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Dynamics of Normal and Reverse Polarization
Switching in 1550n#V/CSELs under Single
and Double Opitical Injection

M. Salvide, M. S. Torre, I. D. Henning, M. J. Adaarsd A. Hurtado

Abstract—Polarization switching (PS) in 1550nm-VCSELs
under single and double pulsed polarized optical jection is
investigated experimentally and in theory. ‘Normal' and
‘reverse’ PS were achieved, respectivelywhen the device was
subject to single and double optical injection. Sl operation
enhancement is observed for ‘reverse’ PS under doigpolarized
optical injection. Also, the minimum injection powe
requirements for both ‘normal’ and ‘reverse’ PS hawe been
analyzed showing significant differences for the tav investigated
cases. Furthermore, we have also investigated numeally the
influence of important system parameters, such as he
normalized bias current, the injection field strendh and the
linewidth enhancement factor in the optimal operatbn conditions
for both types of PS. Overall good agreement betweeheory and
experiments is found.

Index Terms—Vertical-cavity surface emitting lasers
(VCSEL), optical injection, polarization switching.

|. INTRODUCTION

Vertical-cavity surface emitting lasers (VCSELSs) ieith
very attractive advantages in comparison to edgéiegm

instabilities that can produce polarization switchi(PS)
between the two orthogonal polarizations of thedamental
transverse mode of a VCSEL [4-14]. PS can be obtafor
instance by varying the device’'s operation condgjo
including the control of the applied bias currentemperature
[4-6] or using different techniques such as optiesdback
[71[8] or external optical injection (OI) [9-14].

Ol is indeed a commonly used technique to affed an
investigate the VCSEL's polarization charactersstiDifferent
phenomena such as PS, injection locking, bistgilitd a rich
variety of additional nonlinear responses can ligéed in
VCSELs under the injection of external light (foreview see
[1]). A simple way to induce PS in a VCSEL is tgeict an
optical signal whose polarization is orthogonalthat of the
VCSEL's lasing mode, a situation usually known as
orthogonally-polarized optical injection. Additidha the
achievement of PS in VCSELSs has also been recesyiyrted
under different cases of polarized optical injettioncluding
orthogonal [9-11], parallel [12] and arbitrary pddzd
injection [13][14].

In recent years, PS in long wavelength VCSELSs, tergitat

lasers. These include amongst others reduced dlteshine important telecom wavelength of 1550nm, hastgahe

current, single longitudinal mode operation, ciacubutput
beam profile, high bandwidth modulation,
manufacturing costs, ease to integrate in 2-D arrapd wafer
scale integration (for a review see [1] for ins&ncSuch
features make VCSELs ideal devices for use in la variety
of advanced applications in present and futurecapsystems
and networks [2][3].

A very significant aspect of VCSELSs that has atedanuch
attention in recent years refers to their speqifidarization
properties. For instance, VCSELs can undergo pmatian
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considerable theoretical and experimental investga[15-

reduced g]. ps and Polarization Bistability (PB) have bedserved

in single-transverse mode VCSELs subject to orthatip-
polarized optical injection when controlling thejeicted
optical power and the initial detuning betweenwselengths
of the injected signal and that of the VCSEL [138][1Also, in
view of the potential uses of PS and PB in difféeren
applications, the analysis of several importantratizristics
of PS in VCSELSs, such as the hysteresis cycle witih24],
operation speed [25-31] and minimal power requirgéor
PS [15] has started to attract the attention of rémearch
community.

Fast operation speeds (of several GHz [33]) anditgput
power requirements (of only a few pWs [15]) haveerbe
reported for PS induced by optical injection in \ELS, thus
offering potential for all-optical signal-procesgiapplications
for use in future optical networks. For instanae,adl-optical
inverter has been recently reported using the RS1550nm-
VCSEL under single optical injection (SOI) with leogonal
polarization [29]. Moreover, speed operation enkament has
been predicted for a VCSEL-inverter under doublgicap
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injection (DOI) [30]. Other uses of PS in VCSEL<lirde
optical buffer memory [25][26], flip-flop elemen{27][28],
optical signal regeneration [31], optical logic em{34][35],
novel photonic neurons [36][37], etc.

