two
linearly polarized modes emitted by the VCSEL subject to
orthogonal optical injection. Our rate equation model for
the polarization of a VCSEL is based on the SFM [25]. If the
parameters are chosen such that the free-running VCSEL
emits in the y polarization, orthogonal optical injection is ob-
tained by considering an external field along the x direction.
The SFM model equations are given by

dEx

dt
¼ κð1þ iαÞðNEx þ inEy − ExÞ − iγpEx − γaEx

þ κEinjeiΔωt

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βspγe=2

q � ffiffiffiffiffiffiffiffiffiffiffiffiffi
N þ n

p
ξþðtÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffi
N − n

p
ξ−ðtÞ

�
; ð2Þ
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dEy

dt
¼ κð1þ iαÞðNEy − inEx − EyÞ þ iγpEy þ γaEy

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
βspγe=2

q � ffiffiffiffiffiffiffiffiffiffiffiffiffi
N þ n

p
ξþðtÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffi
N − n

p
ξ−ðtÞ

�
; ð3Þ

dN
dt

¼ −γeðNð1þ jExj2 þ jEyj2ÞÞ þ γeμ − iγenðEyE�
x − ExE�

yÞ;
ð4Þ

dn
dt

¼ −γsn − γenðjExj2 þ jEyj2Þ − iγeNðEyE�
x − ExE�

yÞ; ð5Þ

where Ex;y are the two linearly polarized slowly varying com-
ponents of the field and N and n are two carrier variables. N
accounts for the total population inversion between conduc-
tion and valence bands, while n is the difference between the
population inversions for the spin-up and spin-down radiation
channels. The internal VCSEL parameters are as follows: κ
(¼ 125ns−1) is the field decay rate, γe (¼ 0:67ns−1) is the

decay rate of N , γs (¼ 1000 ns−1) is the spin-flip relaxation
rate, α (¼ 2:2) is the linewidth enhancement factor, μ is the
normalized injection current, γa (¼ 2ns−1) is the linear dichro-
ism, and γp (¼ 192ns−1) is the linear birefringence. The fluc-
tuating nature of the spontaneous emission (with a fraction of
spontaneous emission photons that goes into the laser mode
of βsp ¼ 10−4) is included in our calculations since ξþðtÞ and
ξ−ðtÞ are complex Gaussian noise terms of zero mean and time
correlation given by hξiðtÞξ�j ðt0Þi ¼ 2δijδðt − t0Þ. The optical in-
jection parameters are Einj and Δω. Einj is the injected field
amplitude and Δω is defined as the difference between the
angular frequency of the injected light, ωinj, and a reference
angular frequency intermediate between those of the x and
y linear polarizations, i.e., Δω ¼ ωinj − ðωx þ ωyÞ=2. We have
integrated Eqs. (2)–(5) by using the same numerical method
for stochastic differential equations used in [26] with an inte-
gration time step of 0:01ps. The evolution of Ex is such that
the kEinj expðiΔωtÞ term appears in the equation for dEx=dt.
However, no injection term appears in the equation for
dEy=dt. In this way the increase of the optical injection
strength (given by kEinj) only affects directly to Ex, producing
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Fig. 6. (Color online) (Left) RF spectra of the total and polarized powers. (Right) Time traces of the total power and of the power of both linear
polarizations. Several values of injected power are considered: (a), (b) Pinj ¼ 58:5 μW, (c), (d) Pinj ¼ 67:6 μW, (e), (f) Pinj ¼ 84 μW, and (g),
(h) Pinj ¼ 111:2 μW. The frequency detuning is Δν ¼ −1:5GHz, and the applied bias current is 8mA.
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the PS to the x-polarized mode that has been usually observed
in VCSELs since the pioneering work of Pan et al. [16].

