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Abstract—An all-optical inverter using Polarization Switching
(PS) of a long-wavelength single-mode vertical-cavity surface-
emitting laser (VCSEL) is experimentally demonstrated. PS
appears when linearly polarized light is injected orthogonally to
the linear polarization of the solitary VCSEL. The dynamic
behavior of the all-optical inverter under different pulsed optical
inputs is analyzed. Time traces, rise and fall times of the linearly
polarized output signals are reported. The dependence of these
quantities on the bias current and injected optical power is
investigated. This analysis permits us to identify proper operation
conditions for all-optical inversion. The PS-based all-optical
inverter is demonstrated with a 2.5 Gb/s non-return-to-zero
(NRZ) input signal.

Index Terms—All-optical switching/gating, all-optical signal
processing, light polarization, polarization switching, optical
injection, vertical-cavity surface-emitting lasers (VCSELSs).

1. INTRODUCTION

LL-OPTICAL processing of high-speed signals is

expected to be a key technology in future photonic
networks. Of the range of candidate technological options
semiconductor lasers have been shown to offer great promise
[1-3]. Recently, the unique features of a special type of
semiconductor laser, the vertical-cavity surface-emitting laser
(VCSEL), has led to extensive research for its use in all-
optical switching and signal processing [4-13]. VCSELs are
very promising devices for these applications because of their
small size, low power consumption, reduced fabrication costs,
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circular output beam, wafer level testing, ease of fabrication of
2D arrays, etc [4].

Optical injection in VCSELs has been a usual method to
obtain nonlinear transfer functions useful for all-optical signal
processing using those devices [4]. Those functions are
obtained because optical injection strongly affects the
transverse mode and polarization characteristics of VCSELs.
On one hand optical injection can induce transverse mode
switching in VCSELs. All-optical inversion [5-6] and signal
regeneration [7] using transverse mode switching of a 1.55 um
VCSEL have been demonstrated. On the other hand optical
injection can be used to obtain polarization switching (PS) of
single transverse mode VCSELs. The optical polarization of a
single transverse mode VCSEL has two possible orthogonal
linear states. When the polarization of an injected optical field
is orthogonal to that of the solitary VCSEL —the so called
orthogonal optical injection- PS and bistability are observed
[8-26]. PS by optical injection is expected to be fast and thus
suitable for application in all-optical signal-processing
systems. Based on this mechanism high-speed all-optical
signal regeneration [8] and all-optical flip-flop memories [9-
13] have been reported.

In this work we demonstrate all-optical inversion operation
using the PS induced by orthogonal optical injection in a
single-mode long-wavelength VCSEL. We consider low and
high-frequency pulsed optical injection to describe the
dynamic behavior of the all-optical inverter. Power time
traces, as well as rise and fall times of each linear polarization
are measured for different VCSEL bias currents and injected
optical powers. We demonstrate all-optical inversion for NRZ
signals at a bit rate of 2.5 Gb/s. These results offer exciting
prospects for the use of PS in VCSELs in novel high-speed
optical signal processing applications in present and future
optical networks.

The paper is organized as follows. Section II gives a
description of the experimental setup. In Sections III and IV
we present results on the dynamic behavior of the all-optical
inverter subject to a low-frequency periodic input. Sections I1I
and IV focus on the dependence of the dynamics on the bias
current and injected optical power, respectively. Section V is
devoted to the analysis of the all-optical inverter subject to
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high-frequency NRZ input signals. Finally, in Section VI,
discussion and conclusions are presented.

II. EXPERIMENTAL SETUP

All-optical inversion operation is achieved using the
experimental set-up shown in Fig. 1. An all-fiber system has
been developed in order to inject the light from a tunable laser
into a quantum-well commercially available 1550nm-VCSEL
(RayCan™). The bias current and the temperature of the
device were controlled with a laser driver and temperature
controller, respectively. The temperature of the VCSEL was
held constant at 298 °K for all the experiments. The
polarization of the externally injected signal was controlled
using fibre polarization controllers (PC). The injection of light
into the VCSEL was obtained via a three-port optical
circulator. A polarization controller (PC2) was used in order to
inject linearly polarized light orthogonally to the linear
polarization of the free-running VCSEL. An 85/15 fiber
directional coupler was included in the setup to divide the
optical signal from the tunable laser into two branches. The
first branch was directly launched into the VCSEL, whilst the
second one was connected to an Optical Multimeter (PM) to
monitor the optical input power. The reflective output of the
VCSEL was measured by connecting the third port of the
optical circulator to an oscilloscope for the measurement of
time traces. A polarization controller (PC3) and a polarization
beam splitter (PBS) were included before the oscilloscope for
the measurement of the time traces corresponding to each of
the two linear polarizations of the VCSEL. An erbium doped
fibre amplifier (EDFA) was also included in the final part of
the setup to adjust the level of the reflective signal of the
VCSEL for a proper measurement. Pulsed optical injection
was obtained by using a Mach-Zender intensity modulator
(MZM). The polarization of the light entering the MZM was
controlled by a polarization controller (PC1). Electrical pulses
generated by a 12.5 GHz pulse pattern generator (PPG) were
amplified in a high-frequency amplifier and applied to the
MZM for the modulation of the light coming from the tunable
laser source.
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Fig. 1. Experimental set-up of all-optical inversion using the polarization
switching in a VCSEL.