However, to assess the potential of PS in 1550nB8H&IG
for their use in real systems it is necessary testigate the
response when time-varying signals (similar to detaams)
are injected into the device. Therefore, in thighkvae have
analyzed experimentally and in theory the effecpaised Ol
in the PS induced in a 1550nm-VCSEL. Two differeases
have been analyzed: SOl and DOI, producing respmdgti
‘normal PS’ (from parallel to orthogonal polarizat) and
‘reverse PS’ (from orthogonal to parallel polariaaj at the
VCSEL'’s output. We confirm experimentally the thetical
prediction that a faster response is obtained vihermevice is
subject to DOI [30]. Furthermore, we have also yred
minimum injection strength to achieve PS in botfedtion
cases considered for different important systenampaters.
Overall good agreement
experiments.

Our paper is organized as follows. Section Il idtrces the
concepts of normal and reverse polarization switghEection
lll presents the experimental setup used in thiskwSection
IV presents an extended version of the Spin FlilM¢SFM)
model which was used to simulate the polarizateselved
temporal dynamics of a VCSEL subject to single dodble
pulsed injection. In Section V we present the eixpental and
theoretical results showing overall good agreenteitveen
the numerical and experimental findings. Finallgct®n V
includes the discussion of the results and cormhssof this

work.
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Fig. 1. (color online) Optical spectrum of the 1666VCSEL operating (a)
alone (in blue) and (b) subject to SOI producingrmal PS’ (in red). Optical
spectrum of the 1550nm-VCSEL subject to DOI (c)obef(in red) and (d)
after (in blue) the achievement of ‘reverse PS'.

II. NORMAL AND REVERSEPS(SOI& DOI)

Fig. 1(a) plots the optical spectrum of the freening VCSEL
used in this work showing two modes (a lasing and
subsidiary mode). These correspond respectivelthéotwo
orthogonal polarizations of
transverse mode. Throughout this work we assotjsteallel

is found between theory ar-

Fig. 1(b) illustrates graphically the achievemehtnormal
PS’ when the VCSEL is subject to SOI. An orthogbnal
polarized optical signal (indicated by the red ario fig. 1(a))
is injected into the orthogonal polarization modé tbe
VCSEL. The latter locks to the externally-injectsinal
whereas the parallel polarization mode is supptesés a
result the VCSEL'’s polarization switches and theicke emits
now light with orthogonal polarization [14].

The second scenario analyzed refers to the case thiee
device is subject to DOI. Now, a constant orthodjgna
polarized optical signal (indicated by the red ario fig. 1(c))
is initially injected into the VCSEL producing ‘noal PS’. In
this situation, a second parallel-polarized opticadnal
(indicated by the blue arrow in fig. 1(c)) is injed into the
VCSEL’s parallel polarization mode. The injectiof this
second signal switches back the polarization of MI@SEL
from orthogonal to parallel producing ‘reverse RS’ shown
schematically in Fig 1(d).
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Fig. 2. (Color online) (a) Experimental setup. PP@lse Pattern Generator;
VOA=Variable Optical Attenuator; MZ=Mach Zehnder; F&Radio
Frequency; EDFA=Erbium Doped Fibre Amplifier; OSAgtizal Spectrum
Analyzer.

Fig. 2 shows the experimental setup used in thik\jiet]. An

all-optical fibre setup was designed in order tdedh

polarization controlled light from two tuneable déassources
(TL1 and TL2) into a commercial 1550 nm-VCSEL [38he

device had a threshold curret,)(of 1.6 mA at 298 K and
oscillated in its fundamental transverse mode.

Two different cases of polarized optical injectiovere
analysed in this work, namely SOI and DOI. Forfitst case,
only TL1 was used and it was configured with an
orthogonally-polarized output using a polarizatiwontroller.
For the DOI case, both TL1 and TL2 were simultaisgou
used, but now their polarizations were respectigelyequal to
parallel and orthogonal polarizations. The outgulT bl was
externally modulated using a 10 Gbps Mach-Zehnd&Z) (
modulator and a 12.5 Gbps Pulse Pattern Gene@RG) to
study the injection of time-varying optical signaitsthe PS
induced in the 1550 nm-VCSEL. A variable Opticaéatiator
@&OA) was also included after TL1 to control thgeiction
strength of this time-varying injected signal. Bdies from

EXPERIMENTAL SETUP

the VCSEL's fundamentallLl and TL2 were combined using a fibre directiooalpler

and injected directly into the 1550 nm-VCSEL usamgoptical

ory" (“orthogonal orx”) polarization with the polarization of circulator. The VCSEL'’s reflective output was cotied and

the lasing (subsidiary) mode of the VCSEL.

analysed optically using an OSA and electricallyhwa 25
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Gbps oscilloscope. Also an Erbium Doped Fibre Afigli
(EDFA) and a Tuneable Optical Filter were includsafore
the analysis stage to amplify the collected sigaad to
eliminate the noise introduced by the amplifiemdfy, the
two individual VCSEL polarizations, parallel andtawgonal,
were separated using a polarization beam spliR&S] and
their time dynamics were studied
simultaneously using two 12 GHz photodiodes coretbdd
the 25 Gbps sampling scope.

