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Abstract: We report on the switching of an all-optical flip-flop consigt
of a semiconductor optical amplifier (SOA) and a distribufeddback
laser diode (DFB), bidirectionally coupled to each othesttBsimulation
and experimental results are presented. Switching timdsvagas 50ps,
minimal required switch pulse energies below 1pJ and a itepetrate
of 1.25GHz have been measured. Contrast ratios over 25dB begn
obtained. The dependence on the pulse length and CW inpuerpaiwihe
minimal required switch energy is investigated.
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OCIS codes: (130.4310) nonlinear; (130.5990) semiconductor; (1901Bistability;
(230.4320) nonlinear optical devices.
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1. Introduction

All-Optical packet switched networks have been proposethaduture telecommunication
networks able to cope with the massive bandwidth requirésnesulting from the huge growth
of the Internet and its services [1], [2]. Because the dadast in these networks is divided
in individual packets on which a header (usually with a lowirate) is attached and because
only the header is processed in the intermediate nodes tledserks can be data format and
bitrate transparent. Furthermore a high transmissionefiiy and high data rate operation can
be obtained. Also worth to mention is the low footprint of dlkogtical node as compared to
an electro-optical node.

One of the key components in packet switched all-opticalagks is the all-optical flip-flop,
which makes it possible to switch the packet to a differeray@length) channel depending on
the header of the packet [3]. The all-optical flip-flop is ®lid or not depending on the result
of the processing of the header in the node. The output pawer the flip-flop is thereby typ-
ically used as CW input signal for a wavelength convertertheddelayed packet information
can then be wavelength converted.

Over time different all-optical flip-flops have been propdsech as devices based on multi-
mode interference bistable laser diodes [4], coupled @iseles [5] or coupled Mach-Zehnder
interferometers [6], [7]. The reported switching timeslué$e devices are typically a couple of
hundred ps, while the energy of the set and reset pulsesegdoi switch the device is usually
a couple of pJ.

Here we numerically and experimentally demonstrate andudss an all-optical flip-flop
(AOFF) composed of a semiconductor optical amplifier (SO#9 a DFB-laser diode mutually
connected through a coupler [8], [9], [10]. We show that tkeick can operate for different
input wavelengths, pulse lengths and CW input powers maiiagvery flexible and robust
device usable for different network conditions. Contradios as high as 25dB, set and reset
pulse lengths of 50ps and set and reset pulse energies of bhplbhave been obtained. Switch
times of around 50ps were measured. Fast switching of thepéltal flip-flop at 1.25GHz is
shown making the device usable as a reconfigurable switch.

A description of the device and the principle of operatiot kg given in section 2. In section
3 simulation results, both static and dynamic, will be pnésd. Experimental results as well as
a comparison between simulation and experimental resillteevshown in section 4.

2. Device description

The device under consideration here is an integrated fegddzheme consisting of a semi-
conductor optical amplifier mutually optically coupled td&B laser diode by means of a
(possibly variable) coupler. A schematic representatfdh@device is given in Fig. 1.

When a CW signal is injected into the SOA (port 1) the opticatifeack between this signal
and the laser light from the DFB laser diode can lead, for taterange of input powers, to
an optical bistable domain. Inside the bistable domain,afrike stable states is with the laser
diode operating above threshold and with the laser powaraaig the SOA and suppressing
the injected signal. The other stable state is with the ld&ete switched off by the amplified
injected signal and with larger amplification for the ingtisignal.
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Fig. 1. Schematic of a SOA bi-directionally coupled to a laser diode

By applying a CW input signal chosen inside the bistable dorttze device can be used
as an all-optical flip-flop by applying optical set and reselsps to make the device switch
between the 2 stable states present. When the device is irRRestate a set pulse is injected
into the laser diode (port 2) and normally causes the lageledio switch back on. This is due
to the fact that the optical pulse, after passing througHaker diode, leads to an increase in
the total power injected into the SOA and thereby decredmsegdin for the (CW) input signal.
This causes less SOA output power to be injected into the thsde giving the laser diode the
chance to switch back on. When the device is in the ON-stateet prilse is injected at the
SOA side (port 1), which increases the output power of the @@dtherefore also the power
injected into the laser diode, which in turn can cause therld®de to switch off.

3. Simulation results

The SOA/DFB-laser diode feedback scheme was first numbricelestigated using a com-
mercial software package [11]. The setup used in the siimuakats shown in Fig. 2. A 500m
long SOA is connected through a bidirectional 3dB couplehwi 35Qum long quarter wave
shifted DFB laser diode. In the results shown below the weagth of the laser output power is
1553nm and the signal wavelength is 1538nm. The signal wagéh can be varied as long as
it is sufficiently distant from the Bragg wavelength of the®kser diode. The optical pulses
used for the switching of the device are first order Gaussidseg (with a certain full width
half maximum (FWHM) and peak power). A CW input power is inggtinto the SOA and the
optical set and reset pulses can be injected at port 2 and pespectively. Alternatively they
can also be injected at port 4 and port 3 (at the coupler).isnithy the propagation of the pulse
through the SOA (reset pulse) and DFB-laser diode (set patsebe avoided.