In the continuous wave (CW) regime the solitary VCSEL
emits in the fundamental transverse mode with a threshold

current of I, = 1.9 mA, measured at the temperature of 298 K.
We refer to the linear polarization of the light emitted by the
VCSEL as “parallel” polarization. Fig. 2 shows that the lasing
mode of the device with parallel polarization is located at the
wavelength of 1550.98 nm when a bias current of 5 mA (I =
2.63 1) is applied to the VCSEL. The emission in that
polarization is stable and no PS is observed for any bias
current above threshold. The second subsidiary mode has
orthogonal polarization appearing at 1551.47 nm wavelength.
Fig. 2 shows that the orthogonal polarization is suppressed by
38 dB and it is shifted 0.49 nm to the long wavelength side of
the lasing mode.

We have checked the detailed polarization mode of the main
wavelength peak using the PBS at the output of the free-
running mode VCSEL. We have measured the optical
spectrum at each polarization output of the PBS and checked
that the main wavelength peak only includes one polarization
mode. We have also repeated the same measurements with
another VCSEL of the same type (the one used in ref [25])
using a high-resolution (10 MHz) optical spectrum analyzer
(BOSA) and checked that the main wavelength peak consists
of a very narrow single peak corresponding to the parallel
polarized fundamental mode.
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Fig. 2. Spectrum of the VCSEL biased with a current of 5 mA.

[II. DYNAMICS UNDER LOW-FREQUENCY PERIODIC
MODULATION: EFFECT OF THE BIAS CURRENT

The CW input-output power characteristics of the single-mode
long-wavelength VCSEL subject to orthogonal optical
injection have been recently measured [20],[23]. In these
experiments the optical injection wavelength was near the
wavelength of the orthogonal linear polarization. The output
power of the parallel polarized optical signal as a function of
the input power of the orthogonally polarized injected signal is
illustrated in Fig. 5(d) of [20], and Fig. 3(a) of [23]. Both
figures show the typical characteristics of all-optical inverters.
When no external optical power is injected the output power of
the parallel polarized mode is at a high or ON output state. If
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the power of the orthogonal optical injection is increased, the
parallel polarized output power gradually decreases until PS is
obtained. At the PS point the power of the parallel polarized
mode decreases abruptly from an ON to an OFF state. In this
way an all-optical inverter based on PS in a VCSEL is
obtained when considering the output power in the linear
parallel polarization mode.

We have measured the dynamical response of this all-
optical inverter using a pulsed optical input. Figs. 3 and 4
show the output power of the orthogonal and parallel polarized
modes of the VCSEL when a squared-wave orthogonally
polarized optical input is applied to the device. Results for two
different values of bias current (3 and 5 mA) have been
included in these figures. The wavelength detuning between
the externally injected signal and the orthogonal polarization
mode of the VCSEL, 44, is 0.05 nm. A low-frequency (50
MHz) periodic modulation has been used. The injected power
arriving at the VCSEL under modulation conditions is P;,;= 50
UW.
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Fig. 3. Waveforms of the (a),(c) orthogonal and (b),(d) parallel polarizations
during the rise of the optical input for two different bias currents: (a),(b) 3
mA, and (c),(d) 5 mA. In this figure P;,; = 50 uW.

Fig. 3 only shows the waveforms during the rise of the
orthogonally polarized square-wave signal. Figs. 3 (a),(c)
show the rise of the orthogonally polarized output of the
VCSEL for applied bias currents of 3 and 5 mA, respectively.
For the orthogonal polarized output, the squared shape of the
optical input is reproduced with the exception of some small
damped oscillations. Comparison between Figs. 3(a) and 3(c)
shows that there is a small increase in the amplitude and
frequency of the oscillations for larger bias currents.

