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into the HNL-DSF was +I8 dBm. The polarisation of the 160 GHz 
clock pulses was adjusted for zero h-ansmittivity through the PBS in the 
absence of the control Dulses. The data simal switched the clock Dulses 

I 

by using XPM-induccd polarisation rotation in the HNL-DSF. The 
polarisation of the 160Gbit/s control pulses was then adjusted for 
optimum XPM. 
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Fig. 3 BER mea.ruremmls oJ3R wavelength converter 
x reference measurement 
0 3R-wvelengrh mnwtter 

In the wavelength shifter we used supercontinuum (SC) gencration in 
850 m HNL-DSF with Lo= 1550.3 nm. The spectnrm of the switched 
data at ).,io,= 1537 nm was broadened coherently by self-phase 
modulation (SPM) in the HNL-DSF, and the wavelength-converted 
copy of the data was obtained [6] by filtering out the generated SC light 
with an optical bandpass filter with a centre wavelength of 1541 m. 
The average input power of the switched data into the HNL-DSF was 
+20dBm. Note that by using ultra-broad bandwidth of the SC, 
arbitrary wavelength allocation of the 3R-wavelength converted signal 
can be realised. 

Resulrs: Fig. 3 shows.the BER measurements against the power of the 
160 Gbit/s data signal at the input of the receiver for two different 
measurements. In the reference measurement, the 160 Gbit/s receiver 
was directly connected to the transmitter. In the second measurement, 
the 3R-wavelength converter was placed between transmitter and 
receiver as described in Fig. 1. There is no significant difference 
between both measurements. Even if we consider that obviously a 
different pulse width and wavelength was used for the reference 
measurement, we think that the results show no degradation of the 
data signal after the 3R-wavelength converter. 

Conclusion; We have proposed a novel all-optical wavelength conver- 
ter with 3R-regenerating capability and demonstrated error-free 
operation at 160 Gbit/s. This is the highest hit rate of a 3R-wave- 
length converter reported to date. One critical issue of using a fast 
optical gate in a wavelength converter is the conversion ofjiner in the 
incoming data signal to amplitude noise in the output data signal. By 
using a pulse shaper at the input of the decision gate we were able to 
reduce this effect and to achieve error-free performance. With an 
additional fibre based wavelength shifter, the wavelength of the output 
data signal can he chosen arbitrarily in a wavelength range determined 
by supercontinuum generation including the same wavelength as the 
input data signal. 
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All-optical flip-flop memory based on two 
coupled polarisation switches 

Y. Liu, M.T. Hill, H .  de Waardt, G.D. Khoe, 
D. Lenstra and H.J.S. Dorren 

An all-optical flip-flop memory with separate set and reset inputs is 
presented. The flip-flop is realised from two cauplcd polarisation 
switches. The concept is explained and experimental results are 
presented that demonshate that a conmst ratio of 20dB and a 
switching power of 1-3 dBm can be obtained. The all-optical flip- 
flop rm be ufilined in all-optical packet switches. 

introduction: The need to produce a transparent all-optical packet 
switch has been well documented [I]. A key component of the all- 
optical packet switch is an all-optical flip-flop memory [2 ] .  In this 
Letter an all-optical flip-flop memory with separate optical ret and 
reset inputs is described. Optical flip-flop memories can be realised 
from two coupled nonlinear optical elements. An all-optical flip-flop 
memory made from hw couvled lasers is oresented i n  I31 and an all- . .  
optical flip-flop memory realised from two coupled Mach-Zehnder 
interferometers is presented in 141. The last confitcuration allows ultra- . .  I 

fast operation. In this Letter, we demonstrate an all-optical flip-flop 
memory made from two coupled nonlinear polarisation switches. This 
all-optical flip-flop implementation has a simple structure, separate set 
and reset inputs and large input wavelength range. Moreover, this all- 
optical flip-flop has similar properties to that based on two coupled 
Mach-Zehnder interferometers 141. However this imvlementation is . .  
easy to realise using commercially available pigtailed components and 
shows stable o-peration without Dhotonic integration. We demonstrate 
the feasibility-of the concept and we show that the contrast ratio 
between output states of flip-flop is  20 dB while the switching power 
is <-3 dBm. 

