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PCT/ GB95/ Orordeé/13104 : ALL OPTI CAL PROCESSI NG | N ¥¢siyisBdsgasanl ONS
SYSTENMS Thi¢ invention relates to optical processing
apparatus and systens, and to met hods of processing optical

comuni cation signals, and particularly to systems, 5 nethods and
apparatus for manipul'ating wavel ength division nultiplexed optical
si gnal s. ' Optical fibres are an extrenely efficient transm ssion

medi um Presently, t ' ' ' | LONS systens
Is limted by certai ﬁ%ﬁé&gﬁaﬁb&ﬁﬁ@f‘gm h&i}fﬁqg%@@ﬁ%ﬁ%e opti cal
fibre bandw dth is utilised, and the opto- 10 el ectroni c conponents
required to control_certain optical co ni cati.on g{rﬁocessi n fuqr.]‘at i ons.

The first factor, tFIE iNyentiomkrIatas o qEHcalPLocessing ApPYratis ANd-svs d%se

methods of processing optical communication signals, and particularly to systems,
5 methods and apparatus for manipulating wavelength division muitipiexed optical
signals. _

: Optic'al fibres are an extremely efficient transmission medium. Presently,
the capacity of optical fibre communications systems is limited by certain factors,
‘including the way in which the optical fibre bandwidth is utilised, and the opto-

- 10 electronic components requiréd to control certain optical communication
processing functions.

The first factor, that of bandwidth use, is generally addressed by the use
of various multiplexing techniques, for ‘'example wavelength division muitiplexing
(WDM) or optical time division multiplexing (OTDM). _

15 The second factor has been extensively investigated over the past six or
seven years, the results being demonstrations of all-_optical processing functions in
optical fibres and semiconductor optical devices. An optical fibre communications
network incorporating only all-optical processing functions would potentially
provide communications capacity far beyond that which is currently available in

20 optical fibre communications networks incorporating very much slower opto- |
electronic processing functions. _

In terms of bandwidth usage, WDM networks have received con_siderable
attention in recent years, and are likely to provide optical routing in, for example, a
metropolitan or national network, where a large node density makes the simple

25 passive demuitipiexing (wavelength filtering) associated with WDM attractive.
However, the combination of dispersion and fibre non-linearity potentially restricts
the size of WDM networks, or the ability to expand WDM networks, if traditional
signalling formats are employed. Therefore, presently OTDM is more Iikely to find
application over wider geographical areas, with a smaller number of higher capacity

30 optical ‘switches, since a singie wavelength, multiplexed channel system such as .
OTDM is not so susceptible to the detrimental effects non-linearity and dispersion
as a WDM system, particularly when soliton transmission effects are employed to

balance non-linearity against dispersion. Furthermore, gain flatness _equalisation or
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di spersi on as a WbDM'system particularly when soliton transm ssion Q
effects dPe QFRMoyratfia deg on “internatiopaindmunki rasses)t \andgapiiten tatficeleg om.
Furt her mor e ;n@ahikidd &IdaRARNGRAVE. | Pibé SfreBlive, such an optical network would also
" need to be able to convert between any two of the traffic formats employed,
otherwise universal interconnection to,” and information interchange across, the
network would be restricted.
15 " Presently, genération and transmission of WDM, OTDM and soliton optical
'si'gnallir':g formats is known and has been widely reported. Also, Lacey, et al. “All
optical WDM to TDM transmultiplexer”, Electronics Letters, 15 SEPT. 1994, pp
1612-1613, proposes WDM to TDM conversion firstly by splitting the WDM signal
into its constituent’ channels ‘using wavelength - selective filters -and mixing each
20 channel with a clock pulse in separate respective optical amplifiers. This has the
effect that gain compression causes wavelength conversion and reduces the width
 of the WDM data puises. Then, each channel is delayed by separate respective
optica'll delay lines having different delays, and finally all the channels -are re-
rﬁultiple'Xed using ‘an optical coupler. Bigo, et al, “Bit-rate enhancement through
25 optical NRZ-to-RZ conversion and passive time-division multipiexing for soliton
transmission systenis", Electronics Letters 1994, vol. 30, pp 984-985, proposes
" using an optical loop mirror as an AND gate for an NRZ data signal and a clock
signal to provide NRZ to RZ conversion. Further, Bigo et al. proposes mulitiplexing
a plurality of these AND outputs to provide bit-rate enhancement (TDM).
- 30 ~ According to a first aspect, the present invention provides an optical
| processing apparatus comprisih’g’:- -
" a non-linear 6p'tical element having input means to receive an optical data

input and a clock ihput.' and optical data output means;
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signai by different pre-determined amounts.

This apparatus forms the first part of an overall apparatus for carrying out
NRZ to RZ conversion.

By correctly placing the apparatus, for example, in a metropolitan area
network (MAN), standard WDM NRZ signalling can be employed for all tréffic
within the MAN, whilst long-haul traffic, for example to a second, far-removed
MAN can be routed across a soliton supporting com.munications link, by converting
the NRZ format signal to a RZ format in accordance with the present invention,
and subsequently to a soliton format signal by a known method. This approach
has the advantage that all sources arid wavelength converters/switches within
each MAN need not necessarily be soliton compatible. Thus, advantageously,
existing WDM infrastructure can be maintained, minimising the capital cost of
installing the system. |

The non-linear. optical element preferably comprises a travelling wave
semiconductor laser amplifier (TWSLA). In a TWSLA, a strong clock pulse signal is
provided, having a pulse repetition rate at least as high as the highest bit-rate
WDM channel, which periodically modulates the TWSLA carrier density, imposing
cross-phase modulation (XPM) on WDM channels propaga_ting through the
amplifier. The result of the XPM is a spectrally-broadened WDM signal wherever
the WDM signal is coincident with the clock pulse signal.