The corresponding analysis for the parallel polarized output

power is shown in Figs. 3(b),(d) for the two different applied
bias currents. Figs. 3(b),(d) show a squared-shape response of
the parallel polarized power during the rise of the orthogonally
polarized input pulse. The parallel polarization output
provides an inverted copy of the input signal. The abrupt
decrease of the parallel polarized power coincides with the
sharp increase of the orthogonally polarized power. No
relaxation oscillations are observed during the decay of the
parallel polarized power. Comparison between Figs. 3(a) and
(c) (Figs. 3(b) and (d)) show that the rise time of the
orthogonal (fall time of the parallel) polarized output pulses is
rather similar for different bias currents.
The dynamical response of both linearly polarized modes
during the fall of the orthogonally polarized input pulse is
shown in Fig. 4. A large amplitude pulse appears in the
orthogonally polarized output just after the fall of the optical
input. Figs. 4(a),(c) show that the amplitude and width of this
peak substantially increases with the bias current. The
difference between the times at which that pulse appears and at
which the orthogonal polarization begins to fall decreases as
the bias current increases.
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Fig. 4. Waveforms of the (a),(c) orthogonal and (b),(d) parallel polarizations
during the fall of the optical input for two different bias currents: (a),(b) 3
mA, and (c),(d) 5 mA. In this figure P;,;= 50 pW.

The approach of the parallel polarized power to its steady
state is characterized by damped oscillations as can be seen in
Figs. 4(b),(d). The amplitude of the oscillations decreases as
the bias current is increased. Figs. 4(a),(b) show that the
frequencies of the oscillations of both linear polarizations are
similar. As the bias current is increased the frequency of
oscillations in the parallel polarization also increases. We have
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checked that this frequency corresponds to the relaxation
oscillation frequency of the solitary VCSEL. However, we
have only observed several oscillations in the power of the
orthogonal polarization when the bias current is 3mA. For
larger values of the current only one peak is observed, as
shown in Fig. 4(c). Figs. 4(b),(d) also show that the shape of
the parallel polarized output approaches that of a step of
increasing height as the bias current is increased. The height of
the step increases linearly with the bias current as expected
from the linear behavior of the L-I characteristics of the
solitary VCSEL.
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Fig. 5. Rise and fall times of the linear polarizations as a function of the bias
current applied to the VCSEL: (a) Rise and fall times of the orthogonal
polarization. (b) Rise and fall times of the parallel polarization. In this figure
Pin/: 50 uW

An analysis of the rise and fall times is desirable to
complement the information given by Figs. 3 and 4. Fig. 5
shows the rise and fall times of both linearly polarized powers
as a function of the applied bias current. We have measured
the rise (fall) time as the time required for the power to change
from a low to a high (high to a low) value near the steady-
state. We have considered values of 20 and 80 % of the step
height. Fig. 5 shows that the rise time of the orthogonal
polarization and the fall time of the parallel polarization are
very small. The rise time of the orthogonal polarization
increases from 40 (I = 3mA) to 120 ps (I = 8mA). The fall
time of the parallel polarization fluctuates at around 100 ps.

Fig. 5 also shows that the transition associated with the rise
of the optical input (see Fig. 3) is faster than that associated
with the fall of the optical input (see Fig. 4). The fall time of
the orthogonal polarization increases to very large values due
to the appearance of the large amplitude pulses of Figs.
4(a),(c). The rise time of the parallel polarization is very small
(around 60 ps) for I = 3 mA. For larger bias currents that rise
time increases to values between 300 and 400 ps. The fall time

of the orthogonal polarization output is longer than the rise
time of the parallel polarization only when I>6 mA. When I is
smaller (equal or larger) than 6 mA the 20 % level used to
calculate the fall time of the orthogonal polarization is above
(below) the first minimum that appears after switching-off this
polarization. Then the longest time that is used to calculate the
fall-time of the orthogonal polarization appears after the large
spike when I>6 mA. In this case the fall-time of the orthogonal
polarization is much longer than the rise time of the parallel
polarization because of the large value of the width of that
spike.

