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Abstract: An important characteristic of wavelength tunealalser transmitters is that as
they tune between output wavelength channels treygenerate light at a range of other
wavelengths. This effect may ultimately influenhe tesign of WDM wavelength packet-
switched networks employing wavelength tuneablestmatters. We have investigated this
effect by examining the BER transmission perforneaota WDM channel as a function
of the degree of attenuation of another WDM wawgtlersignal during fast wavelength
switching events. Our results show the importarfcatienuating the output signal from
the wavelength switched laser in order to prevesrfgpmance degradations on the

monitored data channel.
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Introduction

Wavelength tuneable lasers are rapidly becomingaimstream component in photonic
networks. In addition to providing immediate costviag for Wavelength Division
Multiplexed (WDM) networks in the areas of backtwansmitters and inventory reduction,
these tuneable devices may also be used for demglopw network architectures in which
wavelength channels can be provided where and wheded. One solution for extremely
efficient bandwidth utilisation in WDM networks tise use of wavelength packet routing [1-
4], in which the WDM optical packets are generabgda fast tuneable light source in
conjunction with an external modulator. The wavgtbnpackets can then be routed to
specific nodes in the optical network by using daemgptical filtering techniques. The use of
wavelength packet transmission is also a cost#fe@ath for the migration from single
wavelength SDH/SONET based networks to full WDMtegss (which can involve a costly

introduction of new equipment for each WDM channstalled).

In a complete WDM system that employs wavelengtkeaswitching, each transmitter can
tune its emission wavelength to transmit packetsnfafrmation at a number of different
wavelengths. The information from all the transergtcan then be multiplexed together and
sent over optical fibre. The composite wavelenggima may then pass through an Array
Waveguide Grating (AWG), which sends each of tle®ming wavelengths to one specific
output fibre port. In general it is possible toterihe wavelength connectivity in the form of
a matrix. Thus by choosing an appropriate waveleragt the transmitter side, the laser
selects the output port to which the informatiorcksd is sent. The tuneable transmitters,
together with the optical coupler and the AWG, beea strictly non-blocking switch fabric

with a switching speed equal to the tuning spedtiefaser [5,6].



Clearly the key component for implementing suctwoeks is the wavelength tuneable laser
transmitter, as the overall design of the wavelempgtcket-switched WDM networks will be
heavily dependent on the characteristics of theseable devices. The main characteristics
that determine the usefulness of wavelength tueelalskers in wavelength packet-switched
systems are the wavelength tuning range, the sambensuppression ratio (SMSR), the
output power, and the speed at which the deviceseatich from one wavelength to another.
Taking into account these characteristics, the nsosfable tuneable lasers for use in
wavelength packet-switched systems are electrapidaineable devices [7]. Typical
examples of such devices are grating-assistedrectiinal coupler with sampling grating
reflector (GCSR) lasers [3,8], the Sample Gratirgjritbuted Bragg reflector structure [9]
and super structure grating distributed Bragg ctfle (SSG-DBR) lasers [10-12]. These
devices can achieve tuning ranges in excess offGOSMSR’s exceeding 40 dB, output
powers above 10 dBm, and switching times in thesoa 20-50 ns. Another important
feature of these electronically tuneable laserthad as the transmitter is being switched
between a low and a high wavelength channel, pdssible that the device will emit
intermediate wavelengths during the switching evéhis effect may clearly cause serious
problems in an overall wavelength packet-switcheBMVnetwork as the optical output
from the tuneable laser, as it transitions betwwem specific wavelengths, may result in
cross-channel interference with another wavelewrgédmnels in the WDM network. This
may ultimately limit the Bit-Error-Rate (BER) perfoance of specific data channels in the

network.



The work carried out in this paper was undertak&ngia nano-second wavelength switched
laser module that uses DBR technology. We havallyitcharacterised the switching time
of this module by encoding a data packet onto tinedble laser output, such that the data
spans the transition period between two output leagths, and then examining the eye
diagram of the resulting signal at both output ewgths. From this work we have
determined the switching time (during which we an@ble to successfully encode data onto
the laser output) to be around 38 ns. We have itindtiplexed the output from the tuneable
laser (TL) module with a second laser transmittiat(is generating data at a wavelength
channel that lies between the 2 wavelengths traflthis switching between). From this
work the degradation in system performance on é&meral data channel, due to the spurious
wavelength signals emitted from the TL during thetching event, is confirmed by the
presence of an error floor in the BER vs. receipetver measurements. We proceed to
examine the levels of attenuation required at titput of the TL module such we can obtain
BER's of 10° or better for the data channel that lies betwéentévo wavelengths that the

TL module is switching between.