When the optical signals are spectrally broadened by XPM in a non-linear
element, the apparatus preferably further comprises a cyclic filter downstream of
the non-linear element to perform a frequer_lcy discrimination function. The cyclic
filter eliminates the un-modulated background of the_ WDM channels so should
have regular pass and stop bands, with a good stop band extinction. Suitable
filters include Mach Zehnder interferometers, Fabry Perot interferometers and
birefringent_filters. _

One form of suitable cyclic filter is a birefringent fibre incorporating input
and output poiarisation control. The filter selects the required wavelengths by
modifying the polarisations of each WDM channel in the fibre, so _that the required

OTDM syst ems, whereas such techni quespedRghékdagrdn -
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10 A significant -advantage of using XPM in a TWSLA as the non-linear
‘élement is the intrinsic wavelength insensitivity of the TWSLA, and whilst similar
XPM effects have been 'demon's_ti'ated ‘in optical fibre,; consiraint_s imposed by
chromatic dispersion in optical fibres preciude multi—ch_annel operation over a wide
wavelength range, although the use of dispersion-flattened fibre may alleviate

15 some of these difficuities. - _ _

An alternative non-linear element to a TWSLA is a non-linear optical loop
mirror {NOLM). - In particular, a NOLM incorporating a semiconductor laser ampilifier
is preferred since fibre NOLMs may suffer from unwanted dispersion effects and
phase matching problems. '

20 A NOLM has an advantage over the method_described above that a cyclic
~ filter is not required since the cross-phase moduiated signal portions are switched
out of a different output from the non-cross-phase moduiated signal portions,
rather than being combined. , _

Other non-linear elements which could be used in place of a TV\_ISLA ora

25 NOLM inciude pojarisation-rotation gate, a non-linear Mach Zehnder interference
gate, a non-linear directional coupler, or a non-linear Fabry Perot interfer.bme_ter.
This list of alternatives is by no means exhaustive, and does not limit the choice to
those aiternatives listed. A further alternative, limited in processing speed, is
electro-optic modulation using for example electro-absorption modulators to form

30 the pulses; . L _.

| In a preferred embodiment, the present invention further comprises shift

means for temporally shifting each one of the discrete 'yvave_lehgth cha_nnels by a

”
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channel s; and means to apply a wavel ength-dependent delay to
each wavel e'ﬁgt‘ﬂ‘at is, atothifoptage the signal comprisespe iseties of gulses whigh soquentiglly

fourth opti caleygle%Rflugh the different wavelengths of the WDM signal). The formation of a
~ WITDM signal can be an intermediafe step towards conversion to an OTDM signal,
as described below.

The shift means preferably comprises a dispersive element, which provides

10 a fixed amount of chromatic dispersion to delay each one of the discrete
wavelength channels by a different amount, thus producing the WITDM signal.

The dispersive element could comprise a suitable length of standard
optical fibre, however a pair of refraction gratings or other dispersive elements
could be used instead. However, using a length of standard optical fibre has the

15 advantage that the entire operation of converting from a purely wavelength
muitiplexed signal to a WITDM signal is achieved in a single optical fibre path. In
contrast, in known systems, conversion from WDM to a time division muitiplexed
format would invoive delaying individual channels each by a different amount using
different delay lines, and then combini'ng the delayed signals in an optical

20 interleaver. Such systems may be unreliable since optical interleavers typicaily
exhibit poor stability. There is also the greater cost of such systems to consider,
compared to the cost of a length of standard optical fibre which can achieve _the_
same effect. The length of optical fibre required is determined by the extent of
temporal shifting required between WDM channels, and by the dispersion constant

25 of the optical fibre.

The effect of the dispersion on the puises in an optlcal fibre should be
considered, and it would appear that lower dispersions would be required to reduce

" any unwanted tempdral broadening, resulting in broad RZ puises. It is perhaps
fortunate, however, that the chirp experienced by puises formed in a TWSLA can

30 produce pulse compression in standard optical fibre in some circumstances. Thus,
preferably, an optical fibre 'dispersivé element both compresses and interleaves the

pulses in a preferred scheme.
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3a indeed, a WDM signal (RZ format) may be provided by any source and the

5 subsequently formed WITDM signal could _be used in accordance with the present

' invention, or in any other apparatus requiring such a signal. . . _

In a preferred embodiment,. the pres'eht invention further comprises a
second non-linear optical element for converting the WITDM signal to a single
wavelength OTDM signal. -

10 ‘This second 'endn¥linear optical ‘element can conveniently embody the Q
features of the first non-linear optical element described above.

Therefore, preferably the second non-linear optical element cbmprises a
‘second TWSLA which operates in a sifmilar fashion to the operation of the first
TWSLA, described above. However, in this case, the WITDM signal is arranged to

15 phase-modulate a cw beam, and the cyclic filter is replaced by a bandwidth Iimiting
- filter, to isolate the resultant, singie waveiength, OTDM signal.

Alternatively, the non-linear element can be any other suitable non-linear
element, for example a NOLM or a Mach Zehnder interferometer etc, as before.

In a still further embodiment, the 'speed of .operation of a TWSLA,

~ 20 embodied 'in the second non-linear stage, can be .increased by operating the

amplifier in accordance with our co-pending European patent application number

93308066.5 (filed on 11 October 1993), in which a third, pump, beam is injected

' into the TWSLA to suppress data patterning effects that may otherwise occur due

to temporally non-uniform carrier density dynamics. The use of such a bump beam

25 to pin the Fermi level and suppress data patterning, is described in furthe-r detail in

the application mentioned, the disciosure of which is incorporated herein by
reference. _ |

An advantage of the present invention is that extremely spectraily pure
data pulses are produced, without the using a high specification pulse source.

30 Normally, a pulse source used for producing OTDM signais requires both spectral
‘purity and temporal stability, and hence is relatively expensive. However, in an
apparatus according to the present invention, the clock pulse source needs only to

provide pulses_which_' are temporally stable, since the spectral purity is achieved
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According to further aspects, the present invention aiso provndes methods
10 and systems as described in more detail in the claims. '
The present invention will now be described, by way of example 6n|y,
which reference to the accompanying drawings, of which: '
Figure 1 is an experimental system to demonstrate conversion of a four
channel WDM signal carrying NRZ data to a WDM signal carrying RZ data;
15 Figure 2 shows a polarisation filter arrangement used in the system of
Figure 1; |
) Figure 3 shows the stages of spectral broadening for a singie NRZ puise;
Figure 4 shows spectral transformations for four RZ wavelength channels;
Figure 5 shows eye diagrams for the four RZ puise wave forms;
20 Figure 6 shows BER measurement comparisons for the system in Figure 1;
Figure 7 is system representation suitable for full WDM to OTDM signal
conversion;
- Figures 8A to 8G are idealised graphical representations of the signal
spectra at points in the system of Figure 7; and
25 Figures 9A to 9G are idealised graphical representations of the time-
varying amplitude signal wave forms at points in the system of Figure 7.
The system of Figure 1 is used to generate a four-channel NRZ format,
- WDM optical signal, to demonstrate conversion of the siénal to a corresponding RZ
format signal. In the system of Figure 1, a clock signal comprising equally spaced
30 optical puises is generated by an external cavity semiconductor laser 110
{1545nm) mode-locked at 10 GHz, with a pulse width of 13ps (assuming a
Gaussian pulse shape) and a time-bandwidth product of ~0.45.
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advant age of incorporating an non-|linear optical elenent into t he