CW Input Sotpulse

——3| SOA [ DFB '
Flnesetpube.1 3 4 2
OBPF

Fig. 2. Schematic setup used for the simulations

In Fig. 3 a static response of the output of the laser diodd@asction of the CW input power
injected into the SOA is shown. The drive currents are 120orAHe SOA and 100mA for the
laser diode. As long as the input power to the SOA remainsibeddBm the influence of the
fraction of the output power of the SOA injected into the fediede is limited and the output
power of the laser diode remains high. For input powers betvabout -5dBm and 2dBm a
bistable domain of about 7dB wide and a contrast ratio of @&elB between the two stable
states can be observed. In this bistable region the acti@l sf the device is determined by
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the history of the device. As long as the output power of tker@iode doesn’t get influenced
much by the amplified input power coming from the SOA the lasgput power remains high.

Due to the suppression of the gain in the SOA the amplificatfdhe input power can remain

low in that case. For the lower branch of the bistable domalaaease in input power results
in only a small decrease in the output power of the SOA keeghiadaser diode switched off.

When the input power decreases below a certain value (in éisis about -5dBm) the fraction
of the output power of the SOA injected into the laser diodeob@es low enough to allow the
laser diode to switch on again.

20

Laser output power (dBm)

% =T 10 s o 5 10
Input power (dBm)

Fig. 3. Static bistable transfer function of the all-optical flip-flop

When injecting a constant power, chosen inside the bistalteath, of for example -0.5dBm
into the SOA the device can be switched, as shown in Fig. 4,diiyguoptical set and reset
pulses. The FWHM of the pulses is 50ps and the minimal reqpieaed power is 47 and 90mwW
for the set and reset pulses respectively. This results iimaral required pulse energy of 870fJ
for the set and 1.7pJ for the reset pulse. The set pulse tamilyatepletes the gain of the SOA,
thereby causing a decrease in the amplification of the CWtippwer. This gives the laser
diode the opportunity to switch on. The reset pulse acts aa input power into the SOA,
increasing the power injected into the laser diode and ngukie laser diode to switch off.
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Fig. 4. All-optical flip-flop operation of the device for 50ps set and rgméses with a
respective pulse energy of 870fJ and 1.7pJ.

In Fig. 5 the set and reset pulse energies are shown as ada¢the pulse length for differ-
ent CW input powers to the SOA. Ideally the energy requiresinitch the device between the
two stable states is the same for the set and reset operatisholds best for CW input powers
chosen in the center of the bistable domain. When shiftingWeinput power towards one of
the edges of the bistable domain a growing asymmetry bettieeset and reset pulses can be
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observed. It can be noted that when the SOA input power mavesrds the left boundary of
the bistable domain in Fig. 3 the set pulse energy becomesr lawvile the reset pulse energy

rises. The contrary holds when the CW input power nears tte bioundary of the bistable
domain.

10 101
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Fig. 5. Minimal required set (left) and reset (right) pulse energieslleoptical flip-flop
operation as a function of pulse length and CW input power.

From Fig. 5 it can also be seen that the pulse energy risesieiteasing pulse length. Due
to the optical feedback present between the SOA and the DdeB thode, the effect of a set or
reset pulse needs to be long enough to enable the feedbaekdh the state of both the SOA
and the DFB laser diode. As the set and reset pulses esBeletal to a carrier depletion in the
SOA (set) or DFB laser diode (reset) it is clear that shortésgs need to deplete the carriers
more in order to make the deviation from the original stas¢ llenger.

4. Experimental results
4.1. Setup

40Gblfs pulse faln

Fig. 6. Experimental setup used for the measurements of the SOA/DEBd@sle based
AOFF.

The experimental setup used for the demonstration of aitalflip-flop operation is shown
in Fig. 6. To provide and control the constant input poweo itite SOA, needed to make the
device operate inside the bistable domain, a wavelengtbtanaser is used that is followed
by an attenuator. The set and reset pulse trains are gethesatgy another wavelength tunable
laser and a 40Gbit/s NRZ-bit pattern generator that driveslectro-optical modulator. After
generation of the pulses, they are split using a 3dB couplargidentical set and reset pulses.
Using an EDFA and an attenuator for both the set and rese¢pthe power of the pulses can
be varied. The delay between the set and reset pulse traiobtaised by using an optical fiber
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delay line along one of the paths. By changing the length efdiélay line the delay could be
varied. At the SOA side a 3dB coupler is used to combine the GWitipower and the reset
pulse train, while at the DFB laser diode side a coupler isl igénject the set pulse train and
to extract the output power of the laser diode. An opticaldpass filter is used to separate the
laser output power from the CW power.

