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Two-wavelength switching with a distributed-
feedback semiconductor optical amplifier (DFBSOA)

A. Hurtado, A. Gonzalez-Marcos, J.A. Martin-Pereda and M.J. Adams

Abstract: Switching of a signal beam by another control beam at different wavelength is
demonstrated experimentally using the optical bistability occurring in a 1.55 pm-distributed
feedback semiconductor optical amplifier (DFBSOA) working in reflection. Counterclockwise
(S-shaped) and reverse (clockwise) bistability are observed in the output of the control and
the signal beam respectively, as the power of the input control signal is increased. With this techn-
ique an optical signal can be set in either of the optical input wavelengths by appropriate choice of
the powers of the input signals. The switching properties of the DFBSOA are studied experimentally
as the applied bias current is increased from below to above threshold and for different levels of
optical power in the signal beam and different wavelength detunings between both input signals.
Higher on-offi extinction ratios, wider bistable loops and lower input power requirements for
switching are obtained when the DFBSOA is operated slightly above its threshold value.

1 Introduction

Optical bistability in laser diode amplifiers has attracted
attention for use in optical communications and optical
signal processing because of inherent advantages, including
optical gain, low power requirements for operation, large
fanout etc (for a review see [1]). Among others, the bistable
properties exhibited by laser diode amplifiers have been
used for the development of optical logic gates [2—4],
flip-flops [5—7], optical signal regeneration [8, 9], wave-
length conversion [9, 10] etc. Together with these appli-
cations, semiconductor laser amplifiers have also attracted
attention for their potential use to perform optical switching
between two simultaneously injected optical signals and its
application in optical telecommunication networks.

The first studies of bistable switching of two signals
at different wavelength were carried out based on
the optical bistability occurring in a Fabry-Perot semi-
conductor laser amplifier (FPSLA) working in transmission.
Kawaguchi ef al. [11] were the first to report the appearance
of anticlockwise and reverse optical bistability when two
optical signals at different wavelengths were injected into
an FPSLA biased below threshold. Based on that scheme,
Inoue [12] reported the switching of two signals at different
wavelengths with a bit rate of 800 Mb/s. Okada ef al. [13]
studied both theoretically and experimentally the optical
bistability in an FPSLA biased slightly above threshold
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with two injected input signals at different wavelengths
and demonstrated set-reset operation. Grosskopf et al.
[14] demonstrated an optically controlled switch with an
AR-coated 0.78 pm GaAlAs semiconductor laser amplifier
with bit rates up to 100 MHz. More recently attention has
focused on distributed feedback semiconductor optical
amplifiers (DFBSOAs). Maywar et al. demonstrated
1.3-1.55 pm wavelength conversion [15] and optical flip-
flop operation [16] under simultaneous injection of two
optical signals at different wavelengths into a DFBSOA
working in transmission.

In this paper experimental two-wavelength switching
based on the dispersive optical bistability occurring in a
1.55 um DFBSOA operated in reflection is reported.
Switching of one signal beam by a control beam at a differ-
ent wavelength is reported when the DFBSOA 1is operated
with a bias current either below or above the threshold
value. The device switching properties are studied in
terms of the injected optical power and the wavelength
difference between the input and control signal beams.
Also, the evolution of the switching properties of the
device are studied when the applied bias current varies
gradually from below to above the threshold of the
DFBSOA.

2 Bistability and switching

The optical bistability is characterised by a dispersive non-
linearity, where the refractive index of the medium in the
active region of the device is dependent on the amount of
injected power. Under external optical power injection,
owing to the change in the refractive index and the satur-
ation of gain, the resonant cavity wavelength of the laser
amplifier moves towards longer wavelengths depending
on the amount of the injected power, and exceeding a
threshold value the optical bistability can be observed [17,
18]. In the past, the dispersive optical bistability has been
studied in FPSLAs [17-21] in DFBSOAs [22-24] and
more recently in vertical-cavity semiconductor optical
amplifiers (VCSOAs) [25, 26]. The optical bistability has
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been analysed when the amplifier is operated either in trans-
mission or in reflection, and the differences in behaviour for
each mode of operation have been determined [21, 27].