We have chosen parameters based on those reported by
Al-Seyab et al. [15] for a long-wavelength VCSEL similar to our
device. With our parameters, the free-running VCSEL is emit-
ting in the parallel polarized mode (y mode) for all the bias
current values, as in the experimental situation. Also, the fre-
quency of the parallel polarized mode is higher than that of the
orthogonal linear polarization (x mode): νy>νx, like for the
VCSEL used in our experiments. The main change with re-
spect to the parameters of [15] is the value of the linear dichro-
ism since we have checked that the value reported in [15]
leads to light-current characteristics in which multiple PSs
occur as the bias current is increased. Multiple PS appear
because both polarizations are stable with the parameters
chosen in [15].

Our first theoretical results illustrate the case in which po-
sitive correlation is found between both linear polarizations.
Figure 7(a) shows time traces of the total power and of the
power of both polarizations when the bias current is five times
the threshold value (μ ¼ 5) and Δν ¼ νinj − νx ¼ 5GHz (simi-
lar to Fig. 5) and Einj ¼ 0:29. Qualitative behavior is similar to
that shown in Fig. 5(b): both linearly polarized powers oscil-
late in a correlated way in such a way that both contribute to
the almost sinusoidal time trace of the total power. Figure 7(b)
shows the time evolution of the total population inversion. N
is characterized by a sinusoidal evolution of small amplitude.
The decrease of N is related to the increase of the power in
both polarizations. The frequency of the oscillations is around
6GHz, larger than the value ofΔν. This is due to the frequency
pushing effect that appears due to the positive value of α:
when Δν > 0 the resonance wavelength of the orthogonal

mode moves away from the injected wavelength as Pinj in-
creases. This also means that optical injection is less effective
in creating nonlinear effects. In fact the time evolution of the
quantities shown in Fig. 7 is nearly sinusoidal. A positive cor-
relation between linear polarizations of Cð0Þ ¼ 0:87 is ob-
tained. CðτÞ takes its maximum value at τmax ¼ 0 ns. The
relative phase is given by 0:12π rads. This corresponds to a
slight delay of the appearance of the maximum value of the
orthogonal polarization with respect to the parallel one, in
agreement with our experimental results shown in Fig. 5(b).

Figure 8 shows the time evolution of the total power, the
power of both polarizations and N , and the RF spectra when
μ ¼ 2:44 and Δν ¼ −2GHz (similar to Fig. 4) for two different
values of the injected power, Einj ¼ 0:0445 and 0.047. Qualita-
tive behavior is similar to that shown in Figs. 4(b) and 4(f),
respectively. Anticorrelated periodic dynamics are obtained
for both polarization modes. Increasing the value of Einj to
0.0495 produces simultaneous PS and SL, similar to our ex-
perimental results. Nonlinear effects are stronger than those
obtained for Δν > 0 because an increase of Pinj makes the re-
sonance wavelength of the orthogonal mode approach the in-
jected wavelength. In fact, nonlinear oscillations of all the
variables appear in Fig. 8, in contrast to the sinusoidal evolu-
tions shown in Fig. 7. The strength of nonlinear oscillations
increase as Pinj is increased [see for instance Figs. 8(c) and
8(d)]. Figures 8(c) and 8(d) also show that faster decrease
of N is related to the excitation of the parallel polarized pulse,
while the low recovery of N is accompanied by the emission
of the wider orthogonally polarized pulse. The presence of
these two different evolution stages of N is related to the ob-
served anticorrelated behavior between both polarizations.
We have performed calculations of CðτÞ by using theoretical
time series of the total power of 819:2 ns duration. Cð0Þ takes
the values −0:96 and −0:51 for Figs. 8(a) and 8(b), respec-
tively. CðτÞ have minimum values of −0:96, −0:71 at τmin ¼
0:01, 0:12ns for Figs. 8(a) and 8(b), respectively. τmin in-
creases when increasing Pinj in such a way that the relative
phase ð1 − 2τmin=hTiÞπ is approximately constant [0:99π,
0:92π rads for Figs. 8(a) and 8(b), respectively], in qualitative
agreement with the experimental results reported in Fig. 4.