The device used is an integrated version of the feedbackrsekensisting of a SOA con-
nected to a DFB-laser diode array through a 1X4-coupler.cbupling ratio between the SOA

and each DFB-laser diode is then 25%. The fiber to chip cogjdimlone by means of lensed
fibers.

4.2. Results

The static response of the laser output power as a functitimeahput power into the SOA for
different wavelengths of that input power is shown in FigThe drive current of the SOA is
103.5mA and the drive current of the laser diode is 101.4nt% Wavelength of the laser signal
is 1538.7nm. Unless otherwise stated these operating ttmmsliapply for all the following
results.

|
N
=)

|
N
@

Laser Ollltpull power (dBm)
oo
% 8

2 4 6 8 10
Signal Input power (dBm)

Fig. 7. Laser output power as a function of input power into the SOA ffterént wave-
lengths of the input signal

For the outer wavelengths (1545nm and 1555nm) the widtheobistable domain is about
6dB while for an input signal at 1550nm it is 2dB wider. Thiggimi be explained in part by the
wavelength dependence of the SOA gain (with the gain pealndrd550nm) and the difference
in coupling ratio between the SOA and DFB-laser diode fded#nt wavelengths. The contrast
ratio in the bistable domain is over 35dB.

Fig. 8. Pulse train of 100ps wide pulses with a pulse spacing of 1.6ns

From Fig. 7 it can be seen that the CW input power can be chasavhere between 2.5 and
7.5dBm. Because of the CW power present in the generated pals, as can be seen in Fig.
8, however the actual part of the bistable domain to be usethéler. This CW component
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causes the total CW power injected into the SOA to rise, oguie working point inside the
bistable domain to shift to higher CW input powers.

Fig. 9. Dynamic flip-flop operation for 150ps set and reset pulsesi&\ input power of
6.4dBm (1ns/div).

An example of all-optical flip-flop operation of the SOA/DF&skr-diode feedback scheme
is shown in Fig. 9. The set and reset pulses are 150ps londhandavelength of the CW input
power and the pulses is 1555nm. The set pulse energy is lar&pihe reset pulse energy
is 4.4pJ. The contrast ratio between the ON-state and thedtdfé& of 11.6dB is lower then
expected from Fig. 7 but might be explained by the limiteds#tesity of the receiver resulting
in an overestimation of the zero level (due to the shot ndigleereceiver). The repetition rate
(defined as the rate at which two equal transitions (being afftor off to on occur)) is as high
as 500MHz here.

The set and reset switch time of the AOFF is in this case as $o®b8ps as can be seen in
Fig. 10. The transient in the switch on of the AOFF is causethyrelaxation oscillation of
the DFB laser diode.

|

Fig. 10. Set and reset switch times for 150ps set and reset pulses@ndnput power of
6.4dBm (100ps/div).

In Fig. 11 the evolution of the minimal set and reset pulsegneequired to perform switch-
ing of the all-optical flip-flop as a function of pulse lengtiefween 150ps and 400ps) and for
different CW input powers situated inside the bistable diorisashown. The wavelength of the
CW input power and the set and reset pulses is in this casenib38inimal set and reset pulse
energies of below 5pJ can be observed albeit not for the sam@@ut power. The minimal
required set pulse energy to switch the AOFF on rises for @ fixdse length with increasing
CW input power, which corresponds to the numerical reshltsve in Fig. 5. At the same time
the minimal required reset pulse energy to switch the AOFE@dreases with increasing CW
input power for fixed pulse lengths. The same dependenceeafahand reset pulse energy on
the pulse length and CW input power could be found for therdtstatic bistable domains (for
a wavelength of 1545 and 1550nm for the CW input power andifempulse trains) shown in

#81158 - $15.00 USD  Received 21 Mar 2007; revised 26 Apr 2007; accepted 27 Apr 2007; published 3 May 2007
(C) 2007 OSA 14 May 2007 / Vol. 15, No. 10/ OPTICS EXPRESS 6196



Fig. 7.

N
=1

—— CW power = 7.4dBm

18 - & CW power = 6.4dBm
3 || +¢+ CW power = 5.4dBm
164
g -* - CW power = 4.4dBm
D4t
)
c
o2k - 4
L g---""
L1} TTrego-etT ‘
= 8
— gl .
2 . .
%] e ¢

6" -

______ ¥-

[N
N
*

—+— CW power = 7.4dBm
-2~ CW power = 6.4dBm
~¢ CW power = 5.4dBm
-#- CW power = 4.4dBm

(p9)

Y.