To obtain two-wavelength switching with a DFBSOA,
the wavelength of the input control signal (A,) is chosen
to be detuned to the long wavelength side of resonant
peak of the DFBSOA, while the wavelength of the input
signal beam (A,) is set at that of the resonance of the
DFBSOA (Apppsoa)- As the wavelength of the input
signal beam coincides with the resonant wavelength of the
DFBSOA, this signal will exhibit optical gain at the
output of the DFBSOA. Initially, the power of the input
control signal (P,,) and the power of the input signal
beam (P;,;) are both low enough that the gain is unsatu-
rated. Increasing the power of the input control signal will
produce a decrease of the carrier concentration due to
stimulated recombination processes, which will cause an
increase of the refractive index in the active region. As a
consequence the resonant peak of the DFBSOA will shift
towards longer wavelengths and the output of the control
signal will grow linearly. The output of the signal beam
decreases linearly as the resonance wavelength moves
away towards longer wavelengths. At a certain point, the
resonance of the DFBSOA will match the wavelength of
the control signal, and the output of the control signal will
switch abruptly from an ‘off” to an ‘on’ state, while in the
output of the signal beam the reverse phenomenon will
happen, abruptly switching from an ‘on’ to an ‘off’ state.
Finally, if the input power of the control signal is now
decreased the reverse process occurs with hysteresis.
Consequently, anticlockwise bistability is obtained in the
output/input power characteristic of the control signal
(Pousts Pin1), while clockwise or reverse bistability is
obtained in the output signal versus input control signal
transfer function (P, P;,1). This complimentary process
might be used for the switching of an optical signal by
another one at a different wavelength.

3 Experimental setup

The switching between two optical signals at different
wavelengths with a DFBSOA has been studied with the
experimental arrangement shown in Fig. 1. An all-fibre
system has been used to launch light from two laser
sources into the DFBSOA. The source for the input
control beam (P,,;, A;) is an external cavity semiconductor
laser whose emitting wavelength could be continuously
tuned over a spectral range of 1500—1570 nm by rotating
a grating. The source used for the input signal beam (P2,
Ay) 18 a commercial 1.55 pm DFB laser. The emission
wavelength of the DFB laser source is tuned by changing
the heat-sink temperature. An optical isolator is used after
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Fig. 1 Experimental setup for two-wavelength switching
measurements

both laser sources in order to avoid backward reflections
that could lead to spurious results. The DFBSOA was a
commercial 1557 nm DFB laser with a threshold current
of 164 mA at 298 K. The temperature of the DFBSOA
was kept constant for all experiments at 298 K. Two fibre
birefringence polarisation controllers were included in the
setup to match the polarisation state between the
DFBSOA and the light emitted by the two laser sources.
A variable attenuator was used to vary the optical input
power of the signal beam. The outputs from both laser
sources are combined into a single fibre using a directional
coupler. The second output of the coupler is connected to a
photomultimeter to monitor the optical input power.
Finally, an optical circulator was included in the experimen-
tal setup to inject the combined optical signals into the
amplifier and to monitor the reflected signal of the
DFBSOA. The measurements of the reflected signal were
taken with an optical spectrum analyser.

4 Results

Two-wavelength switching based in the optical reflective
bistability occurring in a DFBSOA is reported when inject-
ing two optical signals at different wavelengths into the
amplifier. The evolution in the two-wavelength switching
as the applied bias current is increased from below to
above threshold has been analysed. Finally, the influence
of the power of the input signal beam and the wavelength
difference between input signals on the switching properties
of the DFBSOA have also been studied for both below and
above threshold.