apparatus of the present invention is that conversion fromNRZ to RZ of all
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chromati cg ditSpetsvenby & sGibdblé:pattdrh yeRsratdra@oyde. mul ti - channel operation
over a wide The clock and NRZ format data signals.are amplified in optical amplifiers
120 and 122, for example erbium doped optical fibre amplifiers, and are fed into a
TWSLA 145 through a WDM coupler 140.. The clock signal is amplified to around
12dBm, and the NRZ signal is: amplified to between 1 to 3dBm. The TWSLA 145
10 is a bulk device, with a coupling loss of ~6dB per facet. Although a TWSLA
provides XPM, any element providing a similar function would be suitable, .in this
case. | P S _
A cyclic filter 150 (described in more detail beiow, with reference to
'Figure 2)-which is implemeﬁte‘d using polarisation rotation in a birefringent fibre,
18 performs a frequency discrimination function downstream of the TWSLA 145 to
process all four chanﬁels simuitaneously. The fiiter cycle is ~0.7nm, and the
extinction ratio is about 30dB. Essentially, the filter 150 removes the unperturbed
parts of the data signals. (the background components) passing signals that are
coincident with, and therefore chirped by, the clocki signal. -
20 Finally, a 0.5nm tuneable band pass filter 154 selects one of the four RZ
channels, for bit-error-rate {BER) measurement purposes. An error detector 158
compares signals selected by the band pass filter 154 and received by an optical
receiver 156, with copies of the signais from the pattern generator 160.
The resuits of the EER measurements for each of the channels in turn are
25 described below with reference to Figure 6. - _
With reference to Figure 2, the cyclic filter 150 comprises an input 200 to
a combination of a pdlérisation controlier (PC) 210 and a polariser 220. The PC
210 and the polariser 220 are tuned to ensure that an optical signal entering the
filter has a weli-defined polarisation. The PC 210 is included to enable fine
30 adjustmeht of the input polarisation. |
An optical amplifier 230, downstream of the polariser 220, is included to

compensate for signal losses due to the initial polarisation selection stage. Any
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dispersion of 10ps. By optimising a polarisation controtler 260, which is positioned
downstream of the birefringent fibre 250, the spectraily un-shifted component of
the wave form is blocked by a polariser 270 positioned downstream of the
polarisation controller 260, resuiting in the transmission of 10% of the light
incident on that polariser. The 10% of the light consists of a train of wavelengfh-
converted pulses, where the pulses effectively correspond to a RZ representation
of the original signal.

Other known types of wavelength filtering arrangement can easily replace
the cyclic filter arrangement described, for. example Mach Zehnder interferometers
or Fabry Perot interferometers.

Figure 3 shows the spectral broadehing stages of one selected NRZ
channel. Trace A represents the un-broadened NRZ channel, trace B represents
the NRZ channel spectrally broadened by a clock pulse, and trace C shows the cw
component removed by the cyelic filter.

in Figure 4, the spectral peaks at the DFB wavelengths (D,), with and

~ without the clock wave form, are the unconverted residual NRZ signals which are

removed by the cyclic filter when its stop bands are aligned with the peaks.
Figures 3 and 4 show that the spectral broadening is asymmetric, being
biased fo the longer wavelength side due to the gain recovery mechanism in the
TWSLA 145. Because of the asymmetry in spectrum, it is possible to remove the
un-broadened parts with only ~5dB insertion loss for the broadened signals. The
alignment of the four wavelengths with respect to the filter pass bands is realised

by a fine tuning o_f both the temperature and bias current of the DFBs 100.
Figure 5, shows eye diagrams for all four wavelength channels. As can be
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seen, the diagrams do not show patterning effects, which are completely '
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di vi si on mul ti pl exed”(WTDM signal . ~In this way, a \DM
signal (RZ format), is converted to a pseudo- OTDM signal which has the -
tenporal formof an OTDM signal, but not 1@e spectral form 5 (that is, at
this stage the signal conprises a series pul ses which sequentially

cycle through the different wavel engths of the WDM signal). The formation

of a W Télgprdsgediibyctha &teornclobk aigialli dthe puiley widthar 6fsthHeOBaRiefile@ RZ 0 an

OTrDM si gnal , |, as descriped bel ow. . The shift nmeans preferably
conpri ses a Y98 AE e se%éfﬂ",“"ﬁ/r#v%s'ﬁP RHigf. shape) "‘:’i"‘ﬁ] 'Feﬁeqn‘gﬂ’fﬁ E)‘?)1*'“’
chromati c di #¢ guigdwidth@el-ay3gaach one of the discrete = wavel ength
channel s by a different amount, thus producing the WTDM signal_.

The dispersive el Sifefmensiiage theiow aqise, charpgtanistics) of the icopyertad Ré) signals.

5 BER measurements aré carried out for all four channels, the resuits of which are

shown in Figure 6. - The receiver 156 sensitivity I(@BE.R = 109 spread among the

4 channels is ~1.5 dB, and there is no noticeable error fioor at BER = 107,
illustrating the-e‘xé_éllérit performance of the scheme. . -

'Fi'guie 7 illustrates a system suitable for converting four NRZ optical

10 signals at différent wavelengths into a single OTDM channel.

| In the system, a clock signal comprising equally spaced optical puises is
generated bV an external cavity semiconductor laser 710 {1545nm) mode-locked at
10 GHz, with a pulse width of 13ps (assuming Gaussian puise rate} and a time-
bandwidth product of ~0.45.

