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Injection locking and polarization switching
bistability in a 1550nm-VCSEL subject to

parallel optical injection
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and Krassimir Panajotov

Abstract—We present experimental and theoretical results
of bistable polarization switching in a single transverse mode
1550 nm VCSEL subject to parallel optical injection. We focus
our analysis on the bistability induced by power variation
of the master laser found on the recently observed state of
simultaneous injection locking of the parallel polarization mode
and excitation of the orthogonal polarization mode, IL+PS.
Experimental stability maps identifying, in the injected power-
frequency detuning plane, where this state is observed, and
corresponding bistable regions are reported for several bias
currents. We find bistability between the IL+PS state and the
single polarization mode injection locked solution. We also find
bistability between the IL+PS and different periodic dynamics in
the parallel polarization mode. The width of the hysteresis cycle
increases when increasing the bias current or when increasing the
wavelength of the optical injection beyond the solitary VCSEL
wavelength. We theoretically confirm these types of bistability by
numerically simulating the spin-flip model and by performing a
linear stability analysis for the different stable states. Excellent
agreement is found between experimental and theoretical results.

Index Terms—Semiconductor lasers, Vertical-Cavity Surface-
Emitting Lasers, Injection-locked lasers, Bistability.
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I. INTRODUCTION

Vertical-cavity surface-emitting lasers (VCSELs) have at-
tracted considerable interest in these last decades. This optical
device, in comparison with edge emitting devices [1], [2],
presents properties of particular interest as low fabrication
costs, on-wafer testing capabilities, compactness leading to
good potential for integration in two-dimensional arrays, low
power consumption, high coupling efficiency to optical fibres,
etc [1], [2]. VCSELs are intrinsically single-longitudinal mode
devices. When lasing in the fundamental transverse mode,
they can show two linear orthogonally polarized modes, and
polarization switching (PS) between these two orthogonal
modes can be observed with temperature or bias current
changes [3]–[6]. Optical injection - a well known technique of
improvement of semiconductor laser performance [7]–[9] - has
been used on VCSEL to enhance their modulation bandwidth
through the injection locking (IL) phenomenon [10], [11], but
also to perform PS [12]–[17].

Bistability in laser diodes (see [18] and references therein)
and more specifically in VCSELs subject to optical injection
[19]–[27] has been the subject of a large amount of studies,
mostly in view of possible exploitation for data transmis-
sion and all-optical signal processing. It has indeed been
demonstrated that bistable VCSELs can be used as all optical
memory [22], to perform all-optical shift register [23] and all-
optical flip-flop operations [26], [27]. All-optical polarization
switching bistability can be achieved by using orthogonal
optical injection in VCSELs [19], [25] and is of great interest
for photonic switching applications. Recently, experimental
and theoretical demonstration of PS under parallel optical
injection has been presented [28], [29]. In these previous
works, a state was described in which both injection locking
of the parallel polarization and excitation of the orthogonal
polarization of the free-running VCSEL occur simultaneously
[28], [29]. This state, termed as IL+PS, presents bistability
properties [28], that are the subject of this work.

In this work we analyse experimentally and theoretically the
bistability between the IL+PS solution and different injection
locked and periodic solutions in which only the parallel
polarization mode is excited. We present experimental and
simulated stability maps of the IL+PS state in the injected
power-frequency detuning plane obtained by sweeping the
injected power, and corresponding hysteresis regions. We
also perform the linear stability analysis developed by Friart
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Fig. 1. (a) Experimental setup for parallel optical injection in the VCSEL. TL:
tunable laser, PC1 and PC2: polarization controllers, VA: variable attenuator,
OC: optical coupler, PBS: polarization beam splitter, PM: power meter, BOSA
: high resolution optical spectrum analyser. (b) Experimental optical spectrum
for the free-running VCSEL at 298 K and bias current Ibias=3.05 mA.

et al [30] for a mixed-mode steady state of an optically
injected two-polarization modes edge emitting laser, that can
be extended to the VCSEL case under the condition of
adiabatically elimination of the spin dynamics [28], [29]. The
linear stability analysis performed for the IL+PS state and the
single polarization mode injection locked state (IL) gives very
good agreement with experimental results.

The structure of this paper is organized as follows. We detail
in section II the experimental setup used to perform parallel
optical injection. In section III we present the experimental
results. The theoretical model is described in section IV,
and we present theoretical results in section V. And finally,
section VI will be dedicated to the comparison between
theoretical and experimental results.