System concept The all-optical flip-flop concept is shown in Fig. I .  It 
consists of two coupled polarisation switches (PSWs). The PSW, that 
acts as a logic AND gate [5 ] ,  is made from a laser source, a 
semiconductor optical amplifier (SOA), two polarisation controllers 
and a polariaation bcam splitter (PBS). A laser emits a continuous 
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wave (CW) probe beam at wavelength 2, that is fed into an SOA. The 
SOA output is sent into a PBS. The system contains two polarisation 
controllers. The first is used to adjust polarisation of the input signal 
with the orientation of the SOA layers, while the second is used to 
adjust the polarisation of the amplified SOA output with the orienta- 
tion of the PBS. The SOA can he saturated by injection of a high 
intensity pump (control) signal. The solid curve in Fig. 2 shows the 
typical (experimental) PBS output against intensity of the saturating 
control light. It  follows that a control beam of sufficient intensity can 
suppress the PSW output. This effect is caused by the additional 
birefringence introduced in the SOA by the contml light [61, which 
causes the TE and the TM modes of the probe beam to experience a 
different refractive index. At the PBS, the two modes combine 
coherently. if the phase diffacnce between the two modes is an odd 
multiple of n, the PSW outpiit is suppressed. Nate that the curve of 
Fig. 2 is similar to that presented in [4] in which the suppressed output 
of an active Mach-Zehnder interferometer is discussed. 

PSWl ................................... 

PSW2 

Fig. 1 Configuration of all-optical fliplfiop based on hvo polarisation 
switcher 
CW: continuous wwc, PSW: polarisation switch, P C  pala~ration controller. 
SOA: semiconductor optical amplifier, PES: polatisation beam rplilter, Po", ,: 
PSW! output, Pa"t >: PSW2 output 

0.67; , 

I j t  , 
0.61 

Phn 2. mW 

Fig. 2 IntensiQ Po,, I of light thor outputs PSW, q a i n s t  intenriw P,l,,, of 
light rhat outputs PSW, and intensity Po,,,, ofiighl that outpurs PSW2 
opins t  infensiv PO8,<, oflighr [hot outputs PSW, 

Similarly as in [4], an optical flip-flop can he realised by coupling 
two identical PSWs as shown in Fig. I .  The first PSW, hereafter called 
PSW,, outputs light that is injected into the second PSW (called PSW,). 
Hence, the light that outputs PSW, acts as a saturating control signal 
that can suppress PSW2 and the light that outputs PSW2 can act as a 
sahlrating control signal to suppress PSW,. The solid curve in Fig. 2 
represents the intensity Po,, I of the light that outputs PSW, as a 
function of the intensity Pou, of the light that outputs PSW;. The 
system is set in such a way that the maximum output intensity Po", I 
equals the intensity of the control light Po", that is required to suppress 
PSW,. Since the PSWs are identical, the solid curve is complementary 
to the dashed cuwe that represcnts the intensity of the light that outputs 
PSW,. At point A, PSW, is  dominant and PSWl is suppressed while at 
point B, PSW, is suppressed and PSW2 is dominant. Both A and B can 

he shown to be stable states of the system and point S can be shown to 
be an unstahle point [3]. 

The system of two coupled PSWs can function as an optical flip-flop 
as follows. The state of the flip-flop can he determined by observing the 
amount of light at the PSW outputs. In state 1, PSW, dominates and 
suppresses PSW2, while in state 2 PSW, dominates and suppresses 
PSW,. To switch the flip-flop between the states; light can he injected in 
the PSW that dominates (that is the one injecting the most light into the 
other PSW) via the set state or the reset ports. The injected light reduces 
the light exiting the dominant PSW, which allows the suppressed PSW 

-to innease its light output and become the dominant PSW. 