15 Four WDM format NRZ channels (1554.2nm, 1556nm, 1557nm,
1558.4nm) are generated by four cw DFB laser diodes 706, which produce beams
which are modulated by individual modulators - 730 (to .model four separate '
wavelength channels). The four channels are combined by a 4 to 1 WDM fibre
coupler 705. The combined signal is then preferably passed into an optical

20 element 708 which simulates the effects of an optical communications link, for

' example by dispersing and attenuating the signal. In practice, a link may be
thousands of kilometres long, and may include one or more stages. of amplification,
signal' regeneration, and/or switching. Thus, the parameters of the element 708
may be varied to simulate different -link parametérs. The elemént _708 may

25 comprise combinations of different types of optical fibre, dispersive elements and
maybe loop mirrors, however, the actual arrangement depends on the effects to be
simulated. For the purposes of demonstration, optical element 708 may be
omitted from the system aitogether. '

" The clock and 'NRZ format WDM data signais -are amplified in erbium

30 doped optii:al fibre aniplifiers 720 and 722 which provide the necessary signal
levels for subseguent stages: the clock signal is amplified to around 12dBm and
the NRZ format signal between 1 to 3dBm. The signals are then fed into a TWSLA



optical fibre, however a pair of refraction gratings or other dispersive

el enent s coul d be used instead. However, using a length :
opti cal f WP W/IM ¢ he 15”advant age t hat the enti re. operatl &'@@@%§ rting

from a purely wavel ength” .- nul tipl exed signal ‘t0'a WTDM signal is

achieved in a single optlcal fibre path. In contrast, in known systens,
conversion fromWMto a tine division nu#?iplexed fOrnat woul d i nvol ve
del ayi ng i ndi vi dual channels each by a different anmount using di fferent

delay lines, and then conbining the delayed signals in an optical 20
interl ﬁﬁtver 785c1lmrm;gt|t eriwnmh)cobaleu 7461 i Ibe TWShae74p1i$ @abulk rdeyidee with &
typically 00 tab y. There is also the greater cost of
such systent;c?'ﬂ"é‘g %ﬁs(fg ~ba8 peroaﬁﬁ red to the cost of a length of standard
optical fibre which eglic am:bt 2850 (Hddxeribed abaver vath eferendéto Faugt 2), o¥hicipisi cal

fibre required is determ ned by .the extent o1 a ni ft]

requi r ed bet MRRIEMOFGA HF9-RA ﬁi 's\éﬂﬂ'a"ﬁﬁﬂ?'h@ st'é?fg%?"gg%g ﬁg{fgﬁ# Eg}eag?nﬁvhe

SB: : gg: ;'%r Glsc?:mmlaalog functla_ﬁ'ed&fngﬁféhgofoftgﬁ diVeBIlax sT45 mnp't&n!sﬁuélséeuri'n an
I bre shou congj dere nd it ul d ear t hat

di spersi ons ﬁbiﬂ'lf'%@"t“é‘ﬁﬂ?%&’ ta'hFefﬂﬁ?E«?V cle 'SanQW"M@Oﬁ‘ F'&" S ts

br oadeni ng, | 304l ESsdphia] the fidl 760. relroves tlﬂﬂﬂﬁ?ﬁlrbed par lof théldata

however, that t e chirp experienced by pulses fornmed in a TWSLA can 30

produce pul ssignaisytheskackgrqurdsromneaent cﬂ?ﬁ?'ﬁ%ls'af‘mr'@a? Areseniacident Withy andces.

Thus, pr di spersive el ement both conpresses
and interl ea\%eggi?’ﬁé Ehirptd l:‘l}pttljmcé‘llt)‘r:tlt g‘%@ef erred schene. ™
10 The output of the cyclic filter 750 is dispersed by a dispersive element

760, this element being a length of standard optical fibre. For WDM channels
1.4nm apart, 25ps delay between adjacept channeis requires 17.8ps/nm of
dispersion, which is provided by around 1km of standard optical fibre.
Alternatively, any length of suitably dispersive optical fibre, which provides the

15 required amount of dispersion, could be used. |
- The dispersed signal is amplified by an amplifier 726 and is fed into a
second TWSLA 770, through a WDM coupler 765, along with a cw reference
signal amplified by an amplifiet 724 and originating from an optically amplified DFB
semiconductar laser 772. The WDM pulse stream is amplified to a mean optical
20 power of +12dBm and the co-propagating cw reference signal is amplified to a

" mean optical power of 4.9dBm.

Optionally, a separate optically amplified counter-propagating (or co-
propagating) cw DFB pump beam is injected into the second TWSLA 770, from a
DFB semiconductor laser 775, to suppress the data patterning effects that might

25 otherwise occur due to temporally non-uniform carrier density dynamics.

The second TWSLA 770 is a polarisation insensitive bulk-layer device with
a peak wavelength of 1.54um, operating with a DC bias current of 200mA. A
filter element 780 positioned downstream of the TWSLA 770, comprises a
tuneable band pass filter and polariser which is used to eliminate the residual

30 amplified spontaneous emission and to define the polarisation of the reference
signal at the output of the TWSLA 770. The filter 780 is typically similar to the
cyclic filter 150 described above with reference to Figure 2. However, for this

filter, emphasis is placed on a single accurate pass band and strong rejection about
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1t will DEOIHII at ed t@at the use of dispersion, for exaRpTGRIYOUTL ongt h
of optical fibre, descri bed above, to provide a WTDM signal froma
RZ for mat WDM signal, is not limted to use in accordance with the
present invention. Indeed, a WbOM sigpnal (RZ format) may be provided
by any source and the 5 subsequently forhmed WTDM signal could be used in
accordance with the present i nvention, or in any other apparatus
requiring suge reqairgheltput signal wavelengthn rather tfear are fourndnueliyrefficient pass
present invent on fur her corrpri ses a second non-1linear optical