II. EXPERIMENTAL SETUP

Parallel optical injection is experimentally attained with
the all-fiber setup shown in Fig. 1(a). The slave laser we
use in the experiment (a 1550-nm wavelength VCSEL) is
injected with the parallely polarized light from a master laser
(tunable laser TL) via an optical three-port circulator and a
polarization controller (PC1). We control the level of light
injection using a digital variable attenuator (VA), and a power
meter (PM) allows us to monitor the level of injected power,
via a 50/50 optical coupler (OC). The third port of the optical
circulator is connected to a second polarization controller
(PC2) and a polarization beam splitter (PBS) allowing to select
and separate orthogonal and parallel polarization beams, that
are analysed by power meters (PM1 and PM2), or a high-
resolution (10 MHz) optical spectrum analyser (BOSA).

The device used in the experiment as slave laser is a com-
mercially available quantum-well long-wavelength (1550 nm)

VCSEL (RayCanTM), based on InAlGaAs active region. The
temperature is held constant at 298 K for all the measurements.
At this temperature, the threshold current of the VCSEL
(Ith) is 1.66 mA. Fig. 1(b) shows the experimental optical
spectrum of the free-running VCSEL for Ibias = 3.05 mA at
298 K. The two modes appearing in this spectrum are the two
orthogonal polarizations of the fundamental single transverse
mode. Higher order transverse modes are highly suppressed,
more than 55 dB at this bias current. The laser emits in a
linear polarization mode that we will call parallel polarization
at a wavelength λ// = 1540.91 nm. The zero frequency has
been chosen to correspond to this wavelength. The orthogonal
linear polarization - the subsidiary mode - is shifted by
32.86 GHz toward the high frequencies, corresponding to
0.26 nm toward the short-wavelength side of the lasing mode
to λ⊥ = 1540.65 nm with a side mode suppression ratio of
34 dB.

The free-running device shows several PSs for different
values of the bias current : 2.25, 6.70, and 9.15 mA, type I,
type II and type I PS, respectively. Type I PS is from the high-
frequency to the low-frequency polarization and Type II PS is
from the low-frequency to the high-frequency polarization [2].
We have considered multiple bias currents for our experiment
remaining, however in a region in which there are no PSs
for the free-running VCSEL. The optical injection from the
TL is characterized by the value of the power Pi measured
by the power meter PM (in Fig. 1(a)), and by the frequency
detuning νi defined by the difference between the frequency of
the injected light and the frequency of the lasing polarization
mode of the free-running VCSEL.

III. EXPERIMENTAL RESULTS

Fig. 2 presents two experimental optical spectra obtained for
the same injection parameters (νi = −6.6 GHz, Pi = 422 µW,
and bias current Ibias = 3.0 mA) that correspond to two
different states. Fig. 2(a) shows the IL+PS state presented in
[28] in which injection locking of the parallel polarization and
excitation of the orthogonal polarization occur simultaneously,
and Fig. 2(b) shows the IL state, where only one peak that
corresponds to the parallel polarization mode at the frequency
of optical injection appears. These spectra were obtained
for a fixed value of the frequency detuning, increasing and
decreasing the value of injected power to obtain Fig. 2(a)
and Fig. 2(b), respectively, thereby demonstrating hysteresis in
the phenomenon. Bistability between a two-mode equilibrium
state (TME) and the injection locked single mode solution has
been observed in a two-color laser [31], [32]. There are some
differences with respect to our case. IL+PS is observed in a
single-mode laser, however, TME was observed in a two-mode
laser. Also just a single linear polarization is excited in TME,
however, in IL+PS the polarization behavior is more complex
because two modes with orthogonal linear polarizations are
excited.

We focus on the IL+PS state, and more specifically on the
region of the injected power-frequency detuning plane where
this state can be observed with its corresponding bistability
regions. In order to characterize the region where IL+PS is
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Fig. 2. Experimental optical spectra for injection parameters Ibias=3.0 mA,
νi=−6.6 GHz, and Pi=422 µW when (a) increasing Pi (IL+PS state) and
(b) decreasing Pi (IL state).

