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All-Optical Flip-Flop Operation in a Standard
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Abstract—A novel concept for all-optical flip-flop operation in
a distributed Bragg reflector laser is presented. Using pulses at
the same wavelength but with a different duration and amplitude,
fiip-flop operation is obtained experimentally with switching times
of 50 ps and pulse energies of 2—4 pJ.

Index Terms—All-optical flip-flop, bistability, distributed Bragg
reflector (DBR) laser.

[. INTRODUCTION

HE huge growth of upcoming telecommunication
T services drastically increases the requirements on band-
width. To overcome the slow and power consuming electrical
processing, all-optical packet switching is presented as a fea-
wible solution. Therefore, all-optical flip-flops draw more and
more attention as the main building blocks in packet switched
networks because of their ability to store the optical header
information [1].

In recent years, different concepts for all-optical flip-flops
fave been proposed, but most of them require the integration
of multiple laser sections [2]-[4] or an external holding beam
i4]~[6]. Another option is to make use of multimode interfer-
c¢nce bistable laser diodes [7] but due to the large footprint,
these devices have a high power consumption and a rather
slow switching time. More recently, flip-flop operation is
demonstrated in ring or disk lasers by switching between the
clockwise and counterclockwise mode [8]. However, in terms
of power consumption and switching times, these disks become
only promising when the radius is very small which results in a
difficult fabrication and uncontrollable variations on the lasing
wavelength.

We demonstrate experimentally all-optical flip-flop operation
in a standard tunable distributed Bragg reflector (DBR) laser
diode. We use the well-known bistability that is obtained in the
tuning characteristics of such a laser [9]. This means that there is
no need for an external holding beam and the tunability enables
us to control the wavelength easily. Such an all-optical flip-flop
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Fig. 1. Concept of switching in DBR laser.

has already been proposed in [10], with the switching between
the two different wavelengths of the bistability being based on
injection locking at those two wavelengths. Here, we demon-
strate a novel concept using pulses of the same wavelength but
of different duration and amplitude. In [10], no information is
given about the achieved switching times. We obtain experimen-
tally flip-flop operation with switching times of 50 ps using set
pulses of 10 ps (pulse energy of 2 pJ) and reset pulses of 100 ps
(puise energy of 4 pl). Because there are many different hops
with a bistability, it is straightforward to match the wavelength
of the flip-flop with the requirements of the wavelength-divi-
sion-multiplexed (WDM) system. Moreover, because the pulses
are injected at a single wavelength, there is one channel left that
has no distortion from the injected pulses.

II. CONCEPT

The all-optical flip-flop that we propose can be either a two-
or three-section DBR laser diode, or any other variant of the
classical DBR laser diodes. If the laser is long enough and the
reflection spectra from the Bragg gratings is broad enough, the
laser shows a bistability in the wavelength versus tuning current
characteristics at high power levels (gain current above 90 mA
in our device). The physical origin is the so-called Bogatov ef-
fect [11], an asymmetric gain suppression due to the four-wave
mixing between main mode and sidemode. .

Flip-flop operation is obtained by using pulses of the same
wavelength (corresponding with the highest wavelength branch
of the bistability) but with different duration and amplitude
(Fig. 1). A long pulse is used to injection-lock the laser at that
wavelength. With a very short pulse (10-ps duration in our
experiment), we can make the DBR-laser switch back to the
lower branch. This lower branch corresponds to a lower carrier
density in the gain section. Hence, by depleting the gain section
using this short pulse, the laser will automatically relax back
to the state with the lowest carrier density and thus the lower
branch. This very short pulse can in principle be given at any
frequency.
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Fig. 2. Simulation results on switching in a DBR laser with active gain section
of 600 pm, bias current of 100 mA, grating section length 300 xm, and x-value
60 cm™!. (a) Multiple bistabilities in the tuning range of the lasing wavelength;
(b) time-resolved frequency demonstrating the flip-flop operation.