Determination of tunable laser switching time

To determine the switching time of the TL module ae employed the experimental test-
bed as presented in Fig.1. The module is controllada PC and can be set to transition
between different wavelengths on the ITU grid. Agder output from the wavelength
tunable module is available to determine the tinofighe transition between wavelengths
from the TL. This trigger signal is then fed intsignal generator that can produce variable
width pulse bursts at the same repetition rate tti@faser transitions from one wavelength

to another. The output from this signal generatrsiibsequently fed into the Pattern



Generator such that bursts of data, at a rate ©iGhit/s, can be applied to one specific
wavelength channel, and the length of the burstparsition of the burst relative to the laser

transition time, can be varied using the signakgator.

The information is encoded onto the optical oufpoin the TL using an external modulator
with a bandwidth 8 GHz.. The data signal from thé&grn generator is fed directly into the
RF port of the modulator while the bias port is mected to a voltage supply (this is
optimized during the experiments to achieve tharelet eye opening). The optical data
signal from the modulator is then amplified befareoptical filter (bandwidth: 0.28 nm) is

used to select out one specific wavelength charined. optical data signal is then detected

using a 50 GHz pin diode and displayed on an astdpe.

The TL module is initially set to transition backdaforth between 1533 nm and 1538 nm at
a repetition rate of 50 kHz. Data bursts from th#gyn generator are applied to the optical
output from the tuneable laser as described ali®ywearying the relative delay between the
time when the data burst is applied and the timennwine TL transitions between its two

output channels, the information burst can be pubre of the two wavelengths, or set to sit
across the transition between the two wavelenddlystriggering the oscilloscope on the

burst signal we can view the data packets beingrgéed at each wavelength. The position
of the data packet applied to the modulator wasaets to span the transition from 1533 to
1538 nm, and we examined the data output on bateoivavelength channels by tuning the
optical filter between the two wavelengths. For tgput at 1533 nm the initial bits of the

data packet are clean, but as we approach thatiansand the output wavelength moves

away from 1533 nm, the eye starts to close (as showig. 2). The time interval for which



the eye diagram is completely open and the TL @aunded for error-free transmission at this
wavelength is measured to be 248 ns. We then ttheedilter to select the output at 1538
nm, in this case the final bits of the data packetcéean, but the initial bits have closed eyes
due to the fact the laser is in the process ofttimming to 1538 nm from 1533 nm (Fig. 3).
The time interval for which the bits are clean ahé TL can be used for error-free
transmission at this wavelength is 202 ns. By agldive time intervals for which the TL
module can be used for error-free transmissiorhattivo wavelengths it is transitioning
between, we obtain a total of 449 ns. As the tietladith of the data bust is 487 ns, we can
determine that the transition time (switching tingeying which we are unable to transmit
data error-free on either of the output wavelen@h38 ns. This switching time has been
verified by direct measurement of the wavelengthtching event itself, using a time

resolved spectral measurement technique.

Effects of TL output during switching event

To investigate how the BER transmission performarice WDM channel is affected by the
output from the TL module that is transitioningweén two wavelengths on either side of
the data channel being monitored, we have use@xperimental set-up shown in Fig. 4.
The set-up is similar to that used in Fig. 1, lbuaddition to the TL we use a HP wavelength
tunable external cavity laser (ECL) that can enghtl from 1480 to 1570nm. 2.5 Gbit/s
electrical data signal {21 PRBS) from the pattern generator is encoded treocoptical
signal from the ECL laser using the external moiujaand this data signal is then coupled
together with the output from the TL module. Théadehannel from the ECL can be set to
any wavelength between the two output wavelengti® the TL module. A characteristic

of this module is that as it transitions betweemw tpecific channels it may excite other



wavelength channels that are being used for datesfer in an overall WDM network. The
purpose of this set-up is to determine how thieaf the performance of information
transfer in a WDM network. Fig. 5 displays the casipe wavelength signal after the data
channel from the ECL (which has been set to 158& is combined with the TL output,
with the power levels in the three wavelength digihaving been equalized. The composite
signal then passes through an optical filter, vétbbandwidth of 0.28nm that selects the
1535.4 nm data channel. The optical data signdhén detected and displayed on an

oscilloscope, or input into the error analyzer étedmine the BER of the received signal.

To determine whether the signals excited by thallenmodule (as it transitions between
two wavelengths on either side of the data charafédit the system performance, we must
first of all plot the back-to-back performance b&t1535.4 nm data channel. The BER vs.
received power for the back-to-back case is shawiig. 6. It should be noted that the low
receiver sensitivities in this figure are as a ltesuthe low receiver gain used in the present
experiment. We then proceed to measure the BERe@sived power for the case when the
data channel is coupled together with the TL moduwigput before being filtered out (also
shown in Fig. 6, 0 dB attenuation curve). The aiséed eye diagrams of the received data
signals for the single channel case, and the casa the data channel is multiplexed with
the tunable laser (that is switching between tweoelengths), before being filtered out and
detected, are shown in Fig. 7. From these eye alagwe can clearly see the noise added to
the data signal as a result of the TL laser geimgrat spurious wavelength output at the
same wavelength as the monitored data channehglits transition between two output
wavelengths. The effect of this on the BER vs. ikexzk power curve is to place an error

floor (at 4 x 10 as shown in Fig. 6) on the performance of the mooail data channel.