observed, we fix the value of the detuning νi, and increase
the injection level from Pi = 10 nW to Pi = 900 µW, and
then decrease the injected power back to its initial value. We
repeat the process for several values of νi, recording for each
value the range of Pi where the IL+PS state is observed, when
increasing and decreasing the injection level. We perform this
mapping of the parameters space for several bias currents,
and results are shown in Fig. 3(a), Fig. 3(b), and Fig. 3(c)
for Ibias = 3.0 mA, Ibias = 4.0 mA and Ibias = 5.0 mA
respectively. In these maps, black (blue) lines identify an in-
crease (decrease) of Pi, and thick (thin) lines identify the lower
boundary as Pi,down (higher boundary as Pi,up) of the region.
For increasing Pi, IL+PS appears (disappears) at Pi,down (at
Pi,up). On the contrary, for decreasing Pi, IL+PS appears
(disappears) at Pi,up (at Pi,down). The state below Pi,down

usually corresponds to period-1 dynamics (P1) in the parallel
polarization, except for Ibias = 3.0 mA, −4.2 GHz < νi <
−3 GHz and Ibias = 5.0 mA, −5.2 GHz < νi < −4.4 GHz,
where a period doubling dynamics in this polarization (P2)
is observed [33]. The state above Pi,up is IL for negative
values of νi, and various non-linear dynamics involving both
polarization modes for positive values of νi. These various
non-linear dynamics will be discussed in detail elsewhere [33].

We now focus on Fig. 3(a), mapping the IL+PS region for
Ibias = 3.0 mA. Two regions where IL+PS can be observed
appear both when increasing and decreasing the injection level
Pi, one for negative values of νi (νi < −2 GHz), and one for
positive values of νi (0 GHz < νi < 2 GHz). For negative
values of the frequency detuning Pi,down and Pi,up decrease
monotonously with νi both when increasing or decreasing
the injected power. There is an exception for Pi,down when
increasing the injection level, which presents a small non
monotonous outgrowth region for −4.2 GHz < νi < −3 GHz,
the region where a period doubling dynamics in the parallel
polarization is observed below Pi,down. In this region bistabil-
ity between the IL+PS state and the parallel polarized period-2
solution is found, since Pi,down, for decreasing Pi, decreases
in a monotonous way. Except for this region, bistability at the
lower boundary of the IL+PS is not found. Bistability between
IL+PS and IL states is also found for larger values of Pi. The
width of this bistable region increases as | νi | increases. This
width can be large: for instance, for νi = −7 GHz it is close
to 500 µW. We do not observe large bistability regions for
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Fig. 3. Experimental values of the injected power for which IL+PS is
observed for various bias currents (a) Ibias=3.0 mA, (b) Ibias=4.0 mA,
and (c) Ibias=5.0 mA. Black (blue) identifies the increase (decrease) of the
injection parameter Pi. Pi,down and Pi,up are identified with thick and thin
lines, respectively.

positive values of νi.
We now focus on Fig. 3(b) and Fig. 3(c) that correspond

to the map of the IL+PS state for Ibias = 4.0 mA and
Ibias = 5.0 mA, respectively. For both bias currents we find
again the two regions for positive and negative values of νi,
but appearing for higher values of injected power. Indeed an
increase of the bias current leads to a shift of the IL+PS region
to higher values of injected powers. We can not obtain many
points for Pi,up for large negative values of νi because the
maximum value of Pi in our experimental setup is 900 µW.
Nevertheless, we can point out some general results. Bistability
of the IL+PS state for positive values of the frequency detuning
is still small, but becoming more appreciable for increasing
bias currents (see Fig. 3(c)). For negative values of νi the width
of the bistable region at the lower boundary increases with the
bias current, which seems to be also the case for the higher
boundary according to the few data we could record. Finally
the negative value of the frequency detuning where the IL+PS
state is last observed - respectively -2.1 GHz, -5.8 GHz and
-4.0 GHz for Ibias = 3.0, 4.0, 5.0 mA - is not monotonous
with regard to Ibias. We attribute this non monotonous behavior
to the larger stable region of the period-2 solution found for
Ibias = 4.0 mA: the system remains in this solution without
jumping to the IL+PS state for νi > −5.8 GHz.