. elenment for $% W TDM si gnal to a single wavel engt h OTDM

s iﬂgggl g ﬁg o Fl?lfb# SSAeﬂDFBG ][rembémeme Gpéd:tcalofetmmulsedaulocloruml_ent ly
above.y _(designaetgd lf:rL()agn the Pour \nllarvsé engt nchangglgr(de na ecJ V\}a )? r’@ni’ pqgsse%[cl bed
5 at corresponding locations-A to G on Figure 7. As can be seen, the four channeis
(W=1554.2nm, X=1555.6nm, Y =15567nm and Z% 1558.4nm) in Figure 8B are
wavelength broadened, as represented in Figure 8C, by the pulse clock signal
(1545nm) shown in Figure BA. Figures 8D and 8E show the channels having been
stripped of their cw background component by the filtering. Figure 8F represents
10 the four channels after wavelength conversion by the cw reference signal in the ‘
second TWSLA 770, to a single wavelength OTDM signal. Figure 8G represents
the resultant OTDM signal at 1545nm, after the cw background of the reference
signal has been fiitered away. | _
Figures 9A to 9G represent the time-varying characteristics of the clock
15 and four channels (designated ci,w,x,y,z) which correspond to the same points A
to G on Figure 7. Figure 9A represents puised clock signal. Figure 9B represents a
data pattern superimpoéed onto all four channels (all data patterns are the same
for each channel for the sake of clarity). Figure 9C represents the output of the
first'TWSLA 745 which comprises components of the data pattern and the clock
20 pulse signals. The figure shows an idealised superposition of wave forms. where
the signals coincide, which in practice would more closely resemble a disturbance,
or glitch, in the data pattern. The output of the filter _750_ is represented in Figure
9D. It can be seen in this figure that all but the perturbed (cross-phase modulated)
portions of the wave form are filtered out, leaving a pulse train corresponding to a
25 RZ representation of the original NRZ signal. -
The effect of the dispersive element 760 to disperse each wavelength
channel by a different -amount is shown in Figure 9E, where the WDM RZ pulse
train is converted to interleaved pulses w, X, y, z at the different channel
wavelengths.  This pulse pattern remains the same throughout the remaining
30 system, wherein only the spectral compositions of the pulses vary in accordance
with Figures 8A to 8D. _ _
As the skilled person will appreclate, the.systems in Figures 1 and 7 relate

only to possible ways of carrying out the present invention. Particularly, the non-



Therefore, preferably the second non-linear optical element conprises a
second TWghd\o¥rd operates in a sitnilar fashion to the Opﬁéﬂfdﬂ' o t he
first TV\BLAI\,wdescri gd above. However, in this case, the WTDMﬂfsq gnal
is arranged to 15 phase-npdul ate a cw beam and the cyclic filter is

repl aced by a bandwi dth |irting filter, to isolate the resultant,

si ngl e wavel ength, OTDM si gnal . 13 Alternatively, the non-Ilinear
el enent can be any other suitable non-Ilinear el enent, for exanple a

NCLM or a Magh Zehnder Ipnterfero r_et.c . .

still furthe '-"%?Fb%ﬂp?@ﬁt‘{;s?'f?&%sﬁfggjg%feahﬁééjr %?Fgﬁ'f"gﬁ"?%d‘?’()\%ﬁ?’ 3’6“93#%82% ed
in It _hfe, secongf Gﬁclaé oeer ttﬁrﬁMSLAﬂlwm anoidee;a‘dﬁlhyefﬁmifnrielxgmpllagNOII.Ms.
anplifier in accordance w our. co-pendi ng, Euro n.pat en i cation
nunber | o¥md8eiscthg fevieasdeseriped B easty Stag gt the, iVATEAN A B o ing
beam i s inj egigtbnt, the AikPerkiVe elehfnty A TEDEECORE ribatimeptblemient) Eincddchchies
that nay ot herw se occur due to tenporally ngon-uniformcajrier density

: . 1y nQg
dynami cs. Theealised i asvariety of UNpysh ¥ithomt faling qutside, the-bpynds af, the grrgent
suppress dat g Ratibgrning, is described in further detail in t he
application mentioned, the disclosure of which is incorporated herein by
ref er ence. Also, alirsignal davelsgsioopl frequepeiescrppetition: Ftes And Heyvicgbias
extrenely sp Y. P . e AUC 1 j ng a
i gn speei {1 Garpi a4tk Brovidedt ) gl 4t SampiferaRd Stk sstlal Rdurk 1
produci ng OTpkésengimekestiorequi res bot h spectr al . purity and tenporal

stability,.and hence_ s relativel 151 'l pat us

accordi ng1?o t he p%ggbﬂf“qr?{v'érwﬁob\é, %E%?%H{)?% {gg}l%gﬁéopud{%benaﬁhgé rs‘egﬁﬁa/ to
optical amplification (if any), and the exact positioning of optical amplification
.stages in the systems described, depends er!tirely on the arrangements and types

of devices used, and as such is not an essential aspect of the present invention.



provi de pul ses which are tenporally stable, since the spectral purity is
achi eved WD 96/ 13104 .
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tmgw | ihear el ement and filter
ar r angenent efore, the light source
rel ?Ui!"mf'm | aser. Alternati,vel | [ ‘

sou Wﬂ a second converter 14 By R EC nodul ate t he

pul se stream® A further advantage of the present invention is

that all the actlve - conponent s carclpgmMsem conduct or conponents, for
exanpl e TWSLAs, which . all ows scope for integration (although
devel opnent of an on-chip cyclic filter and a di spersive el ement woul d

be required) .1, An optical ﬁ%ﬁéh’sﬂig”ébp%ﬁhtu#éorhﬁ'isn@spec'[ s, the present
i nvention al so. provi des net-hod
a non-linear optlcal element’ having input means to receive an optical data
5 input and a clock input, and optical data output means; - -
means to fllter an optical data output slgnal received from said optical data
output means, and ' . '
means to temporally shtft different wavelengths in sald optical data output

signal by different pre-determined amounts.

A

10
' 2. An apparatus according to claim 1, wherein the filter means includes a

birefringent fibre. ' B .

3. An épparatus according to either ciaim 1 or claim 2, wherein said shift

15 means comprises a dispersive element for providing chromatic dispersion.

4. An apparatus according to claim 3, wherein said shift means comprises a

length of optical fibre.

20 5. An apparatus according to any one of the preceding claims, further
E:Omprising means to input an optical data signal and means to input an opticai
clock signal, the power of the optical clock signal being substantially higher than

the power of the optical data signal.

25 6. An apparatus according to any one of claims 1 to 5, further comprising a
second non-linear optical element having means to receive said optical data output

signal and a clock input signal, and having an optical data output means.