4.1 Influence of the bias current

The bistable switching between two signals at different
wavelengths has been studied for different bias currents
applied to the DFBSOA. The evolution of the switching
properties is studied as the DFBSOA is biased from
below to above its threshold current, in an interval
ranging from 15.5 mA (0.9451;,) to 17.25 mA (1.057,,). It
should be noted that the gain saturation caused by injection
of optical signals into a DFBSOA may cause some increase
of the threshold current. To investigate this effect, Fig. 2a
shows a series of measured light-current characteristics
(normalised to threshold) for different input optical
powers. The corresponding change of normalised threshold
current with input power shown in Fig. 2b indicates a
maximum increase of 5% for the highest power level used
here (200 wW). To have a unique reference current for
the switching measurements, the value of threshold
current in the absence of external optical injection is used
here. Figures 3a and 35 show, respectively, (against the
input control signal, P,,), the experimental I/O power
relations of the output control signal (P,., P;;) and
output signal beam (P,,, P;,1). The input signal beam
(P;,2) 1s set with a constant power of 50 wW at the wave-
length of the resonant peak of the DFBSOA and the input
control is detuned 0.25 nm to its long wavelength side. It
was found for the measurements reported here that no non-
linear interactions between the external optical signals and
the lasing mode of the DFBSOA were observed. Finally,
the main experimental results observed as the bias current
applied to the DFBSOA varies gradually from below to
above its threshold level, are collected in Table 1.

Figures 3a and 35 show that the observed hysteresis
cycles are wider when the applied current is higher than
the threshold value. This behaviour is exactly the same as
that reported in the study of the optical bistability in a
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Fig.2 Change in the threshold current of the DFBSOA with external optical injection

a L-I curves for different external optical power injection levels
b Relative change in the bias current as a function of external power

laser amplifier with a single input beam [28]. Figures 3a and
3b also show that, either below or above threshold, as the
bias current applied to the DFBSOA is increased, the hys-
teresis cycles associated with bistable switching become
wider in both cases. But the evolution in the input control
signal power requirements (P;,;) are completely different
in the cases below and above threshold. Below threshold,
an increase in the applied bias current results in the
reduction of the optical power of the input control signal
needed for the achievement of wavelength switching. In
the above threshold case, when increasing the bias
current, the power requirements for the appearance of

i

a
—-AprBsoa =0-25nm
2= Apresonr Pinp=50uW

1L

0 20 40 60 80 100
P, MW

in
b

120 140 160

Fig.3 Swudy of the two-wavelength switching when the bias
current applied to the DFBSOA is increased from below to
above threshold as indicated

a 1/O power characteristic of the control signal showing counter-

clockwise bistability
b Output signal versus input control showing reverse bistability

switching are increased as well. This observed evolution
has the same behaviour as that observed when studying
the optical bistability in a semiconductor laser amplifier
with only one input beam [20, 21].

It is also remarkable, as can be seen in Table 2 and Fig. 4,
that the power requirements needed for the achievement of
bistable switching are higher below than slightly above
threshold for the range of currents applied in the exper-
iment. The minimum power requirements for switching
are obtained for an applied bias current approximately
equal to the threshold value, but as soon as the bias
current is increased further above threshold, the power
needed for switching grows gradually, and exceeds the
levels observed in the below threshold case.

4.2 Influence of the power of the input
signal beam

Figures 5(a—d) show the measured 1/O power character-
istics for the control (P,,,) and the signal beam (P,,,)
versus the control input signal (P,;). The experiments
were carried out for different constant optical power
levels of the input signal beam (P,,,). The influence that
the power of the input signal has on the bistable switching
has been studied both when the DFBSOA operates
below threshold with a current of 16 mA (97.51;) (see
Figs. 5a and 5b) and when the DFBSOA operates above
its threshold level with a current of 17 mA (1.037,)
(see Figs. 5¢ and 5d). In all cases, the input signal beam
was set at the wavelength of the resonant peak of the
DFBSOA while the input control signal was detuned
0.25 nm to the long-wavelength side of the resonant peak
of the amplifier. For the present experiment the constant
power of the input signal beam has been varied from
25t0 200 wW. Finally, in Table 2 are listed the main experi-
mental results measured when the power of the input signal
(P;,2) 1s modified.