IV. THEORETICAL MODEL

The theoretical study of the bistability corresponding to
the IL+PS state is done with the commonly used spin-flip
model (SFM) [34]. This rate equations model describes the
polarization modes of a single mode VCSEL. The model
equations are given in (1)-(4) in which we introduce an optical
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injection term. In these equations, Ex and Ey are the two
linearly polarized slowly varying components of the field in
the x and y direction, corresponding to parallel and orthogonal
polarizations, respectively. D and n are two carrier variables,
corresponding to the total population inversion between con-
duction and valence band, and the difference between the
population inversions for the spin-up and spin-down radiation
channels [35], [36].

dEx
dt

= −(κ+ γa)Ex − i(κα+ γp)Ex

+ κ(1 + iα)(DEx + inEy) + κEinje
i2πνinjt

+

(√
R+

2
ξ+(t) +

√
R−
2
ξ−(t)

)
(1)

dEy
dt

= −(κ− γa)Ey − i(κα− γp)Ey
+ κ(1 + iα)(DEy − inEx)

+ i

(√
R−
2
ξ−(t)−

√
R+

2
ξ+(t)

)
(2)

dD

dt
= − γ[D(1 + |Ex|2 + |Ey|2)− µ

+ in(EyE
∗
x − ExE∗y)] (3)

dn

dt
= − γsn− γ[n(|Ex|2 + |Ey|2)

+ iD(EyE
∗
x − ExE∗y)] (4)

In this model, µ (see (5)) is the normalized bias current :

µ =
τn
τe

I

Ith
− 1

1− Nt
Nth

+ 1 (5)

where I and Ith are respectively the bias current and the
threshold currents, τn is the differential carrier lifetime at
threshold (τn = 0.48 ns), τe is the carrier lifetime at threshold
(τe = 1.21 ns), Nt and Nth are respectively the carrier
number at transparency and threshold (Nt = 9 × 106 and
Nth = 1.21 × 107) [37]. The other parameters of the SFM
are given in table I. These parameters have been extracted for
a similar free-running VCSEL in previous work [35], [37],
and the linear dichroism γa of this VCSEL has been very
recently extracted [29]. Einj is the amplitude of the field
of the injected light and νinj is the detuning between the
injected light and the intermediate frequency between those
of the x (parallel) and y (orthogonal) polarization, νx and νy ,
where 2πνx = αγa − γp and 2πνy = γp − αγa. Thus the
frequency detuning used to characterise the injected light in
our experiment is νi = νinj − νx.

Eqs. (1) and (2) take into account spontaneous emission
noise rates, that are given by:

R± = βSF γ

[
(D ± n) +

GNNt
2κ

]
(6)

where βSF is the fraction of spontaneously emitted photons
that are coupled into the laser mode (βSF = 6.5×10−4) [35],
GN is the differential gain (GN = 2.152 × 104 s−1), and

TABLE I
SPIN-FLIP MODEL PARAMETERS, ACCORDING TO [29], [37]

Parameter Name Value
κ Field decay rate 33 ns−1

γa Linear dichroism -0.21 ns−1

α Linewidth enhancement factor 2.8
γp Linear birefringence 103.34 ns−1

γ Decay rate of D 2.08 ns−1

γs Spin-flip relaxation rate 2100 ns−1
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Fig. 4. Theoretical optical spectra for injection parameters Ibias=3.0 mA,
νi=−6.6 GHz, and Pi=0.74 (a.u) when (a) increasing Pi (IL+PS state) and
(b) decreasing Pi (IL state). Black (red) represents the parallel (orthogonal)
polarization, respectively.

spontaneous emission induced fluctuations are included in our
calculations with ξ+(t) and ξ−(t), that are complex Gaussian
noise terms of zero mean and time correlation given by :

< ξi(t)ξ
∗
j (t′) >= δijδ(t− t′) (7)

Noise strengths of the circularly polarized e-field compo-
nents are different in Eq. (6) because of the different carrier
numbers in the two spin channels that participate in the optical
transitions [3]. Spontaneous emission noise in the x and y
linearly polarized components have the same strength but they
have a correlation proportional to n. The value we use for
γs, 2100 ± 500ns−1, is obtained from measurements with a
similar device [37]. This high value is within the very wide
range of spin-flip rates reported in the literature, from a few
tens to several thousand ns−1. Although γs is large we have
preferred to maintain the complete model in order to know the
range of γs values for which we obtain similar results. Our
simulations of Eqs. (1)-(6) indicate that results do not change
if γs > 300 ns−1. For these γs values n is small so it has not
any relevant effect on the dynamics. Also the effect of having
different noise strengths in Eq. (6) is negligible because n is
small. We have preferred to maintain different noise strengths
in order to see clearly the physical origin of both noises. So
for our parameters the same results are obtained if n is not
a dynamical variable (keeping n=0) and when uncorrelated
noises with the same strength are used for both, x and y
polarizations.