7. An apparatus according to claim 6 further comprising pass-band filter
30 means to filter an optical data output signal received from the optical data output

means of the second non-linear optical element.

—_—
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1b and systens as described in nore detail in the clains. The
present i nvapbd3pedV || now be described, by way of exarrpl e oﬂ,_.é ;{{n ch
|gure

ref er\eTmWan” ng draw ngs, of which:
an ex ment al sys o denonstrate conversion

Si gna ta to a WDM signal carrying |R Ht&SIaEEHEAS BEEN [
Fi gure* I sation filter arranggrent ed | REPhACEPsSt em pf
Figure 1; Fi gure 3 shovvs t he stages of ferng foor

a single NRZ pﬁl se; : é:]ure 4 shows s ectral ,tr.ans,f ormations for
four RZ wavel efigt h c’h'ér?ﬁ@?’é‘”s according to any; ofg @f the; RERRediBg Llajmgy Mehegein Gt

the four RZ pulegé geVéf fhe'HBn-linglr optical elemehtsIprovides %h%ﬁﬁlc%mﬁeﬁmﬁk

conparisons for the systemin Figure 1; Figure 7 I's system
repr esent at i onclaek signal@nd &-muigiple-waygalengtiogmm signghal conver si on;

Figures 8A to 8G are idealised graphical representations of the si gnal
spectra at points in the systemof Figure 7; and 25 Figures 9A to

9G are idealS s®d gr afyhiappgratuspaceoedingiité any arfe ohthe pregeding claimsy wkgrein at

anpl i tude si gny ELst"‘@X? offo{h'zls nglli ll{?&rgéepﬁlcap e‘ehn?en?y &4 ﬂﬁ}ggs %H’ISQ%OZIS?%{ laser

The system of Figure 1 rate a four anne

VDM opt i cal siamglifier.t o dem)nstrate conversion of the signal to a
correspondi ng RZ format signal. In the systemof Figure 1, a clock
signal conprising equally spaced 30 optical pulses is generated by an
ext ernal cavit10.senAroagparatus dccoadingl 16 any one of the preceding claims, wherein at

10 least one of the non-linear optical elements includes an optical loop mirror.

11. An apparatus according to any ong of the preceding claims, wherein at
least one of the non-linear optical elements comprises an electro-optic modulator
having an electrical clock input means.
18
12. An apparatus according to any one of claims 6 to 10 further comprising
means to input the clock input signal to the second optical non-linear element, the
power of said clock input signal being substantially greater fhan the power of the
obtical data output signal received by the second optical non-linear element.
20 |
13. A method of processing an optical signal comprising the steps of:
' introducing a first input signal into a non-linear optical device, said signal
comprising a plurality of discrete wavelength data channeis; and
. introducing a second input signal into the non-linear optical device, said
25 sighal having a frequency at least as high as the highest data rate data channel,
wherein the input signals are arranged such that the non-lineér optical
device provides an output signal including perturbed data signal portions resulting

~ from cross phase modulation of the first and second signals_.

30 14. A method according to claim 13, wherein the non-linear optical device

" comprises a semiconductor optical amplifier,

This Sheet Has Been R laced




(1 545nm) node-locked at 10 GHz, with a pulse width of 1 3ps (assum ng a

Gaussi an pul se shape) and a tinme-bandw dth product of -0.45. WO »
96/ 13104 WO 96/13104 v | PCT/GB9S/02471
PCT/ GB95/02471 8

Four cw channels (1554.22nm 1556nm 1557nm 1558. 4n ener at ed

by four m I"lllu ﬂuﬁmms 100. The chanlgel S ar e -ty
fibre c or the purposes of° denons®
with a singl é 10 Ghit/s 2[err] - 1 PRBS usjng a“fil te

(Li NoGB) i ntfmSl tya mwdaécwrdnﬁg tolel@im I8 iov ClairkY 4, whiéreimthe fipx!ihsut signal
gener at or cl ock and NRZ format data si gnal s .are

amplified i rF%’bQ"lsE%tF %ytyqu@psgrete wavelengthppmreturn £o, zerg,dats, Fhannelsi um doped
optical fibre anplifiers, and are fed into a - . TWBLA 145 t hrough a WDM

coupl er 140. The clock signal is anplified to around
16. A method according to claim 15, wherein the second input signal

5 comprises a stream of clock pulses.

17. A method according to claim 16, wherein the power of the first input
signal is arranged to be substantially smaller than the power of the second input
signal, thereby determining that the ou’tput_signal comprises perturbed spectral

10 components of the first input signal.

18. ' A method according to any one of claims 13 to 17, wherein thé perturbed
spectral components substantially représent an AND function of the two input
signals. B

15 _
19. A method according to any one of claims 13 to 18, inciuding the further

step of filtering the bdtbut signal to remove any unperturbed spectral components.

20. A method according to any one of claims 17-to 19, including the further
20 step of temporally shifting each one of the discrete wavelength components of the
output signal to provide a signal having the temporal form of a time division

muitiplexed si§hal.

21. A method accordlng to claim 20, using chromatlc dispersion to provide the

25 temporal shlfts

22. A method according to either clairﬁ 20 or claim 21, including the further
step of introducing the resuitant optical data signal into a second non-linear optical
device along with a clock signal havin_g a period substantially the same as the
30 period of the resultant signal, said clock signal ‘arranged to have a substantiaily
smailer power level than said resuitant signal, whereby the second non-linear
optical device provides an optical output signal including perturbed clock signai

portibns resuiting from cross phase modulation of the data and clock signals.