IV. DYNAMICS UNDER LOW-FREQUENCY PERIODIC
MODULATION: EFFECT OF THE INJECTED POWER

In this section we measure the dynamical response of our
system as a function of the injected optical power. A periodic
modulation similar to that considered in section III is applied
to the VCSEL. Figs. 6 and 7 show the output power of the
orthogonal and parallel polarized modes when a 50 MHz
squared-wave orthogonally polarized optical input is applied
to the VCSEL. Results for two different values of P;,; (20 and
70 uW) have been included in those figures. A bias current of
5 mA has been chosen. In this way the cases analyzed in Figs.
3(c),(d) and Fig. 4(c),(d) are intermediate to those considered
in Figs. 6 and 7, respectively.
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Fig. 6. Waveforms of the (a),(c) orthogonal and (b),(d) parallel polarizations
during the rise of the optical input for two injected optical powers: (a),(b) 20
UW, and (c),(d) 70 uW. In this figure I = 5 mA.

Fig. 6 shows the waveforms during the rise of the
orthogonally polarized input signal. The amplitude and
frequency of the oscillations of the orthogonal polarized power
increase when P, increases. The squared shape and the
absence of relaxation oscillations during the fall of the parallel
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polarized power is maintained throughout the whole P;, range
considered in this work.

Waveforms of both linearly polarized modes during the fall
of the orthogonally polarized input pulse are shown in Fig. 7.
Figs. 7(a),(c) show that the amplitude and width of the
orthogonally polarized pulses slightly decrease as P,
increases. Figs. 7(b),(d) and Fig. 4(d) show that the qualitative
shape of the rise of parallel polarized power does not change
significantly as P;,; is changed.
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Fig. 7. Waveforms of the (a),(c) orthogonal and (b),(d) parallel polarizations
during the fall of the optical input for two injected optical powers: (a),(b) 20
uW, and (c),(d) 70 uW. In this figure I = 5 mA.

The dependence of rise and fall times on P, is illustrated in
Fig. 8. A slight decrease is observed for the rise and fall times
as P;; is increased. Due to our bias current choice (I =5 mA)
the numerical values for these times are small with the
exception of the rise time of the parallel polarization (around
350 ps). In any case, these times are rather independent of the
value of P;,, at least for the range considered in this work.
The measured values of rise and fall times for the parallel
polarization indicate the potential of the PS-based all-optical
inverter for operating at several Gb/s as will be shown in the
next section.
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Fig. 8. Rise and fall times of the linear polarizations as a function of the
injected optical power: (a) Rise and fall times of the orthogonal polarization.
(b) Rise and fall times of the parallel polarization. In this figure I = 5 mA.

V. DYNAMIC BEHAVIOR UNDER HIGH-FREQUENCY
MODULATION

In this section we analyze the dynamic behavior of the all-
optical inverter when subject to an optical input signal
modulated at high-frequency. Fig. 9 shows results when a 2.5
Gbps NRZ optical signal with the following bit pattern “1011
1000 0111 0001 1110 1101 1010 0111” (a 32-bit word) is
injected into the device. The wavelength detuning and optical
input power are similar to those considered in the previous
sections, A4 = 0.05 nm and P;,;= 50 uW. Typical rise and fall
times (20-80 %) of the optical injection signal are 27 and 30
ps, respectively. The bias current applied to the VCSEL is 4
mA. Fig. 9(a) shows the input data arriving at the VCSEL’s
input. Fig. 9(b) shows the time response of the parallel
polarized power, which is the output signal of the all-optical
inverter. The comparison of Figs. 9(a) and 9(b) shows that
good waveform inversion is experimentally demonstrated at
2.5 Gbps.

The power of the orthogonal polarization, shown in Fig.
9(c), presents some of the qualitative features already
discussed in the previous sections. First, small damped
oscillations appear during the build-up of the pulse. Second,
large amplitude peaks, similar to those shown in Fig. 4 and
Fig. 7, appear after the fall of the power of the orthogonal
polarization. These unwanted spikes occur in the last “0” bit of
“100” output bit sequences. These results suggest that use of
the orthogonal polarization to obtain the all-optical gating
functionality would suffer from pattern-dependent error-rate
degradation.
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Fig. 9. Waveform inversion of a 2.5 Gb/s NRZ input signal. (a) Input light.
(b) Power of the parallel polarization. (c) Power of the orthogonal
polarization. The VCSEL is biased at 4 mA.