V. THEORETICAL RESULTS

We numerically integrate (1) to (4) with the parameter
values of table I in order to obtain the theoretical spectra
with similar injection parameters to those of Fig. 2. These
injection parameters used to obtain Fig. 4 are I = 3.0 mA,
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νi = −6.6 GHz, and Pi = 0.74 (a.u) = 421 µW. We use a
conversion factor for the level of injection Pi of 1 (a.u) ↔
565.76 µW. The way of obtaining this factor is explained in
the following section. The process to obtain the spectra of
Fig. 4(a) and Fig. 4(b) is as follows. (1) to (4) have been
integrated by using a continuous linear increase (decrease)
of Pi from a small (large) initial value of Pi during 3 µs
to the required value, Pi = 0.74 (a.u.), at which the optical
spectrum of Fig. 4(a) (Fig. 4(b)) is calculated. These spectrum
are calculated using a 5 ps sampling time, an average over 20
temporal windows of 327.68 ns, and a 0.01 ps integration time
step.

Fig. 4(a) shows that both the parallel and the orthogonal
polarization modes are excited for these injection parameters
when increasing the injected power. Parallel polarization is
injection locked at frequency -6.6 GHz, and the orthogonal
polarization mode of the free-running VCSEL is excited, thus
implying that the system is in the IL+PS state. However,
Fig. 4(b) shows that only the parallel polarization is locked to
the injected light from the master laser when decreasing the
injected power to reach the required value, so the system is
in the IL state. This result confirms theoretically the results
experimentally obtained and shown in Fig. 2. Some other
tiny satellite peaks can be observed in Fig. 4(a). These
peaks are excited due to the spontaneous emission noise
and are experimentally below the noise level. We identify
tiny peaks around each major peak of the parallel and or-
thogonal polarization, with a frequency separation 1.9 GHz,
close to the theoretical relaxation oscillation frequency given
by (2κγ(µ − 1))1/2/2π = 2.08 GHz. Some other peaks
are excited, as the parallel 0 frequency of the free-running
VCSEL, and tiny peaks on each side of the main peak of each
polarization with a frequency separation close to the detuning
νi (respectively at -13.4, 26.2 and 40 GHz).

We now focus on the regions of the injected power-
frequency detuning plane where the IL+PS state can be
theoretically obtained by numerical integration of (1) to (4).
In order to numerically characterize the IL+PS region in the
parameters space, we set a process as close as possible to
the experimental one. We fix a value of the detuning νi, and
increase Pi from a low value to a large value, then decrease
Pi again to its initial value. We increase the injected power
from Pi,min = 10−5 (a.u) to Pi,max = 10 (a.u) during 24.6
µs after a 80 ns transient (and a similar sweeping backwards).
The injected power increases in exponential steps from Pi,min

to Pi,max staying 375 ps on each step. Doing this sweep in Pi,
we record the value of Pi at which the power of the orthogonal
linear polarization becomes larger (smaller) than 0.5 a.u., that
is when we consider that the IL+PS state appears (disappears).
After reaching Pi,max we decrease the injected power in a
similar way recording again the values where IL+PS appears
and disappears. This process is repeated for several values of
the frequency detuning.

Results for several bias currents I =3.0, 4.0 and 5.0 mA are
shown in Fig. 5(a), Fig. 5(b) and Fig. 5(c) respectively, with
the same attributes as Fig. 3 with regards to the colors and the
size of the lines. The three maps present similar behaviours to
those in Fig. 3 with respect to several characteristics. As in the
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Fig. 5. Numerically simulated values of the injected power for which IL+PS
is observed for various bias currents (a) I=3.0 mA, (b) I=4.0 mA, and (c)
I=5.0 mA. Black (blue) identifies the increase (decrease) of the injection
parameter Pi. Pi,down and Pi,up are identified with thick and thin lines,
respectively.