IV. MODEL

The theoretical model used in this work is basedhenSFM
[39]. We have extended it to account for the ingtiof two
external fields with polarizations parallel andhagonal to
that of the free—running VCSEL. The rate equatiohghe
extended model are given by:

dd% = k(A+ia)(N-DE, +inE,]- (v, +i y,)E,

1)
+\/,875p (1) + Ky By (1) expl277 v, t]
dE, _ 1+i [N—lE +i E]+ +iy,)E
F_K( IO’)( ) y Ing, (ya Iyp) y (2)
By &0+ Kiy Evyy (1) eXPR7I V1
?T':l =MW [N(l""Ex‘z +‘EV‘2)]+leu_in n(EE/-EE,) )
%:‘Vsn—VNn(\ E[+[E)-innEE-EE) @

where E,, are the two linearly polarized (parallel and
orthogonal) slowly varying components of the fieldl.and n
are two carrier densities: N ="N- N" and n = N - N7; with
N* and N being carrier populations with opposite spin.

The internal VCSEL parameters are as folloxis the field
decay rate,) is the decay rate oN, ) is the spin-flip
relaxation ratey is the rate of linear dichroisng, is the linear
birefringence rate and is the linewidth enhancement factor.

The normalized pumpingy, is related to the current by [30]:

_ 1 = N/N, (1_£) (5)
1-N, /N, K

wherel andly, are respectively the applied bias current and tPP

threshold current of the VCSELN; and Ny correspond
respectively to the carrier densities at transpareand at
threshold.

The fluctuating nature of the spontaneous emis@igth the
fraction of spontaneous emission photons that gothe laser
mode indicated byss,) is also included in our calculations
since (t) and &(t) are complex Gaussian noise terms of zer
mean and time correlation given ¥y (t)&(t')>=2 &,At-t").

The optical injection parameters a;xy) and Vinj) Where
Einjx(y) represents the injected field amplitude in the agtinal
or x- (parallel ory-) polarization whereasvnyy is the
frequency of the orthogonal (or parallel) injectesternal
signal. We must note, however, that all the resarésgiven as

3

a function of the frequency detunialy, or 4v,. The latter is
defined as the difference between the frequencieshe
injected signal in thex- or y-polarization and that of the
VCSEL'’s x- or y-polarization modeAvyy)= Vijxy) - Wy With
= (-p+ o) 2Zrand w = (p - wa) 2 Here, v, and v,
correspond to the relative frequencies of the gutimal and

individually ~ andparallel polarization modes of the VCSEL with resp® a

reference frequency, = 0 which is the midpoint between the
frequency of each of the modes.

The VCSEL parameters chosen in our simulation® \WH8]
W =1 ns', )= 192 rad/nsy = 2 rad/nsy = 1000 ng, « =
125ns?, k= 35 ns', a =2.2, B;,=10"ns". With this choice
of parameters the free-running VCSEL emits in yH&ear
polarization (parallel polarization mode) and thevide did
not exhibit current-induced polarization switchirfgr the
entire current range analyzethe coupling coefficientsy, is
coincident with the field decay rate because weairassthe
ideal case of an effectively mode-matched injeatpdt beam.
Equations (1) - (4) were simulated using a Platgnli@t order
1.5 strong scheme for stochastic differential eiquat[40].

For the first optical injection scenario analyzedhis work,
(SOl), the free-running VCSEL emits in ity-linear
polarization and a pulsed optical signal with ogtwoal
polarization,E(t) is injected into the orthogonal polarization
mode of the device. This external signal is injdctd the
frequency ofuy, with an initial frequency detuning afy, with
respect the orthogonal polarization mode of the-ftening
VCSEL. In this case, there is no injected signatia parallel
mode, i.e Einy(t)=0.