VI. DISCUSSION & CONCLUSIONS

The detailed polarization properties of VCSELs varies from
chip to chip even though they are all single-mode VCSELs
made from the same wafer. We have repeated the same
measurements with another VCSEL of the same type (the one
used in ref. [25]) to see whether the strong pulse spike that
appears in the orthogonal polarization direction after turn-off
of the injection pulse is observed or not. Results are shown in
Fig. 10. Fig. 10(a) and Fig. 10(b) show the waveforms of the
orthogonal polarization during the fall of the optical input for
two different bias currents.
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Fig. 10. Waveforms of the orthogonal polarizations during the fall of the
optical input for a different VCSEL. (a) AA=0.05 nm, [=4.5 mA ; (b) AA=0.05
nm, [=6.5 mA; (¢) AA=0 nm, [F4.5 mA; (d) AA=0 nm, [=6.5 mA. In this
figure Pj,;= 50 uW.

The same phenomenon is observed: a strong spike appears just
after the fall of the optical input. The amplitude of the spike
increases with the bias current as shown by comparing Fig.
10(a) and Fig. 10(b). Using this VCSEL we have made also
measurements for a different detuned wavelength. Fig. 10(c)
and Fig 10(d) shows the results for AA=0 nm and two different
bias currents. Strong spikes keep on appearing. The width of
the spike increases with the bias current. The amplitude of the
spikes is smaller than those obtained for AA=0.05 nm.

Optical inversion of the same type of VCSEL has also been
reported in [26]. In their experiment two injected beams are
required for optical inversion: first, a CW light is injected into
the orthogonal polarization, then another parallel polarized
pulsed optical injection is injected near the wavelength
corresponding to the parallel polarization. The injection
locked orthogonal polarization mode acts as the output of the
inverter. Our experiment is different because only one injected
beam is required for optical inversion: an orthogonal polarized
pulsed optical injection is injected near the wavelength
corresponding to the orthogonal polarization. In this way the
parallel polarization mode is the one acting as the output of the
inverter.

The relevant quantity for the evaluation of the dynamic
characteristics of the PS-based all-optical inverter is the
corresponding time dependence of the parallel polarized
output. Experimental results of Fig. 5 and Fig. 8 show that the
rise time of the parallel polarized power is much larger than
the fall time of that polarization: typical values of that rise
(fall) time are between 0.3 and 0.4 ns (around 0.1 ns). This
suggests that the operation speed of the all-optical inverter is
limited by the rising edges of parallel polarized pulses. A
possibility to avoid that limitation is to consider small bias
current values: Fig.5 shows that the rise time of the parallel
polarization is an increasing function of the bias current. In
fact, values of that rise time can be much smaller than 0.1 ns
for a 3 mA bias current. However, the advantages of a small
rise time are overshadowed by the small extinction ratio for the
parallel polarized power obtained in that case. An increase of
the injected optical power does not seem to solve this problem
either because Fig. 8 shows that the rise time decreases very
slowly with P;,;. Nevertheless, our results show that all-optical
inversion can be obtained with a 2.5 Gb/s NRZ input signal
with a particular 32-bit word modulation. It would be
interesting to extend our analysis to a high-frequency
pseudorandom word modulation in order to know the impact
of different words on the BER of the system.

The orthogonal polarization output shows unwanted spikes
that degrade the response of the system for all-optical gating
operation. These spikes keep on appearing when a 2.5 Gbs
NRZ input signal is considered. These results suggest that the
use of orthogonal polarization to obtain all-optical gating
would suffer from pattern-dependent error-rate degradation.
These findings require further investigation to determine under
which conditions all-optical gating could be successfully
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obtained with a VCSEL in conjunction with all-optical
inversion operation.

Our experiments show that all-optical inversion is obtained
at an operation speed of 2.5 Gbps with a commercially
available device without any further device design
optimization. A big advantage of all-optical switching
operation is the speed which cannot be matched by electrical
modulation. The resonant injection field can perturb the cavity
field directly. The switching speed is mostly limited by the
injection pulse speed. Finally, we should also note that our
experiments were carried out with a device emitting at 1550
nm, the most used wavelength in long-haul optical networks,
offering promise for novel uses of VCSELs in present and
future optical telecommunication networks.

Summarizing, we have experimentally demonstrated all-
optical inversion using PS of a long-wavelength single-mode
VCSEL. The dynamic behavior of the all-optical inverter
under low and high-frequency optical inputs has been
analyzed. Time traces, rise and fall times of the linearly
polarized output signals have been measured. The dependence
of these quantities on the bias current applied to the VCSEL
and on the injected optical power has been investigated. The
PS-based all-optical inverter has been demonstrated with a 2.5
Gb/s NRZ input signal. These results show that polarization
switching in VCSELs can be a useful mechanism for high-
speed optical signal processing applications.
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