experimental maps, two separated regions can be observed for
negative and positive values of νi, both when increasing and
decreasing the injection level, with almost the same extrema
values of νi, except for the case I = 4.0 mA. Similarly to
the experimental maps, the regions are shifted upwards with
an increase of the bias current, and the width of the region
also increase with I . The shape of the regions is relatively
similar for the different bias currents, both when increasing
or decreasing the injected power. For negative values of νi,
Pi,down is monotonously decreasing for all the bias currents,
both when increasing and decreasing Pi, and the size of the
bistable region of Pi,down increases with I which confirm
our experimental results, given in Fig. 3. Some similarities
and differences appear at the boundary between IL+PS and
IL. On one hand Pi,up when increasing the level of injection
(thin black lines) monotonously decrease with νi for all bias
currents, similarly to the experiment. However, Pi,up when
decreasing Pi is non-monotonous in this region. Bistability
between IL+PS and IL is obtained, but the shape of Pi,up when
decreasing Pi and thus the shape of the bistable region is quite
different to the experimental results. Fig. 5 also shows that
there are regions around νi=-3.2, -4.4 and -5.2 GHz for I =3.0,
4.0 and 5.0 mA, respectively, at which no transitions to IL+PS
are observed. In these regions, similarly to the experiment,
period doubling dynamics in the parallel polarization are
observed before reaching the IL state. However no transitions
to IL+PS appear in simulations. In the experiments there is
bistability between the period-2 and IL+PS solutions. In this
way the initial conditions in the theory can be different to those
of the experiment and transition to IL+PS is not observed. In
fact, the non monotonous outgrowth region of Fig. 3(a) around
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-3.2 GHz shows that also in the experiments the transition to
IL+PS is almost not reached.

We now perform a linear stability analysis of both, the
IL+PS and IL states in order to study the bistable behavior.
This stability analysis has been recently done for a two-
polarization mode edge-emitting semiconductor laser mod-
elled by the following dimensionless rate equations subject
to TE-polarized optical injection [30].

dE1

ds
= (1 + iα)NE1 + γei∆s (8)

dE2

ds
= (1 + iα)κ(N − β)E2 (9)

T
dN

ds
= P −N − (1 + 2N)

(
|E1|2 + |E2|2

)
(10)

where E1, E2, and N are the amplitude of the TE (cor-
responding to the x polarization) electric field, the amplitude
of the TM (y polarization) electric field, and carrier density,
respectively. s is a time parameter, T is the ratio of carrier to
cavity lifetimes, P is the pump parameter, γ is the injection
strength, ∆ is the frequency detuning between the injected sig-
nal and the solitary laser, κ is the ratio of the gain coefficients
of the TM and TE modes, and β measures the losses of the TM
mode compared to the TE mode. The analysis done in [30] can
be extended to the model detailed in Eqs. (1) to (4) because
the spin-flip relaxation rate is very large [35] and therefore n
is very small [28]. If we make the approximation n = 0 in
Eqs. (1) to (4) and the following change of variables: Ex =√

2E1 exp(−i(γp − αγa)t), Ey =
√

2E2 exp(i(γp − αγa)t),
D = (2N + 1)(1 + γa/κ), and t = s/(2κ(1 + γa/κ)) we
obtain the model of Eqs. (8)-(10). The parameters relation
with respect to the model of Eqs. (1)-(4) is given in [29]. The
approximation is reasonable because n oscillates around the
zero value with a very small amplitude, of the order of 10−4,
when Eqs. (1)-(4) are used to describe IL+PS. The stability of
the IL+PS state - corresponding to the mixed mode TE+TM
in [30] - is given by the Routh-Hurwitz condition (Eq. (18)
to Eq. (20) in [30]). This condition in our model gives the
Hopf bifurcation from the two-modes steady-state (H2 lines
in [30]).

Fig. 6(a) presents a comparison between the H2 bifurcation
curves (red lines) and the numerically simulated maps (blue
symbols) in the injected power-frequency detuning plane.
More specifically, the simulated boundaries are those obtained
when increasing the level of injection for the higher boundary,
and the one obtained when decreasing Pi for the lower
boundary, corresponding respectively for each νi to the higher
and lower values of injected power for which the IL+PS state
is obtained. We can see in this figure that the agreement is very
good with the exception of the νi region around -3.2 GHz, as
already explained.