In the second case of analysis, when double dptigzection
(DOQI) is considered, a constant orthogonally-paledi optical
signal withE,jx and v, is firstly injected into the VCSEL at a
given detuning with respect to the orthogonal po&ion
mode of the VCSELAV,. The injection of this first signal
produces ‘normal PS’ activating the orthogonal ge&tion at
the VCSEL'’s output. In this situation, a secondspdl optical
signal with parallel polarizatigrE(t) is also injected into the
device at a frequency ofy,, and at a frequency detuning
equal todw, (with respect to the VCSEL’s parallel polarization
mode). The injection of this second signal switchask the
olarization at the VCSEL'’s output to parallel, shproducing
Feverse’ PS.

V. RESULTS ANDDISCUSSIONS

The temporal dynamics of the two orthogonal poktions
(parallel and orthogonal) of the 1550 nm-VCSEL are
individually and simultaneously analyzed using astfa
gscilloscope. Fig. 3 shows the measured time-dycsuati the
VCSEL's output under the injection of a time-vagyitpulsed)
optical signal for the two cases of study SOI (figa)) and
DOI (fig. 3(b)). The black plot in the upper part fig. 3
shows the shape and time characteristics of tleetegl pulsed
injected. This is configured with a time duratididans in both
cases and with orthogonal and parallel polarization
respectively for the SOI and DOI cases.

1077-260X (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See
http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation infor|
10.1109/JSTQE.2015.2413955, |IEEE Journal of Selected Topics in Quantum Electronics

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATIONNUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

Fig. 3(a) shows the experimentally measured tiraees
for the parallel (blue) and orthogonal (red) pdations at the
VCSEL's output when the device is subject to SQ4d. B(a)
shows the achievement of ‘normal’ PS, with the \ation
(suppression) of the orthogonal (parallel) polaitrafor the
whole duration of the injected signal. On the othand, fig.
3(b) shows now measured time traces for the parddlee)
and orthogonal (red) polarizations at the VCSELigpat
when subject to DOI illustrating the achievementref/erse
PS’. In this second case, a constant orthogonallgrized
signal is injected first into the VCSEL producimgprmal PS’.
Therefore, initially the orthogonal (parallel) pofation is
active (suppressed) at the device’s output. Thiwadrof the
parallel polarized time-varying signal (at a relattime of~
2.7 ns) switches back the polarization from orth@joto
parallel producing ‘reverse’ PS for the whole ticheation (4
ns) of the pulsed injected signal.
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Fig. 3. (Color online) Experimental time tracesttd VCSEL'’s parallel (blue)
and orthogonal (red) polarizations under (a) SQ@I @) DOI; The black plot
above shows the injected pulsed 4 ns signal witthogonal (parallel)
polarization in the SOI (DOI) case. (dyx= -5 GHz (b) The orthogonally-

polarized signal was set withy, = -5 GHz and constant optical power of
12pW. A detuning oy, = -5 GHz was set for the pulsed parallel polarized

injected signal. In all cases a bias current ofi@(=1.5k,) was applied.

Fig. 4 shows calculated time traces, for the palradind
orthogonal polarizations at the output of the 15680MCSEL

achievement of ‘normal PS’ where switching fromaiat to
orthogonal polarization is obtained for the wholelsp
duration. On the other hand, fig. 4(b) plot caltedbresults for
the DOI case revealing the achievement of ‘rev@Seas in
the experimental results depicted in fig. 3(b). Bos second
case, the initial injection of a constant orthodlyapolarized
signal produces ‘normal PS’. Note that in fig. 48&fore the
pulse arrival, the orthogonal mode dominates whitst
parallel one is suppressed. Upon the injection giutsed
optical signal (like that in the black plot of fig) with parallel
polarization, ‘reverse PS’ is achieved and thpolarization
(parallel) mode is once again the dominating omeHe whole
duration of the injected pulse.
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Fig. 4. (Color online) Calculated time traces floe fparallel (solid-blue) and
orthogonal (dash-red) polarizations at the VCSEligput under (a) SOl with
Avy = -5 GHz andEinix = 6 arb. unitsand (b) DOI withAv, = -5 GHz andEinjx
= 6 arb. units andly, = -5 GHz andEi,jy = 14 arb. units. The corresponding 4
ns pulse signal injected with either (a) orthogoora(b) parallel polarization
is shown in above black plot. The results were Wdated for a value of
normalized injection current equal o= 2.6 obtained from (5) assuming a
value ofN¢/Ni = 0.7. The output power in both polarizations israged on a
time interval of 0.1 nesing a standard moving average.