In both cases, below and above threshold, as shown in
Figs. 5(a—d) the higher the power of the input signal
beam the lower the optical power needed in the control
signal (P;,;1) for the achievement of bistable switching. At
the same time, the hysteresis cycles become narrower as
the input signal power (P;,,) is increased and almost dis-
appear when the DFBSOA works below threshold with an
input signal power of 150 wW. To explain this dependence
let us first recall that the external injection of an input signal
beam to the DFBSOA reduces the carrier concentration in



Table 1: Influence of the applied bias current in the two-wavelength switching

Bias current (mA) 15.50 15.75 16.00 16.75 17.00 17.25
Switch-up power A4 (LW) 116 94 89 63 73 81
Switch-down power A; (WW) 115 90 75 33 30 23
Hysteresis cycle (W) 1 4 14 30 43 58
Minimum on-off ratio A4 1.46 1.94 2.05 2.89 2.97 2.71
Minimum on-off ratio A, 1.61 1.72 1.70 2.09 2.22 2.36

The switching between states occur at equal power levels both in A; and A,

Table 2: Study of the influence of the input signal’s power (P,,,) in the two-wavelength switching with a DFBSOA

Bias current (mA) 16 17

Input power (pW) 25 50 100 150 25 50 100 150
Switch-up power Aq (LW) 97 89 77 77 80 73 58 46
Switch-down power A; (WW) 79 75 73 73 29 30 30 26
Hysteresis cycle width (uWW) 18 14 4 4 51 43 28 20
Minimum on-off ratio A. 2.35 2.05 1.97 1.97 3.04 297 3.05 295
Minimum on-off ratio A, 1.88 1.70 1.43 1.43 2.63 2.22 1.78 1.49

the active region due to stimulated recombination pro-
cesses. This reduction is proportional to the total amount
of injected power, the higher the injected power the lower
is the carrier concentration in the active region. As a
result, the refractive index of the active region is increased
and the saturation of gain, that causes the bistable switching
process, is attained for lower power levels of the input
control signal (P,,;). Consequently, continuously increasing
the power of the input signal beam makes the bistable
switching appear for lower input control signal power
levels and with a reduced hysteresis cycle width.

4.3 Influence ofithe relative wavelength difference

The influence of the wavelength difference between the
input control and input signal beam on the bistable switch-
ing between both signals is also analysed. The influence of
this parameter is once again studied for the below and above
threshold regimes. In all cases the input signal beam is
configured with a constant power level of 50 uW.

Two different cases are considered. Firstly, Figs. 6(a—d)
show the power relationships between the outputs of the
control (P, P,,1) and the signal beam (P,,, Piu1)
versus the input control signal (P,,;). The wavelength of
the input signal beam is set at the resonant peak of the
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Fig. 4 Switch-up (crosses) and switch-down (circles) powers as
a function of the applied bias current

DFBSOA and kept constant throughout the study, while
the wavelength detuning of the input control signal
(which is always detuned to the long-wavelength side of
the resonant peak) varies from 0.2 to 0.3 nm. Secondly,
Figs. 7(a—d) show the same I/O power relation as in
Figs. 6(a—d), but now both input signals are detuned to
the long-wavelength side of the resonant peak. The wave-
length of the input control signal is now constant and
detuned 0.25 nm, while the wavelength of the input signal
is varied and detuned, 0, 0.07 and 0.14 nm also to the
long wavelength side of the resonant peak of the
DFBSOA, resulting in a wavelength difference between
both input signals of 0.25, 0.18 and 0.11 nm respectively,
as seen in Figs. 7(a—d). For both cases, the main results
are summarised in Table 3.

In both cases, keeping the wavelength of the input signal
beam (A)) fixed and keeping the wavelength of the input
control signal (A;) fixed, the higher the separation
between both input signals, the greater the power needed
for switching and the wider the hysteresis cycles. The
effect of the wavelength separation on the bistable switch-
ing is, once again, the same as that observed when studying
the influence of the wavelength detuning on the optical
bistability in a DFBSOA with a single input beam [20, 21].

5 Discussion

In this work two-wavelength switching with a DFBSOA has
been demonstrated. Using this feature, an optical signal
might be placed in either of the two different wavelengths
used in the experiment by choosing properly the power
levels of the input signals. But to analyse the performance
of an optical switch two main parameters have to be con-
sidered: power consumption and switching speed.