In Fig. 6(b) are presented both the Hopf bifurcation of the
IL+PS state (H2 in red) and the results obtained with the
linear stability analysis of the TE steady state (IL in our case),
according to the Routh-Hurwitz condition given in Eq. (13) to
Eq. (15) of [30], and extended to our model (SN1 for the
saddle-node bifurcation and H1 for the Hopf bifurcation in
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Fig. 6. (a) Comparison between IL+PS region obtained by numerical integra-
tion of (1) to (4) (in blue) and IL+PS region obtained by the linear stability
analysis of the IL+PS steady state (in red) for bias current I = 3.0 mA. (b)
Theoretical values of the injected power for which IL+PS state can be obtained
as a function of νi for I = 3.0 mA in red lines. Black lines represent the
theoretical boundaries of the region for which injection locked state is stable
according to [30].

black). This figure shows that for νi < −3.5 GHz, there is
a region where both IL and IL+PS can be stable, inducing
bistability between these two states in this region. This region
is qualitatively very similar to the experimental region of
bistability between IL and IL+PS. Comparison maps will be
given in the following section.

VI. ANALYSIS AND COMPARISON THEORY-EXPERIMENT

Fig. 6(b) shows that optical bistability between IL+PS
and IL solutions appears because H2 and SN1 bifurcation
lines do not coincide. Fig. 7(a) and Fig. 7(b) present a
comparison between Fig. 6(b) and the experimental mapping
of both the IL+PS region and the IL region, respectively
when increasing and decreasing the level of injected power,
in blue symbols in the two figures. A single conversion factor
1 (a.u) ↔ 565.76 µW has been applied to the experimental
values in order to compare theoretical and experimental maps.
Transitions between different dynamical regimes are observed
and labelled as follows. IL+PS/IL transition (filled squares) is
mainly observed for large and negative values of νi and in
a small region close to νi=0.5 GHz. Very good agreement
is found with our theoretical results with the exception of
Fig. 7(b) in which experimental values are below the SN1

bifurcation line: although qualitatively the bistability between
IL+PS and IL states is well described by the model, we
obtain wider experimental hysteresis cycles. The transition
between period-1 dynamics in the parallel polarization and
IL+PS (filled rhombuses), that we call P1/IL+PS, appears both
in Fig. 7(a) and in Fig. 7(b) and for positive and negative
values of νi. Good agreement between experiment and the
theoretical values of the H2 boundary is found.

More transitions involving the IL+PS state are shown in
Fig. 7. A transition appears between period-2 dynamics in
the parallel polarization and IL+PS (P2/IL+PS, open circles),
that was already described in section 3. This transition closely
follows the lower H2 boundary except for −4.2 GHz <
νi < −3 GHz in Fig. 7(a) due to bistability between P2 and
IL+PS. We also find transitions between period-1 dynamics in
both polarizations and IL+PS (P1 both/IL+PS, filled triangles)
and between period-2 dynamics in both polarizations and
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Fig. 7. Comparison between theoretical boundaries of the IL+PS and IL states
in the (Pi,νi) plane for Ibias = 3.0 mA on one hand, and experimental values
of the same boundaries (symbols) when (a) increasing Pi and (b) decreasing
Pi. Experimental transitions are (�) IL+PS/IL, (�) P1/IL+PS, (◦) P2/IL+PS,
(N) P1 both/IL+PS, (M) P2 both/IL+PS, (F) CH/IL+PS, (�) P1/IL, and (9)
CH/IL.

IL+PS (P2 both/IL+PS, open triangles). These transitions
coincide with the upper H2 boundary at positive νi. Also
we find a transition between chaotic dynamics in the parallel
polarization and IL+PS (CH/IL+PS, filled stars) that closely
follows the H2 boundary in Fig. 7(a). We also find two
more transitions involving the IL state. The first is between
period-1 dynamics in the parallel polarization and IL (P1/IL,
open squares), and the second is between chaotic dynamics
in the parallel polarization and IL (CH/IL, open stars). Good
agreement between experiment and theory is found because
P1/IL (CH/IL) follows the H1 (SN1) line.

Figure 8 shows results, obtained from simulation of the SFM
model, of the intensity dynamics in both polarizations in order
to illustrate different dynamical states included in Fig. 7. Fig.
8 shows how decreasing the injected power can change the
IL+PS state (Fig. 8(a)) to a period-1 solution in the parallel
polarization (Fig. 8(b)). Fig. 8 also illustrates the change from
the IL+PS state (Fig. 8(c)) to a chaotic dynamics in the parallel
polarization (Fig. 8(d)) obtained when the injected power is
increased.