The comparison between figs. 3 and 4 shows good
gualitative agreement between experimental andulzdaéd
results. In addition to reproduce the achievemériharmal’
and ‘reverse’ PS in a 1550nm-VCSEL under SOl and,DO
respectively. The model also successfully reproslutee

when subject to SOI and DOI respectively. As in th@ynamic properties of both types of PS. For the &3k, after

experimental measurements of fig. 3 we have sirdldhe
optical injection of 4 ns long pulsed signals widither
orthogonal or parallel polarization into the VCSEAIso,
similar values of normalized bias current and a@hifrequency
detuning to those used for the experimental plbfgyo3 were

used in the calculated time traces included in4igrhe shape

and time characteristics of the injected pulsechagy are
depicted graphically in the black plot in the uppart of fig.
3. Also, the output power in both polarizationsieraged on

the termination of the injected pulse the recovefythe
suppressed polarization (parallel) exhibits largdaxation
oscillations which ultimately limit the operatiorpeed of
‘normal PS’ for optical logic applications [29]. Qhe other
hand a faster recovery time is observed for thepgsed
polarization (orthogonal) in the DOI case withoutet
appearance of large amplitude relaxation oscilfeticA faster
operation speed is therefore observed for ‘rev®Sein the

a time interval of 0.12 nesing a standard moving averageYCSEL under DOI, as theoretically predicted in [30je

Fig. 4(@) show results for the SOI case illustigtithe

reason for this speed enhancement can be expl&imedthe
different transitions experienced by the VCSEL atle case.
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Under SOI the VCSEL switches between an injectarkihg
(orthogonally-polarized injection locking) and ftee-running
state, thus exhibiting large relaxation oscillatioin the
recovery of the original polarization (parallel)n@he other
hand, for the DOI case the VCSEL'’s response is nfaster
as the system switches between two injection larlstates,
from orthogonally-polarized to parallel polarizedjeiction
locking, thus eliminating the large relaxation dlations and
therefore allowing a faster recovery speed for ithigally
active polarization (orthogonal). This result isiofportance
for future practical uses of VCSELSs in polarizatisensitive
applications as it might allow the development adtér basic
all-optical signal processing components. For imsta a faster
operation speed has been predicted for a VCSELdbastical
inverter exploiting the Reverse PS under DOI [38ko0, the
faster operation speed for PS in long-wavelengthSKICs
could find significant uses in faster all-opticaiffer memories
and switching elements in future optical netwoi®s-p8].
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Fig. 5. Experimentally measured switching timesingut power for the time-
varying signal for the SOI case (a & b, red) andl@@se (c & d, blue).
Switching times are measured for the inverted jd#ion in each case of
analysis: orthogonal (SOI, a & b) and parallel (PO d) as it is the one
with the slowest time response. Measured times given for the first

switching transition, after the arrival of the pdssignal (a & c¢), and the
second switching transition, after the removakhef pulsedsignal (b & d).

150 200

Fig. 5 shows experimentally measured switching sirfo
the ‘normal’ (figs. 5(a-b)) and ‘reverse’ PS (figqc-d))

time was the time needed to transit from 10% to ii%he
total amplitude. On the other hand, for the secswilching
transition (after the removal of the pulsed sigfigk. 5(b) and
5(d)) the switching time was measured as the tisedad to
reach 90% of the intensity after the disappeararidsjected
pulsed signal.

Fig. 5 shows that the switching times for the itedr
polarization follow similar trends under SOI and DOhe
switching times decreases (increase) with growimgction
strength for the first (second) switching transiti¢However,
the results for the DOI case (figs. 5(b) and 5aYw a faster
operation speed with measured switching times aqipaiely
twice as fast as those measured for the SOI ciagse %{a) and
5(c)). Furthermore, we must also note here thatdonparison
purposes, the data measured in figs. 5(c) and faf}he
second switching transition did not consider thiaxation
oscillations undergone by the system to recovemnhles state
after the removal of the injected signal. The tattehich are
particularly important in the SOl cgsémpose a further
limitation on the time performance of the systemtfos case
[30]. Therefore, as predicted theoretically in [3@] much
faster operation response is experimentally dematest for
the case where the VCSEL is subject to DOI.

This operation speed enhancement under DOI is altieet
transition between two different injection lockedates
experienced by the VCSEL. Injection locking is aht@ique
producing faster carrier dynamics thus yielding astdr
modulation bandwidth [41,42]. Therefore a fasteitaving
response with damped recovery relaxation oscitatias
observed in the DOI case as the system transitgekat two
different injection locked states. As a result thgstem
recovers faster to a stable state after the irgesignal is
removed. On the other hand, for the SOI case tlstesy
switches between injection-locked and free-runnitgtes
producing large amplitude inherent relaxation destidns. The
latter significantly increases the recovery timetld system
thus limiting its speed of operation.