The interpulse time increases as Pinj is increased as can be
seen in Figs. 8(a) and 8(b). Theoretical values of hTi are 2.4,
3:06ns for Figs. 8(a) and 8(b), respectively. The interpulse
time dispersion, σT , also increases from 25 to 40:9ps when
going from Fig. 8(a) to Fig. 8(b). The behavior of both hTi
and σT as a function of Pinj is in qualitative agreement with
the corresponding experimental results reported in Section 3.
The lower row of Fig. 8 shows the RF spectrum of the total
power and of the power of both linear polarizations for Einj ¼
0:0445 and 0.047. A similar spectra broadening to that re-
ported in Figs. 4(c) and 4(g) is obtained when Einj is increased.
This broadening is related to the observed increase of σT : de-
creasing the strength of spontaneous emission noise leads to
the decrease of σT and narrower spectra. Comparison with
experimental data also shows that simulations show stronger
RF modes than in the experiment. There are several reasons
that can contribute for this difference. First, experimental
time traces (see Fig. 4) have more dispersion in the peaks
height than that found theoretically (see Fig. 8). Second,
although we have used angled polished ferrule connectors
in our setup to minimize the optical feedback in the VCSEL,
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this effect can be still present and degrade the signal to noise
in our experimental RF spectra. Third, and more importantly,
we do not know for sure the parameters of our VCSEL. In this
way extraction of the laser parameters would be desirable for
obtaining a better agreement with the experiments.

6. DISCUSSION AND CONCLUSIONS
For negative (positive) frequency detunings, we have
obtained anticorrelated (correlated) operating regimes. We
explain this behavior because there is a dynamics of compe-
tence between polarizations for Δν < 0 while that dynamics
disappears when Δν > 0. For Δν < 0, anticorrelated dy-
namics appears when the system is approaching the injection
locking regime. In this approach [see Figs. 8(a) and 8(b)], the
orthogonal polarization tries to reach the constant values of
amplitude and phase that characterize the injection locked
regime, but it is not able to do it because of the effect of
the phase of the injected field. Figure 8 also shows that the

average power of the orthogonal (x) polarization is larger than
that of the parallel (y) polarization. As discussed in Section 3,
optical injection produces a frequency pulling effect such that
the powers of both polarizations oscillate at a frequency that
is smaller than the frequency detuning. That oscillation fre-
quency coincides with the frequency detuning observed in
the optical spectrum that we will call “effective frequency de-
tuning.” Optical phase of the orthogonal polarization is also
oscillating at the effective frequency detuning. The orthogonal
polarization cannot reach the stable locked behavior because
the optical injection becomes out of phase with respect to that
polarization.

In order to clarify this point, we have made further calcula-
tions analyzing the amplitude, AiðtÞ, and the phase, ϕiðtÞ, of
the electrical fields of both linear polarizations, EiðtÞ ¼
AiðtÞ expðiϕiðtÞÞ. When writing Eqs. (2)–(5) using the new
variables, the evolution of the amplitude of the x polarization
is such that a kEinj cosðΔωt − ϕxðtÞÞ term appears in the

80 81 82 83 84 85
0

1

2

3

4

82 83 84 85 86 87
0

1

2

3

4

0 1 2 3 4 5
0

10

20

30

40

50

60

70

0 1 2 3 4 5
0

10

20

30

40

50

60

70

P
 (

a.
u.

)

t (ns)

 Total
 Orthogonal
 Parallel

(a) (b)

t (ns)

 Total
 Orthogonal
 Parallel

80 81 82 83 84 85

-0.5

0.0

0.5

1.0

1.5
(c)

 cos(∆ωt-φ
x
)

t (ns)

0.93

0.96

0.99

1.02

1.05

 N

 N
 a

nd
 c

os
(∆

ω
t-

φ x)

82 83 84 85 86 87

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0
(d)

t (ns)

 cos(∆ωt-φ
x
)

0.93

0.96

0.99

1.02

1.05

 N

(e)

P
 (

dB
m

)

f (GHz)

 Total
 Orthogonal
 Parallel

(f)

f (GHz)

 Total
 Orthogonal
 Parallel

Fig. 8. (Color online) Theoretical time traces of the (a), (b) total power and power of both linear polarizations, (c), (d) total population inversion
and kEinj cosðΔωt − ϕxðtÞÞ term, and (e), (f) RF spectra. The frequency detuning is Δν ¼ −2GHz, μ ¼ 2:44, (left) Einj ¼ 0:0445, and
(right) Einj ¼ 0:047.