HI. SIMULATION RESULTS

To illustrate the concept, we simulate it with a commercially
available software packet (VPI Transmissionmaker). A standard
DBR laser model with a gain section of 600. zm and a bias cur-
rent of 100 mA is used. By varying the tuning current over a
wide range, we obtain the bistabilities as depicted in Fig. 2(a).
We use the bistability located at the current of 20 mA and in-
ject pulses with a different duration at a wavelength \;. We use
pulses with a duration of 100 and 10 ps and corresponding en-
ergies of several picojoules (varying from 3 to 6 pJ for set and
from 0.5 to 3 pJ for reset). The time-resolved frequency is shown
in Fig. 2(b) and flip-flop operation in the frequency domain can
be observed. Because the pulses are solely injected at X;, we
can seperate the signal at wavelength Ay with an optical -band-
pass filter (OBPF) to obtain the flip-flop operation without any
distortion coming from the pulses. The rather high value of the
tuning current used here (and also in the experiment) is chosen
in order to obtain hysteresis over a relatively broad current range
and to make the flip-flop less sensitive to current fluctuations,
but it is not strictly required.

IV. EXPERIMENTAL RESULTS

We demonstrate the flip-flop operation also experimentally
with a standard two-section DBR laser from Alcatel-Thales
ITI/V Labs. The active gain section is a multiquantum-well layer
with a length of 600 ym and a current of 100 mA is injected.
The Bragg section has a length of 250 ym and a corrugation
with £ = 40 cm™!. The typical tuning range of such devices
is 16 nm [9]. Usually, DBR lasers with a shorter active section
are used to reduce nonlinear effects and to provide regular
tuning control. However, for this application, it is important to
have a DBR specially designed to have a strong hysteresis and,
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Fig. 3. (a) Bistability in the operating wavelength as a function of the tuning
cument (Luctive = 100 mA); (b) optical spectrum of the two states with side-
mode supression ratio of 44 dB.
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Fig. 4. Schematic of the measurement setup (LD: laser diode; PG: pattern gen-
erator; PC: polarization controlling wheels; FDL: fiber delay line; LN: lithium
niobate modulator; EDFA: erbium-doped fiber amplifier; AOFF: ail-optical flip-
flop).

Output

therefore, a larger active section. The bistability as a function
of the tuning current is depicted in Fig. 3. We see that the laser
can operate in a bistable region with a width of 0.5 mA at a
wavelength of 1561.3 and 1560.7 nm. The devices under study
were not optimized for polarization-independent operation, but
such optimization should be theoretically possible.

A schematic of the measurement setup is given in Fig. 4. A pi-
cosecond pulse source at 1561.3 nm is used to provide pulses of
10 ps with a repetition rate of 10 GHz. By sending these pulses
through a modulator, the repetition frequency is decreased. An-
other modulator is used in combination with a tunable laser to
generate the 100-ps pulses and a fiber delay line controls the
time difference between the set and reset pulses before com-
bining them. The signals are amplified with an erbium-doped
fiber-amplifier (EDFA) and the amplified spontaneous emission
(ASE) is removed with an OBPF. Using a circulator, we can
separate the output signal from the DBR laser. An OBPF with a
very narrow bandwidth (0.3 nm) is used to distinguish the two
different output wavelengths.

When we inject pulses at 1561.3 nm, we can obtain flip-flop
operation at the other wavelength as depicted in Fig. 5. The long
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I . 5. Experimental results on all-optical flip-flop operation. (a) Injected
i ses at 1561.3 nm; (b) output at 1561.3 nm; (c) flip-flop operation at
I 0.7 nm; (d) switch-on; (e) switch-off.

piises of 100 ps act as reset pulses because they injection-lock
il laser. The short and strong pulses (10 ps) act as set pulses
I :ause they bring the laser in depletion and back to the state
 h the lower carrier densities (at 1560.7 nm). Switching in less
i n 50 ps was obtained with set pulses of 2 pJ and reset pulses
ot 4+ pJ. Part of this switching time is, however, due to the rise
4 ! fall times of the 10-Gb/s pattern generator and modulator
i the reported energies are measured in-fiber (without taking
th- coupling loss of the lensed fiber into account).