In this work we were also interested in determinthg
optimum conditions for the achievement of ‘normalhd

obtained respectively under SOI and DOI. Fig. 5tploreverse’ PS in 1550 nm-VCSELs. Specifically, wee ar

measured switching times for the inverted polaiirain each
case, parallel (SOI) and orthogonal (DOI), as tmis the
slowest response times thus limiting the total apjen speed
of the system. Also, results are given for différérjection
strength for the injected pulse signal. The measant
conditions used in fig. 5 were as follows: in th@lSase a
4ns-long pulsed signal with orthogonal polarizatioras

interested in investigating the minimum value of thjected
power needed for both cases of PS to occur undéra8®
DOI respectively. The latter is defined as the Istvealue of
Pinj (Pinj:EZinj) for which the average intensity of the
suppressed polarization (parallel under SOI antioganal
under DOI) does not exceed 10% of the average sityenf
the dominating polarization at the VCSEL's output

injected at a detuning afi, = -5 GHz. In the DOI case, a CW (orthogonal under SOI and parallel under DOI). Foat

orthogonally-polarized signal was injected za, = -5 GHz

purpose we have calculated injection locking diegrglotting

| with constant power of 1@W and a 4ns-long pulsed polarizedthe minimum optical power requirements as a fumctod

signal was injected at a detuning4, = -5 GHz. In all cases

a bias current of 2.4 mA=(.5l) was applied to the device.

Also, the following criteria were used to meastumre $witching
times in fig. 5: for the first switching transitiqopon arrival of
| the pulsed signal, figs. 5(a) and 5(c)), the meabswitching

important system parameters for both cases of stuapely
SOl and DOI. In many publications injection lockinmaps are
plotted in the plane of the ratio between the pewsjected
and emitted by the solitary VCSEL versus frequency
detuning, especially when the VCSEL is subject to CW
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optical injection [41][42]. However, in this worlhe injection
is not constant but time-dependent (pulses of 4msich

Moreover, the calculated results in fig. 6 are ioog
agreement with the corresponding experimental nfapig

makes it more complicated to compare the injected a7(a). Fig. 7(a) plots results for two different wa$ of bias

emitted power. Also, we analyze results for variepplied
bias currents yielding different emitted power. fdiere, in
this work we decided to plot the injection lockidiagrams as
a function of the injected optical power. This optialso
allows easy comparison with experimental data ef gbints
for which minimum optical injection power is neededl
achieve ‘normal’ and ‘reverse’ PS.

16 1y

Pinjx (arb. units)

Avy (GHz)

Fig. 6. (color online) Calculated map plotting tiénimum injected power
for the orthogonally polarized pulsed signals todauce ‘normal’ PS vs.
detuning. Different maps are calculated for severdles of normalized
injected current bias. The VCSEL is subject to itfjection of a 4 ns long
pulsed signal with orthogonal polarization.

current applied to the 1550 nm-VCSEL, namely 2.4 (5%
Iy) and 4 mA (2.54). As in the calculated maps of fig. 6, the
measured curve exhibits a parabolic shape withrénmmim at
around zero frequency detuning. Also, for the higieplied
bias the measured parabola shrank and higher ippwer
requirements were needed to achieve ‘normal PS’alln
results included in fig. 7(a) the orthogonally-p@dad injected
signal was configured with a time duration of 4 ns.

20 20

(a) (b)

15

10

PiLmin (a.u.)
Py Min (a.u.)

5

-5 -3 1

- 1 3 5 5 3 -1 1 3 5
flnp -f 1 veseL (GHz)

fini1 1~ 1 1veser (GHZ)

Fig. 7. Experimentally measured maps plotting theimmum injection power
vs. frequency detuning for the (a) orthogonallyd gb) parallel-polarized
pulsed signals to produce ‘normal’ and ‘reverse’ @$ Results are presented
for two different values of applied bias currenuahto 2.4 mA (red curve)
and 4 mA (green curve). (b) The applied bias curaenl the constant power
of the initially injected orthogonally polarizedgsial were equal to 2.4 mA
and 12uW (blue curve). In all cases, the time vansignals injected with
orthogonal (a) and parallel (b) polarization hddragth of 4 ns.