Similar error floors were obtained when the datanctel was set to wavelengths
corresponding to the other spurious wavelengths dn@a generated during the transition
period of the TL module. Fig. 8 displays the BER rexeived power curves for the case
when the ECL is tuned to three different wavelergthnnels (1534.2, 1535.4, and 1536.6

nm) between the output wavelengths being emitiea the TL.

From the measured error-floor it is possible taneste the length of time that the TL output
is at the same wavelength as the monitored datanehaduring its transition. This can be
achieved in the following manner: the TL is tramsiing between its two output
wavelengths every 10 microseconds, and since wesear@ing information at 2.5 Gbit/s, in
10 microseconds we send approx. 25000 bits. WBER of 4 x 1, this means that 1 of
the 25000 bits sent in 10 microseconds is receimedrror due to the excitation of the
intermediary wavelength channel. However given thatsignal generation from the tunable
laser only gives an error for a sent “0”, and givieat we send unbiased data (equal number
of “1's” and “0’s”), we can assume that the intediay wavelength is on for approx. 2 bit

periods of the 2.5 Gbit/s data signal, or 800 ps.

The limitation on BER performance on the monitodath channel that we have investigated
in this work (due to the spurious wavelength outpoin the TL module during it's
transition period) is clearly a major issue for tlevelopment of large-scale WDM networks
employing tunable lasers for wavelength packetawatl architectures. In order to overcome
these limitations in real WDM communication systemsgng wavelength packet switching,
it will be vital to extinguish the output from thEL as it transitions between specific

wavelength channels. This will ensure that the ispgr wavelengths emitted from the



tunable laser as it transitions, do not limit systeerformance. To determine the required
level of signal extinction at the TL module outpsych that it will not affect system
performance in a wavelength packet-switched WDMesys we have used the experimental
arrangement described earlier. In this work we hex@mined how the BER floor on the
filtered data channel, varies as the output offthenodule is attenuated. These results are
shown in Fig. 6 where we can see that it is necgds attenuate the output of the tunable
laser module by 8 dB to ensure that the BER ofréiceived signal is kept above L0This
result is for the case of one data channel beiggaded by a single switching event (i.e. one
tunable laser switching back and forth across thta channel). The TL attenuation
requirements for the case when there is simultaaeaitching of multiple TL modules, in a
WDM packet switched system, will clearly exceed B ith order to achieve error free

performance on all wavelength channels. This arearrently under investigation.

Conclusions

Wavelength tunable lasers are becoming a mainstoeanponent in photonic networks. In
addition to providing cost saving for WDM netwonkéth respect to inventory reduction,
these tunable devices may also be used for impléngermore efficient bandwidth
utilization in WDM networks by employing wavelengtiacket switching architectures. In
these networks, WDM optical packets are generasgagufast tunable light sources, and
then routed to specific nodes in the optical nekwiy using optical filtering techniques. An
important characteristic of electrically tunablesda devices, that may influence their
operation in WDM packet-switched systems, is tlsathey transition between two output
wavelengths they may generate light at intermediaayelengths. This will clearly affect the

performance of other data channels in the systeamt #ne transmitting on the same



wavelengths as those generated by a tunable trHesmhuring a switching event. In this
work we have shown how this effect limits the parfance of a data channel by placing an
error floor on the BER vs. received power charastierof that channel. To overcome these
performance limitations, care must be taken to nadequate attenuation of the output of a
laser transmitter under high speed switching opmeratThis will ensure that BER
performance degradation due to the interferencevaielength signals produced during
switching can be controlled. Ideally, the lasernsraitter itself should perform the
attenuation function and advances in integratiehrielogy are making this a cost-effective

approach [2].
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Figure Captions

Fig. 1

Fig. 2

Experimental configuration to determinetshing time of TL module.

Portion of received data packet at 1533with data encoded onto TL module

such that it spans transition from 1533 to 1538 nm.

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Portion of received data packet at 1538 nth data encoded onto TL module
such that it spans transition from 1533 to 1538 nm.

Experimental configuration to determine hitv@ spurious wavelength signals
emitted during switching of TL module affect muléged data channel lying
between output wavelengths from TL.

Composite wavelength signal after coupliogether output from TL module
(switching back and forth between 1533 and 1538 ana) data channel from
ECL at 1535.5 nm.

BER vs. received power for back-to-back casel for case when the data
channel is multiplexed with output from the TL Mdeluas a function of
attenuation of the TL output).

Received eye diagrams for the 1535.5 nm roflafor (a) the back-to-back
case, and (b) for the case when the data channalligplexed with the tunable
laser output before being filtered out and detected

BER vs. received power when the data chafined ECL is tuned to three
different wavelengths between output wavelengtbfi L module (triangles :

1534.2 nm ; squares : 1535.4 nm ; circles : 15865
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