® ©
<>

Reset pulse energ
[o2} ~

4]

e

250 360
Pulse length (ps)

2:50 360 350 460
Pulse length (ps)

350 4 200

Fig. 11. Minimal required set (left) and reset (right) pulse energiealfeoptical flip-flop
operation as a function of pulse length and CW input power for a CW inpwep and
pulse wavelength of 1555nm.

The increase of the required reset pulse energy for inargamilse length may be caused by
the decrease of the CW component in the reset pulse train thieguulse length grows longer
(as aresult of the use of an EDFA for the amplification of this@sithe average power is kept
constant but by increasing the pulse length the duty cydleo$§ignal changes thereby actually
decreasing the amplification of the CW component). Due taléoeease of this CW component
the operating point of the all-optical flip-flop inside thestaible domain shifts towards the left
edge of the domain resulting in a higher pulse power requoesvitch the AOFF. The energy
of the set pulses remains almost equal, corresponding hélsimulation results obtained in
Fig. 5.
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Fig. 12. Contrast ratio between the ON and OFF state of the AOFF as a fuoftmlse
length and CW input power for a CW input power and pulse wavelengtbsHim.

Figure 12 shows that the contrast ratio between the ON andStHE of the AOFF varies
over less then 2dB for different pulse lengths and CW inputgrs.

Using a different electro-optical modulator, which allales to suppress the CW component
present in the generated set and reset pulse trains atiabfitp-flop operation using set and
reset pulses as short as 50ps has been obtained. The drigatouas 105.8mA for the laser
diode and 83mA for the SOA. The wavelength of the input sigmal the set and reset pulses
is 1550nm.

Figure 13 shows the dynamic AOFF operation of the device@ps3ong optical set and reset
pulses and a CW input power of 4.5dBm. The energy of a set as&d prilse is respectively
1.6pJ and 0.9pJ. The contrast ratio between the two stathe BOFF is measured to be 19dB.
The repetition rate here is as high as 1.25GHz.
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Fig. 13. Dynamic AOFF operation with set and reset pulses of 50ps loth@ LW input
power of 4.5dBm (200ps/div).

The reason for the lower set and reset pulse energies hemrgmped to results presented
higher can be found in the reduction of the CW component ptasethe set and reset pulse
trains. When a CW component is present in the reset pulsethiginauses the device to shift to
the right boundary of the bistable domain. This results inghér required set pulse power for
the device. But the CW component in the set pulse train alesesaa disturbance away from
the ideal state where no extra CW component is presentirgsuita decreased influence of the
reset pulses. This is due to the fact that the CW componerseptén the set pulse train after
passing through the laser diode slightly counteracts thilkwf the carrier distribution in the
SOA during the switch off operation of the AOFF. The inteytetween the 2 CW components
leads to a higher requires set and reset pulse energy thdd euthe case without or with a
lower CW component present in the pulse trains.

Fig. 14. Dynamic AOFF operation with set and reset pulses of 50ps loth@ LW input
power of 4.5dBm (100ps/div).

In Fig. 14 the rise and fall time of the AOFF can be observedeaisgoaround 50ps resulting
in very fast switching between the two states. Our measurenshowed that the rise and fall
time of the AOFF decreases with decreasing pulse lengtheadéh and reset pulses. By using
shorter pulses the switching time of the device may be furidguced.

Very low switching energy operation, as can be seen in FighaS been obtained as well,
with pulse energies as low as 0.7pJ and 0.9pJ for 100ps Idrandeeset pulses respectively.
The contrast ratio is here over 25dB and the repetition sagain 1.25GHz making the device
suitable for very fast, low energy switching operations.

5. Conclusions

We showed both by simulations and experimentally that acgegonsisting of a SOA and a
DFB-laser diode in an optical feedback configuration can seduas an all-optical flip-flop.
Dynamic operation of the device has been demonstratedffereiit CW input powers chosen
inside the bistable domain, making the control of this CWuinpower less critical for good
operation of the device. Given the response of the devicéfereht input wavelengths we can
conclude that a single CW laser can be used to provide the @W power to different AOFF’s
based on this concept combined in a complete all-opticdtgiaswitch. It was shown that the
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Fig. 15. Dynamic AOFF operation with set and reset pulses of 100psdiod@ CW input
power of 3.5dBm (500ps/div).

CW input power could be varied over 3dB while the wavelengthid be changed over at least
10nm while still maintaining AOFF operation.

The device also operates for different set and reset pulggts, ranging from 50ps to 400ps.
The switching time (both rise and fall time) can be as low agsb@vhile a repetition rate
of 1.25GHz has been measured making the device suitableagorsfvitch operations. The
lowest required set and reset pulse energies to come to AQé&fation were 0.7pJ and 0.9pJ
respectively.
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