We have also analyzed theoretically the optimunrapey
points for the achievement of ‘reverse PS’' in a (QtBb-

For the case when the VCSEL is subject to SOI, theCSEL under DOI. In our calculations we still assdrthat

calculated map in fig. 6 plots the minimum value tbg

the free-running VCSEL emits in its parallel patation

injected powerP;,, required for the achievement of ‘normal’mode. Then, a constant orthogonally polarized apsignal is

PS versus the frequency detunidg, for different values of

firstly injected into the VCSEL at a given detunidgy, and

normalized bias current. Fig. 6 shows that there is awith a constant injection powé*,, activating the orthogonal

quadratic dependence betweeR,x and A4y, and as
consequence, there is an optimal working poinh@P,-Av,

plane for which a minimum injected power is reqdirf®r

‘normal PS’ to occur. This optimal working pointdsfined by
the vertex of the parabola &, as a function o#ly,. Fig. 6
also shows that this lowest value of the injectemivgr
(Pinjx,min) is obtained at nearly zero frequency detuningafbr
values of normalized bias current considered. heotvords,
the minimum in the injected power occurs at a fezmy very
close to the orthogonal polarization of the VCSEIlg. 6 also
shows that the region where ‘normal PS’ is obtaisbdnks
with increasing applied bias current: for a fixegguency
detuning 4y, the injected power strengti®;(,) required to
produce ‘normal PS’ grows as the applied bias acrie

increased. These results obtained for time-varyamgical

injection are in good agreement with previous ssdof

polarization and producing ‘normal PS’. A pulsedticgl
signal with parallel polarization is also injectetb the device
with a frequency detuningy, and an injection power d%y,.
The injection of this second signal switches on piaeallel
polarization producing ‘reverse PS’. Fig. 8(a) shothe
calculated map plotting the minimum valuesRyf, required
for ‘reverse PS' as a function of the frequencyudigtg 4y,
for different values oPj,x. The optimum operating point is
defined by the vertex of the paraboR-4y, which
determines the lowest value of injected power meglito
produce ‘reverse PSPl min). This optimal working point is
located at negative values of frequency detunifig, This
result is in good agreement with the corresponding
experimental data shown in Fig 7(b). Fig. 7(b) sbdar the
DOI configuration that the injection strength nesdie achieve
‘reverse PS’ decreases as the detuning crosses a&to

‘normal PS’ in single-transverse mode 1550 nm-VCSELlreduces towards negative values. Furthermore,8fig) also

subject to constant orthogonally-polarized inject{d@5]. On
the contrary, in a recent work [43] using a shaatrelength

shows that the value &y min shifts towards larger negative
detuning as the strength of the constant orthogepalarized

multiple transverse mode VCSEL, the injected mimimu injected power R,y is increased. Figs. 8(b) and 8(c) show in

power required to obtain PS decreased with inangabias
current. This different response can be explairedesng due
to the important role played by the higher-ordemsverse
mode in the device used in [43].

detail the evolution oP;yy, min aswell as the detuning at which
it is located Ay, min for increasing values &fqy.

We believe that this displacement towards negative
frequency detunings of the minimum injection stténgo
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produce ‘reverse PS’ is due to frequency pushirfgctf
arising in the VCSEL when the device is subjecb®l. The
initial injection of the constant optical signaltkviorthogonal
polarization pushes the VCSEL's cavity resonancgatds
lower frequencies. As a consequence, the minimyeaction
strength for the second time-varying parallel pakd signal
to produce ‘reverse PS’ will not occur at arountbzgetuning
but will be displaced towards negative values. &esi the
higher the injection strength of the constant agthwlly

7

plane asx increases. This larger displacement of the pasabol
for higher positive values of alpha ultimately eaipk the
merging of the differenP;,, curves at the negative side of the
detuning4y,, also observed in fig. 8(a).

For clarity fig. 10 plots the evolution of the vextof the
parabolas calculated in figs. 9(a-d). Fig. 10 shtves AV i
does not shift towards negative detuning dor O (solid-gray

line) as Py increases. However, for increasing values of

a significant displacements can be observed in thation of

polarized signalR,;) the more the VCSEL'’s cavity resonancethe minimum detuninglyy, min 8SPinjx grows.

is displaced towards lower frequencies and asudtithe® more
the optimal point for ‘reverse PS’ shifts towardegative
frequency detunings.