The studies carried out in this work show that bistable
switching can be achieved with power requirements
between 50 and 150 wW. However, higher on-off extinction
ratios, wider bistable loops and lower input power
requirements for switching are observed when the
DFBSOA is biased with a current slightly above its
threshold value. Nevertheless, as the bias current applied
to the DFBSOA is increased to higher levels above
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Fig.6 Two-wavelength switching for distinct wavelength difference between both input signals when the wavelength of the input signal
(A2) is kept constant and equal to the resonant peak of the DFBSOA
a 1/0O power characteristic of the control signal
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threshold, the power requirements for switching will exceed
those required for the below threshold case. In terms of:
power consumption, the minimum requirements for switching
operation will occur when the DFBSOA is operated slightly
above threshold. Moreover, Hui ef al. [29] reported that
optical bistability in a DFBSOA is faster when the device is
operated well above threshold, as the carrier dynamics are
governed by the inverse ofi the relaxation oscillation and not
by the effective carrier lifetime as in the case below threshold.
Consequently, the two-wavelength switching should be faster
above than below threshold.

In previous studies, two-wavelength switching with a
FPSOA operated below threshold has been demonstrated
at a bit rate ofi 800 Mb/s and power requirements
below 100 wW [11, 12]. Also, using a DFBSOA operated

well-above threshold wavelength conversion and waveform
reshaping was reported at a bit rate of:3 Gb/s but now with
a power requirement in the order of mW [9, 10]. Based on
these results, it is straightforward to see that the increase of:
the operating speed ofi the DFBSOA has an associated
power penalty as the bias current applied to the DFBSOA
is increased above threshold. The best compromise that
can be achieved in the two-wavelength switching operation
with a DFBSOA between the power and speed will happen
when the device is operated slightly above threshold.

6 Conclusions

Two-wavelength switching operation between two optical
signals at different wavelengths is demonstrated with a

Table 3: Study of the influence of the wavelength difference between both input signals in the two-wavelength

switching with a DFBSOA

Bias current (mA) 17
Wavelength gap (nm) A2— A

(A2— Apresoa— 0)

A — A

(A1 — ADEBSOA— 0.25nm)

16
Ao—Aq Az — A

(A2 — Apresoa=0) (A1—Apresoa=0.25nm)

0.20 0.25 0.30 0.11 0.18 0.25 0.20 0.25 0.30 0.11 0.18 0.25
Switch-up power A4 (LW) 30 73 129 22 42 73 42 89 150 b5 66 89
Switch-down power A; (WW) 14 30 51 19 25 30 41 75 118 b5 66 75
Hysteresis cycle (LW) 16 43 78 3 17 43 1 14 32 0 0 14
Minimum on-off ratio A4 3.57 2.97 2.70 2.04 2.73 2.97 2.35 2.05 2.04 1.26 1.83 2.05
Minimum on-off ratio A, 2.35 2.22 2.29 2.39 2.93 2.22 1.74 1.70 1.61 1.34 1.92 1.70

The switching between states occur at equal power levels both in A and A,



1.55 wm-DFBSOA. The two-wavelength switching mech-
anism is based in the reflective optical bistability occurring
in a DFBSOA under external optical injection ofitwo optical
input signals. The two-wavelength switching properties
have been analysed as the bias current applied to the
DFBSOA is increased from below to above the threshold
value and also for different levels of optical input power
and initial wavelength detuning between the two optical
input signals. Higher on-off extinction ratios, wider bistable
loops and lower input requirements for switching
are assessed as the DFBSOA is operated slightly above
threshold. Together with these results, the achievable
switching speed increases as the bias current is incremented
from below to above threshold which leads to the
attainment of the best power/speed compromise in the
switching operation of the DFBSOA when it is biased
slightly above threshold. Under these conditions, all-
optical two-wavelength switching between two signals at
different wavelength, both in the 1550 nm range, could be
performed with input power requirements below 100 pW
and switching speed in the order of Gb/s. Moreover, as
clockwise and counterclockwise bistability is demonstrated
in the operation ofia DFBSOA under external injection of
two optical signals, this could open the door for the devel-
opment ofi AND, OR, NAND and NOR all-optical logic
gates. In summary, the configuration reported in this work
might be used for all-optical signal processing applications
either for optical switching in optical telecommunication
networks or for optical logic or optical memory applications
in optical computing.
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