V. CONCLUSION

/e demonstrated experimentally a novel concept for flip-flop
-+ -ation in a single DBR laser. Using pulses with different du-

ration and amplitude but with the same wavelength, we obtain
switching times less than 50 ps with pulse energies of a few pi-
cojoules. The principle can easily be extended to other tunable
laser diodes, e.g., widely tunable laser diodes, that exhibit hys-
teresis in the tuning characteristics.

ACKNOWLEDGMENT

The authors would like to thank H. Debregeas-Sillard and
G.-H. Duan from Alcatel-Thales 11I/V-Labs for providing the
DBR laser diodes.

REFERENCES

[1] H.J.S. Dorren, M. T. Hill, Y. Liu, N. Calabretta, A. Srivatsa, F. M. Hui-
Jskens, H. de Waardt, and G. D. Khoe, “Optical packet switching and
buffering by using all-optical signal processing methods,” J. Lightw.
Technol., vol. 21, no. 1, pp. 2~12, Jan. 2003.

[2] M. T. Hill, H. de Waardt, G. D. Khoe, and H. J. S. Dorren, “All-optical
flip-flop based on coupled laser diodes,” IEEE J. Quantum Electron.,
vol. 37, no. 3, pp. 405-413, Mar. 2001.

[3] A. Malacarne, J. Wang, Y. Zhang, A. Das Barman, G. Berrettini, L.
Poti, and A. Bogoni, “20 ps wansition time all-optical SOA-based
flip-flop used for photonic 10 Gb/s switching operation without any
bit loss,” IEEE J. Sel. Topics Quantum Electron., vol. 14, no. 3, pp.
808-815, May/Jun. 2008.

{4] W. D’Oosterlinck, F. Ohman, J. Buron, S. Sales, A. P. Pardo, A.

Ortigosa-Blanch, G. Puerto, G. Morthier, and R. Baets, “All-optical

flip-flop operation using a SOA and DFB laser diode optical feedback

combination,” Opt. Express, vol. 15, no. 10, pp. 6190-6199_ 2007.

K. Huybrechts, W. D’Qosterlinck, G. Morthier, and R. Baets, “Pro-

posal for an all-optical flip-flop using a single distributed feedback laser

diode,” IEEE Photon. Technol. Lett.. vol. 20, no. 1, pp. 1820, Jan. 1,

2008.

[6] K. Huybrechts, G. Morthier, and R. Baets, “Fast all-optical flip-flop

based on a single distributed feedback laser diode,” Opt. Express, vol.

16, no. 15, pp. 11405-11410, 2008.

M. Takenaka, M. Raburn, and Y. Nakano, “All-optical flip-flop multi-

mode interference bistable laser diode,” IEEE Photon. Technol. Lett.,

vol. 17, no. 5, pp. 968-970, May. 2005.

A. Trita, G. Mezosi, F. Bragheri, Y. Jin, S. Furst, W. Elsasser, 1. Cris-

tiani, M. Sorel, and G. Giuliani, “Dynamic operation of all-optical

fiip-flop based on a monolithic semiconductor ring laser,” in Eur. Conf.

Optical Communication (ECOC 2008), Brussels, Belgium, 2008, Paper

We.2.C.3.

[91 H. Debregeas-Sillard, C. Fortin, A. Accard, O. Drisse, E. Derouin, F.
Pommerean, and C. Kazmierski, “Nonlinear effects analysis in DBR
lasers: Applications to DBR-SOA and new double bragg DBR,” JEEE
J. Sel. Topies Quantum Electron., vol. 13, no. 5, pt. 1, pp. 1142-1150,
Sep./Oct. 2007.

[10] S. Matsuo, T. Kakitsuka, T. Segawa, and H. Suzuki, “Optical flip-flop
operation using a DBR laser,” in Proc. Conf. Lasers and Electro-Op-
tics—Pacific Rim, 2007, pp. 1-2.

[11] A. Bogatov, P. Eliseev, and B. Sverdlov, “Anomalous interaction of
spectral modes in a semiconductor laser,” IEEE J. Quantum Electron.,
vol. 11, no. 7, pt. 1, pp. 510-515, Jul. 1975.

[5

o

[7

[y

{8

—