(a)

:-@\ 200 .
= g
> 150 J
£
£ 100 i
> = Pinjx=4
£ Pinjx=9
o 50 Pinjx=16
Pinjx=25
0 Pinjx=36
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;'l; 60 ’_\-‘15
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Fig. 8. (color online) (a) Calculated map plottthg minimum injected power
for the parallel polarized pulsed signdtnf) to produce ‘reverse PS vs.
frequency detuningdy,. Maps have been calculated for several valuebeof t
constant orthogonally-polarized optical signBkjx, which was injected at
zero detuningQAvy = 0. Evolution of the calculated minimum injectgower
Pinjy,min () @and minimum detuningdly,min for the parallel polarized signal to
produce ‘reverse PS’ as a function of tAgx. The time duration for the
pulsed parallel polarized signal was equadyte 4ns and the normalized bias
currentwas g = 2.6.

We must also note that the curves calculated in&{g),
independently of the value &« configured, show a very
similar (different) evolution in their lower (highefrequency
side. This non-uniform shift of the calculate®,-Avy,
parabolas is related to the frequency asymmetrgdoiced by
the VCSEL's linewidth enhancement factar, In order to
further analyze this point we have numerically stigated the
effect of ain the optimum operation point for ‘reverse PS'.

Fig. 9 plots calculated results for increasing ealwf o
from 0 to 3 and for different values Bf,.. Specifically, fig.
9(a) plots calculated results wher= 0 showing for this first
case the achievement of symmetrical parabolae mitfimum
values ofPy,jy (Pinjy,min) at zero detuning for all values Bf,x
considered. Figs. 9(b-d) plotting calculated resufor

x10°
A}

x10°

— Pinx=225 , P

— — Ppjx=625 / /

——— Pinjx =202

—— Pinx=562 /) /
/

Pinjy (arb. units)

Avy (GHz)
Fig. 9 Calculated map plotting the minimum injectalver for the parallel
polarized pulsed signals to produce ‘reverse PSdetuning for different
values of the constant injected orthogonal poWwgf. The other parameters
are:i=2.6,Ak=0GHz (a)a=0, (b) a=1, (c) a=2and (d)a=3.

o=0 === a=2
——— o=l -=—- =3
O 'Cl/* *
¥
e 10 3.\‘“‘~~-.-
W T T T ——
Z 20 K *
= 4
> \ e e P,=225
4 301 i e v P,,=625
\\ = P,=2025
-40 > * P,,=56.25
T T T T X102
00 05 10 15 20 25 3040 60
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injy MIN( )

Fig. 10. (color online) Minimum frequency detuniatyy,min VS. minimum
injected powePiny,minfor different values oPinjx anda as indicated.

We have also analyzed the influence of the nomedlbias
current in the DOI configuration. Fig. 11(a) shogaculated
maps for different values of normalized bias curgeplotting
as a function o1y, the minimum value oy, required for the
achievement of ‘reverse PS'. In all cases analyadig). 11(a)
the constant injected orthogonally-polarized powes fixed
to Piyx = 1 arb. units. This value d?y is already large
enough to shift significantly the calculated pafabaowards
negative values of frequency detunings (as in 8i@)). Fig.
11(a) also shows that an increase of the normalizied
current u produces a horizontal shift of the vediof the

increasing positive values affrom 1 to 3 reveal a higher shift parabola. This offset of the optimal point for ‘ezse PS’ for
of Piny,min towards negative values of frequency detuningandincreasing p occurs now in the opposite directionthat

larger asymmetry in the calculated parabolae inRRgA4v,

obtained for increasing values 8%, (see fig. 8(a)). Now,
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with increasing values of pdy,min moves towards positive in the achievement of ‘normal’ and ‘reverse PS'. ié@e also
frequency detuning values closer to zero wherBagmin identified the variables that modify the optimakoating point
remains unchanged. This behaviour can be betterindgs. for the novel case of ‘reverse PS’ under DOI.

11(b) and 11(c) plotting the evolution A4, min andPiny minas These results obtained with off-the-shelf and irsgive
functions of p. As a result, the optimal workingingofor ~ devices operating at the important telecom wavetergf
‘reverse PS’ Riny.min A%, mi) in @ 1550 nm-VCSEL in the DOI 1550nm offer exciting prospects for novel applicas of
configuration can by highly and effectively tunedthe Py~ VCSELs in polarization sensitive applications wihhanced
Ay, plane just by controlling the values of two systen®peration speed.

parameters such a®yx and p. This large degree of

controllability could be effectively used to tunedaoptimize REFERENCES
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