ExpeFiment and results: The all-optical flip-flop is implemented as 
in Fig. I .  Laser 1 and laser 2 cmit CW light at wavelength 
2 ,  = 1549.32 nm and i2 = 1550.92 nm, respectively. However, it is 
not essential to bias the PSWs with light at different wavelengths. The 
output power is ~ 3.34 dBm for laser I and - 3.05 dBm for laser 2. 
The SOAs were manufactured by JDS Uniphase and employ a strained 
bulk active region. SOAl is biased with 163.97 mA of current and 
SOA2 is biased with 161.86 mA of current. The PBS has four ports 
and an extinction ratio of 30 dB. PSW, and PSW2 are coupled to each 
other via the PBS. 

The steady state PSW output intensity against the intensity of the 
input light is shown in Fig. 2 as discussed in the previous Section. The 
two states of the flip-flop are shown as point A and point E. 
The dynamic operation of the flip-flop is demonseated by toggling 
the state of the flip-flop by injecting a regular sequence of optical pulses 
into the PSW that was currently the mmter. The pulses had a 
wavelength of 1552.52 mi and a duration of 150 ns. The pulses were 
injectcd in the master once cvery 1.85 ps through the set and reset port 
(see Fig. I). Fig. 3 shows the oscilloscope traces of the optical output 
power of flip-flop for each state. The optical peak power for the set and 
reset pulscs were -3.91 and -4.35dBm, respectively. In Fig. 3, 
regular toggling between the flip-flop output states evety 1.85 ps is 
visible. Furthermore, it cao be observed that the flip-flop state is stable 
in the time between changing states. Also the contrast between state 1 
and state 2 was investigated by using an optical spectrum analyser. 
It turned out that contrast ratio between the two states of the flip-flop is 
over 20 dB. 

time, p , 

Fig. 3 Regular toggling herweerr two Jip-Jop sfales by injecting set 01 
resetpulse evoy  1.85 p 

Conclusion: An all-optical flip-flop memory based on two coupled 
polarisation switches has been demonstrated. The contrast ratio 
between output states of the flip-flop is > 2 0 d B  and the optical 
switching power is <-3 dBm. 

The speed of this flip-flop is determined by the speed ofthe PSW and 
the propagation distance between two SOAs. In the experimental setup, - 12 m of fibre is used between the two SOAs, which implies that at 
least 100ns are required for the states of the flip-flop to change. 
However, integrated versions of the flip-flop could reduce the distance 
between two SOAs to several millimemes. In this case, the speed of the 
flip-flop is dominated by the speed of the PSW, it has been demon- 
strated that the PSW can operate at I O  GHz 171, thus we expect the flip- 
flop can reach similar speeds. Finally, we remark that the curves in 
Fig. 2 are similar to those in [3] which reveals that a PSW acts as a 
Mach-Zehnder interferometer where the role of the different light paths 
is now realised by independently operating TE and TM modes of the 
optical field. 
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Data transmission using GaAs-based 
InAs-InGaAs quantum dot LEDs emitting 
at 1 . 3 ~ m  wavelength 

M. Kicherer, A. Fiore, U. Oesterle, R.P. Stanley, 
M. Ilegems and R. Michalzik 

Vertical cmissiun light-emining diodes (LEDs), based on long- 
wavclmgth, self~assembled Ids-InGaAs quanhlm dots (QDs) 
grown an GvAs substrate. are used to demonstrate up to I Gbit/s 
digital data Wnsini~sion. The devices are cbsmcterised i n  terms of 
small-signal modulation, shaujing bandwidths beyond 1 GHz. 

Inlrodrrcrion: There is an increasing interest in the development of  
GaAs-based active materials emitting at 1.3 and I .55 pm wavelcngth 
for telecommunication applications. Since the first realisation of  
lasing using self-assembled InAs-GaAs quantum dots on GaAs 
substrate, great advances have been madc yielding laser diodes with 
remarkably low threshold current densities [IP.]. QD-based LEDs 
may represent efficient and cheap sources for low data rate links at 
1.3 vm 151. To OUT knowledge, this Letter presents the first demon- 
stration of data transmission using 1.3 pm QD LEDs. 