This Sheet Has Been Reﬂlaced
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12dBm and the NRZ signal is anplified to between 1 to 3dBm The TWSLA 145
10 is a bwdegpesce, wWith a coupling |oss of -6dB per facetpcrbhdsppsin 2 *
TWSELA provi des XPM awmy el'enent providing a sinmilar function would be
sui tabre, T this case. - A cyclic filter 150 (described in

nore d ™ ] reference to Fi gure 2) whi 5= AE-ed-
usi ng ﬁ"ﬂU" ﬂmlllﬁgi tionin a birefringddt fibre, [STHEGHEETHAS.
frequeney di Scrimm +on function downstream of the TISLA 1BBPLACED

process all four channels sinultaneously. The filter CyCIe IS -0, 7mmT—amn
t he extinction ratio is about 30dB. Essentially, the filter 150 renoves
t he unpert ur be2B. Amethododcepidingita claigi §Rainslufingeartaaging rtbei secandmunrinesrs )

ook i gnal . e BevBeSo rereifiy oW &6l Rt IRk *Ri 4sf of el e oia, "

sel ects one ofpréddetetminedM®el. channels, for bit-error-rate (BER)
measur enent gPur poses. An error detector 158 conpares signals sel ected
by the band“pass filter 154 and received by an opti cal recei ver 156,

W th copi es of24.he A giethal adcordihd eo RRhércElRing @26sradisim 280inciuding the furtherThe
results of the BER nepasurenents for each of the channels in turn are 25

descri bed bel cfeRWPE HiterRgteRAtIcELOYPYY Figny with a narrow passiiend fiiter &0 gqmeeve; o

Figure 2, the gupslahtally Antlﬁfpeazﬁﬁbea%gpéﬁa%n%néﬁteut 200 to a_conbi nati on
of a polarisation controller (PC) 210 and a pol ariser 220. The PC 210

and the polariser 220 are tuned to ensure that an optical signal entering

tengl o f T ingbefzd?as A Wettod MR groGILinCs Aultid bfdhnel fafurh Go 240 data sighbiesH & ©

muitiple channel non-return to zero data signal, said method comprising:

introducing a multiple channel non-return to zero data signal ‘into a non-
linear optical device; B

introducing a clock signal having a repetition frequency at least as high as

15 the highest data rate non-return to zero channel into the device; and

arranging the respective signal power levels to provide an output data
signal including perturbed data signal portions resuiting from cross phase
modulation of the data and clock signals, thereby providing an output data signal
comprising spectral components corresponding to a return to zero representation of

20 the non-return to zero data c¢hannels.

26. An optical processing system for converting an input optical data signal
: compi'ising a plurality a discrete wavelength non-return to zero data channeis to an
output optical daté signal comprising a single wavelength time division multiplexed

25 signal, said system comprising:

a first non-linear optical device arranged to receive the input signal and a
first clock signal and to provide an output optical return to zero signal
representation of the original non-return to zero signal, said input signal comprising
a plurality of discrete wavelength non-return to zero data channels having a

30 relatively low optical power and said clock signal comprising a puise train having a
frequency at least as high as the highest data rate data channel and a relatively

high opticai power;
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30 adj ustment of the input polarisation. An optical anmplifier

230, domns“kﬁﬁﬂbgﬁ the polariser 220, is included to coqqﬁ%%@kﬁ ro»
signal |osses due to the gnitial polarisation selection stage. Any 2 WO
96/ 13104 SR

PCT/ GB95/ 02471 _ 9 f or m of
optical anplifier can be used, although a suitable |ength of erbium doped
optical fibre is preferred. 1/The optical signal, having passed

t hrough the pol ari sation sel ection stage, has a wel | -defined

pol arisation. .In the filter 150, the periodic spectral shifts 5 inposed on
the reference beam by the data pulses in the TWSLA 145 experience a

wavel engt h- dependent pol arisation rotation in a birefringent elenment 250
positi oned downstream of the anplifier 230. The birefringent elenment 250 in
this
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case is a birefri ngent fibre which has a length of 100m and a pol arisation
node n of 10ps. By optimsing a polarisation c 260;
which is mlg#gd 10 dagnstream of the birefringent fi bre?’%ﬁ#’ﬁ%ﬂ

spectral Iy un-shifted corrponent of the wave formis bl ocked by a
pol ari ser 270 positioned downstream of the pol ari sation controller 260,
resulting in the transm ssion of 10% of the |ight I nci dent on that

pol ariser. The 10% of the light consistz/pf a train of wavel ength-
converted pul ses, where the pul ses effectlvely correspond to a RZ

representation 15 of the original Fig § Gt her known types of
wavel ength filtering arrangenent can‘e r epl ace the cyclic filter

arrangenment descri befl; TOr exanpl e Vach Zehnder Tnierferoneters |} or
Fabry Perot interfergmeters. Figure 3 shows the spectra
br oadeni ng stages of jone selected NRZ 20 channel. Trace A represenfs the

un- br oadened NRZ. chahnel . trace B represents the NRZ channel spgctrally
br oadened by alQd B ‘Efﬁ%e, and trace C shows the cw - conponent [enoved

by the cyclic filter InEL(Hr 4, the spectral peaks a} the
DFBwaveIengths(D[er]), with and W

t thg clock wave form/|are the
unconverted rl@dBiual [NRZ si gnal s which are enoved by the cyclif filter

when its stop/dinds hre aligned with the & Figures|3 and 4
show that the spectr & i i %Si ng "biased tp the
| onger wavel engt h si ; chanismin the TWSLA

145. Because of the § t he

—20dBm !

to renove

=50dBm ] 1 L ] 1 ] 1 ] 1
1.5521um 15546um 1.5571um
RES:0.1nm 0.5 nm/div
Fig.4
WITHOUT
CLOCK ™=
-15dBm [~REF 'P
5dB |
/div WITH CLOCK
-30dBm

-45d8Bm 1 ] ] 1 1 1 1 1 1
1.541um 1.551um 1561um

RES:0.1nm 2nm/div
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un- broadened parts with only -5dB insertion | oss for the broadened signals.
The 30 alweyygasieaof the four wavel engths with respect to tperiddeksiszpass
bands is realised by‘g-fine tuning of both the tenperature an I as
current of the DFBs 100. Figure 5, shows eye diagrans for al
four wavel ength channels. As can be seen, the diagrans do not show
patterning effects, which are conpletely WO 96/ 13104

PCT/ GB95/ 02471 377 10

suppressed by the strong clock signas. The pul se widths of the cgnverted Rz
signals are - 1 5ps (assum ng Gausséﬁn pul se shape) which is ver® close to
t he cl ock pulse 0