2774 J. Opt. Soc. Am. B / Vol. 28, No. 11 / November 2011 Quirce et al.



equation for dAx=dt. We plot in Figs. 8(c) and 8(d) that term
together with N . When the optical injection becomes out of
phase with respect to the x polarization, the cosinus term de-
creases, causing the fall of Ax [see Figs. 8(a) and 8(b)]. Simul-
taneously, N increases until it decreases sharply with the
fire of a large amplitude y pulse. In this way one of the
two polarization states exhibit large amplitude pulses, while
the other exhibits the shoulders. This is the explanation of
the anticorrelation observed between orthogonal and parallel
polarizations, which is typical of a dynamics of competence
between polarizations.

For positive frequency detunings, the system is far from the
injection locking regime in such a way that the average
powers of the both polarizations are similar [see Fig. 7(a)].
The optical phase of the x polarization is oscillating at the ef-
fective frequency detuning that is larger than the frequency
detuning due to the frequency pushing effect. Again, the
optical injection can be out of phase with respect to the ortho-
gonal polarization as is seen in Fig. 7(b) in which the
kEinj cosðΔωt − ϕxðtÞÞ term has been plotted. The phase term
induces a modulation of the amplitude of the x-polarization
power. That modulation causes a small amplitude sinusoidal
dependence of N , in which Ax has the typical π=2 delay with
respect to N . The modulation of Ay is only due to the modula-
tion of N because the optical injection has no effect on this
polarization. The small signal change of N causes a small am-
plitude modulation of Ay that has again the π=2 delay with re-
spect to N . In this way correlation between orthogonal and
parallel polarizations is obtained.

Summarizing, in this work we have made a theoretical and
experimental study of the polarization-resolved nonlinear dy-
namics of a 1550 nm single-mode VCSEL subject to orthogonal
optical injection. Simultaneous measurements of the time
traces of the power of both linear polarizations have permitted
us to evaluate their contribution to the dynamics of the total
power. We have characterized the periodic, period doubling,
and irregular dynamics that appear for both polarizations in
terms of time traces and power spectra. We have obtained that
the correlation properties of both linear polarizations depend
on the frequency detuning between the injected frequency and
the frequency of the suppressed orthogonal mode of the so-
litary laser. For positive frequency detuning values, we have
usually found that orthogonal polarization is the only polari-
zation that contributes to the dynamics of the total power.
Only correlated periodic dynamics in both linear polarizations
has been found near the border of the periodic region, when
the bias current is large and optical injection strength is small.
For negative frequency detuning values, the correlation prop-
erties change because we find anticorrelated dynamics in both
linear polarizations. This dynamical regime is characterized
by a larger influence of nonlinear effects that produce antic-
orrelated trains of pulses in both linear polarizations. These
trains of pulses have been characterized by the average and
dispersion of the time elapsed between consecutive pulses,
the interpulse time. We have shown that both the average and
dispersion of the interpulse time increase as the injected
power is increased. We have also shown that the appearance
of broad power spectra that characterizes the irregular dy-
namics is related to large values of the dispersion of the inter-
pulse time. We have also analyzed the relative phase between
the oscillations observed in the time traces of the optical

power of both polarizations. Good qualitative agreement has
been demonstrated between theory and experiment. Our re-
sults show that optically injected 1550 nm VCSELs are sources
of stable periodic oscillations. Low-cost characteristics of
these systems makes them potential candidates for generation
of stable RF signals for use in RoF applications [27].
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