Device s f i z m u w  In this experiment we usc single-mirror QD LEDs 
operating at around 1.3 pm wavelength. The detailed device structme 
is described in [ 5 ] .  In brief, devices are grown on Si-doped (001)- 
oriented GaAs substrilte using solid soucce molecular beam epitaxy. 
A i.12-thick layer of AIGaAs is grown first for carrier confinement, 
followed by a GaAs spacer layer. For the active QD region InAs is 
deposited dircctly on the GaAs surface and covered by an InGaAs 
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laycr. A S U C C ~ S S ~ Y ~  low-index Alo,Q,Gao,,,3As hyer is intended for wet 
oxidation to serve as a currcnt aperture. It is sandwiched between two 
Alo,3G~,,As barricrs and forms a single Ekagg period with the 
following high-index GaAs layer. To phase match the reflection 
from the gold layer deposited on top, a highly p-doped GaAs cap 
layer is grown, serving as a contact layer as wel l .  Layer thicknesses 
are chosen such that radiation reflected by the top mirror construc- 
tively interferes with emission from the QD region, resulting in a 
fourfold increase in optical output at the substrate side 161. Device 
fabrication consists of mesa etching, lateral wet oxidation of the 
Al,.u,Ga, O,As layer, contact evaporation and annealing. Using this 
structure we prcviously demonstrated an external quantum eWciency 
of 1% at low current densities 151. 

DC charucterisrics: In Fig. 1 the optical output power is plotted 
against the injected current for three different device sizes denoted by 
thcir oxidised aperture size. The inset s h o w  electroluminescence 
(EL) spectra taken for CW operation of an 84 pm size device. As the 
injection density increases, ground state emission at 1285 nm satu- 
rates due to state filling in the QDs, and two pcaks corresponding to 
emission from excited states are observed. Total output power also 
SaNrateS since camcrs on cxcited states are morc easily lost due to 
escape to thc wetting layer and nanradiativc recombination. 

current, mA 

Fig. I Light-currenr characreridtics o/ single-mirror QD LEI)\ with 
difeerent cwrent apertsre sizes (CR room rmipenriure) 
Inset: Electrolumincscence spectra of 84 pm size device for injection currents of 
(fmm bottom Io top) 4, I2 and 50 mA 

Sntdl-sigmal moddotion: We USE a scalar network analyser for the 
small-signal modulation measurements. The modulation signal out of 
the SOR impedance source is combined in a bias-Twith the DC-bias 
current and fed to the LED. The device is contacted by a ground- 
signal-ground configuration high-fEquency probe head to ensure 
signal integrity during on-wafer testing. The optical signal is collected 
using a microscope objective with a numerical aperture of 0.4 and 
focused onto an InGaAs PIN detector of 100 pm diameter using 
another objective. AI1 optical camponcnts are anti-reflection coated 
for the cmission wavelength. The electrical signal is amplified by 
25 dB prior Io detection The bandwidth of the setup is limited tu 
UGH.?  by the photodiode (PD). All measurements have been 
performed at room temperature with no tcmperature stabilisation of 
the device. 

Fig. 2 shows the modulation response curves ofan 84 pm device for 
different bias currents, normalised to the value at 20 MHz. Periodic 
modulations in the curves are caused by reflections on the feeding lines 
due to the impedance mismatch between the LED and the driving 
source. The electrical modulation power was set to ~I ldBm out of  the 
50 n system for all currents. The 3 dB decay is indicated by a 
horizontal line. We observe the modulation depth to increase with 
bias current up to about 4mA, while for higher currents it decreases. 
Furthermore we observe a continuous increase in bandwidth with 
increasing bias, leading to rather flat response curves for high driving 
currents. The maximum bandwidth reached for 20mA of bias is 
860 MHz. 

This behaviour can he attributed to state filling, as observed in the 
DC characteristics. Thc modulation depth is related to the slope of the 
light-current curve, which is seen to decrease a l  high currents in Fig. 1 
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