There are some considerations to be taken into account
when comparing theoretical and experimental results. As
already explained bistability can induce differences in the
observed behaviours due to the different initial conditions
in theory and in experiments. Also the criterium to specify
if IL+PS is observed is different. In simulations the time
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Fig. 8. Numerical time series of the intensity in both polarizations for a 3mA
bias current and (a) νi=-3.8 GHz, Pi=0.03 (a.u.), (b) νi=-3.8 GHz, Pi=0.02
(a.u.), (c) νi=-2.2 GHz, Pi=0.009 (a.u.), and (d) νi=-2.2 GHz, Pi=0.022 (a.u.).
Black (red) represents the parallel (orthogonal) polarization, respectively.

at which the power of the orthogonal linear polarization
crosses a threshold defines when IL+PS appears. However in
experiments the optical spectrum, that is an averaged quantity
over long time traces, is used. Moreover, in obtaining the
analytical results some assumptions are taken into account,
like the absence of noise, n = 0, and an instantaneous change
of injected power, that are not satisfied in the experiment.
However, in general we find good agreement, even sometimes
quantitative, between theoretical and experimental results in
our system.

We have also analysed the reproducibility of our results
by making more measurements with another similar VCSEL
with 27.48 GHz birefringence and 1.48 mA threshold current.
Results shown in Fig.2, Fig. 3, and Fig. 7 are qualitatively
similar. Quantitative comparison is also reasonable because
shifts in boundaries are such that large hysteresis widths are
also found. For instance, the results that are obtained in Fig.
3(c) for -5.3 GHz frequency detuning are similar to those
obtained with the new device at -6.4 GHz detuning for the
same value of the normalized bias current of Fig. 3(c), that is
three times threshold.

The model parameters that we use have been extracted for
a commercial VCSEL (RayCan) similar to the device used in
this work. There are some other references that have found
values of κ and γs similar to the values we use. For instance
κ=29 ns−1 for a similar RayCan VCSEL [38], and κ=25 ns−1

for another 1550-nm VCSEL [39]. These values are similar
to the one we use,κ=33 ns−1 Also γs = 620ns−1 [38] and
γs = 1000ns−1 [40] have been measured, both for RayCan
VCSELs. These values are of the same order than our value.
We have also made further simulations of the SFM model
using more typical values, κ=300 ns−1 and γs = 50ns−1

[34]. We observe no transition to IL+PS state when increasing
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the injected power for a situation (νi=-6.5 GHz, I= 3mA) in
which we observe a transition to IL+PS state in experiments
and in simulations with the parameters of Table I.

VII. SUMMARY AND CONCLUSIONS

We have reported in this paper an experimental and theo-
retical analysis of the bistability properties of the IL+PS state,
that is a state in which simultaneous injection locking of the
parallel polarization mode and excitation of the orthogonal
polarization mode appear when a VCSEL is subject to parallel
optical injection. This state is unusual because optical injection
in the polarization with smaller optical losses causes emission
in the polarization with larger losses. For the usual injection
locked single-mode laser diode the solution with population
inversion larger than 1 (y-linear polarization with larger losses)
is unstable. However, when considering a two polarization
modes VCSEL below the IL+PS region of Fig. 7(a), period-1
dynamics is observed in such a way that D oscillates with
an amplitude that increases as the injected power increases.
In this way, as the system gets closer to the IL+PS region, D
oscillates reaching values well above 1. The two-mode solution
(IL+PS state) with Dy = 1 − γa/κ may become stable for
certain injection strengths and frequency detunings while the
period-1 solution destabilizes.

We have analyzed the bistability induced by power variation
of the master laser for a fixed frequency detuning. Stability
maps in the injected power-frequency detuning plane in which
IL+PS is observed have been measured and calculated. We
have found several types of bistabilities. We have focused our
attention in two of them: i) bistability between the IL+PS state
and the single polarization mode injection locked solution (IL),
and ii) bistability between the IL+PS and periodic dynamics
in the parallel polarization mode. For i) case we have made
a complete experimental, numerical and a linear stability
analysis of both IL+PS and IL solutions. For ii) case we
have just compared numerical simulation with experimental
results. In both cases the width of the hysteresis cycle increases
when increasing the bias current or when increasing the
wavelength of the optical injection beyond the solitary VCSEL
wavelength. In general the agreement between experimental
and theoretical results is very good. Better overall agreement
is found between our experimental results and those derived
from the linear stability analysis.

The bistability between IL and IL+PS has the benefit to be
easily experimentally measured. We have found large hystere-
sis widths, more than 500 µW, with very good reproducibility,
which makes this polarization switching bistability induced
by optical injection of interest with respect to all-optical data
processing applications.
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