TIo de he | ow
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shown in Figure 6. The receiver 156 sensitivity (@ER = 10[err]) spread
anong the wo9sA3mdannels is -1.5 dB, and there is no noti ce®drGeesngs7if | dor

at BER = 10[err] illugtrating the excellent performance of the schene.
Figure 7 illustrates a systemsuitable for converting four NRZ optical 10
signals at different wavel engths into a single OIDM channel . In

the system a clock signal conprising equally spaced optical pulses is
generated by an external cavity sem cohdut or | aser 710 (1545nm

node- | ocked at 10 GHz, with a pulse width of 13ps (assum ng Gaussi an
pul se rate) and a tine- bandw dt h product of -0.45. 15 Four
WM format NRZ channels (1554.2nm 1 556nm 1 557nm 1 558.4nm are
generated by four cw DFB | aser di odes 700, which produce beans whi ch

are nodul ated by individual nmodulators 730 (to nodel four separate

wavel engt h channel g . oSl WM fi bre
coupl er 705. The cqmbined signal is then preferably passed irfftd an opti cal
20 el enent 708 whilch simul ates the effects of an optical conmunications
link, for exangl e by dispersing and attenuating the signdl _ In
practice, a link ngy be t housands of kil onetres |ong, q way include
one or nore stages |of anplification, si gnal regeneratfon,j andl or
switching. Thus, tHe paraneters of the el enment 708 y bg varied to
sinmulate different |l i nk paranmeters. The el enent 708 qoRpri se
conbi nati ons of difjferent types of optical fibre, dfperstve [efenents and
maybe | oop mrrors,| however, the actual arrangene dgpﬁnds dn the effects
to be ‘/‘
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simul ated. For ‘the purposes of denobnstration, optical elenent 708 may be

omtted fr st em al t oget her. The cl ock an t -
WDM dat a s%gf}g‘”ge anpligied in erbium 30 doped opt.i cal f%&%’%l iers
720 and 722 whi ch provide the necessary signal | evel s for subsequent
stages: the clock signal is anplified to around 12dBm and the NRz
format signal between 1 to 3dBm The signals are then fed into a TWSLA

WD 96/ 13104 5/7

PCT/ GB95/ 02471 . 745 through a WDM coupl er 740. The TWBLA 745 is a
bul k device, with a coupling |l oss of -6dB per facet. A
cyclic filter 750 (descri bed above,“é\Mth ref erence toulfi gure 2), whigl is

\

7 - :

o \
o ;“r 9 ~ \o
~ r~ ﬁ ~ [+o]
~ ~

0
33 ~-
N

/750

/745

Fig.7.

710

70_8,

740
\

/730

L& 4L

SUBSTITUTE SHEET (RULE 264

o
=
N~



i npl ement ed using polarisation rotation in a birefringent fibre, perforns a
frequency wognsfai mnation functi on downstream of the TWELAci4ss ocess
all four channel s si mgtaneously. The filter cycle is -0.7nm and the
extinction ratio is about 30dB. Essentially, the filter 750 renoves the
unperturbed part of the data signals (the background conponent) passing
signals that are coincident with, and therefore chirped by, the clock
signal. 10 The out put of the cdeAZ filter 750 is dispersed by a

di spersive el enent 760, this element being a |l ength of standard opti cal
fibre. For WDM channel s 1.4nm aggr ps del ay between adj acent
channel s requires 17.8ps/nm of |4 ¢&2o0n, which is provided by around
1 km of standargljoptical QL bre. Alternatively, any length of suitably
di spersive optical fibre, gwhich provides the 15 required anount of

di spersion, coul ¢ be used The di spersed signal is anplified by
an anplifier 726jand is fg¢d into a second TWSBLA 770, through a DM
coupl er 765, alohg with alJcw reference signal anplified by an anplifier
724 and ori gi nat i it ] ctor | aser
772. The WDM pul se streat®4% anplified to a mean optical 20 power of +
12dBm and the co-propagating cw reference signal is anplified to a mean
optical power @]4.9dBm Opti Wal |l yX a sdparat€ optically
anplified countef-propagating (or co- ropadatin cw PFB punp beamis
injected into the second TWSLA 770, from B sejm conductor | aser 775,
to suppress the glata patterning effects that m ght

1554.0 15556 1557 15584 "
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25 otherw se occur due to tenporally non-uniformcarrier density dynam cs.
The secondwDAfsl1310470 i s a pol arisation insensitive bul k-1 ayg ﬂ‘i@d%)gq th‘
a peak wavel ength of 1.54®m operating with a DC bias.current o

filter elenent 780 positioned downstream of the TWSLA 770, conprises a
tuneabl e band pass filter and polariser which is used to elimnate the
residual 30 anplified spontaneous em ssion and to define the polarisation

of the reference signal at the outPld¥ of the TWBLA 770. The filter 780
is typically simlar to the cyclic filter 150 descri bed above wth
reference to Figure 2. However, for this filter, enphasis is placed on -
a single accurate pass band and stro Ig] gtlon about MO 96/ 13104

: 12
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the required output signal wavel ength, rather than on four equally

efficient pass and rejection bands. - Figures 8A to 8G .
represent the spectra-of ghe pul sed clock signalfEs ed CL) and .
t he four wavel ength channel s (designated W X, ’ TEDS@JQ@@Q S .
corresponding locations Ato Gon Figure 3. As gjan beRrepE;
channel s (WE1554. 2nm X=1555. 6nm Y=1557nm '\6*"‘-*---:\
are wavel engt h broadened, as represented in Figure 8C, by
cl ock si gnal Pre-emghasisiteshyiquesoafe not a7 wopastani coppigaration oy amsleauasﬂmthhe
channel s hay, f C he
filtering. F?gg'rvggg%errnesbr?géﬁgg%%gﬂ tﬁ&ﬂf?%lfes Wﬁgﬂ'ﬁg? aRUi g‘r:tgg\g\% ({?ythg
conver si on b@esﬂgﬂa ofva r@fmsmgﬂ@lﬁ&l svstetrheconsldesahty)rmmmm iﬂmllflero(m

si ngl e wavel Figure 8G represents the resul tant OTDM
si gnal at 1 ér})] %HQMF%F% cw background of the reference si gnal has
been filt&red aWayRecognlsmg the Ercgiuém DA t scatdbilitg prasseciatddhewithmewnmyi ng

characteristics of, the ¢ m four channel sﬁgdem nat eg L W, X, z Z)
R tor 1 oetSTmaPiSeios STy Ryl &t Ahe Same giey SRAvRFIgHipe det WU, bes 36
represents padvaRtagelsOCfer SéxHniple ﬁhﬂw Q)agﬁvé eﬂérﬁﬁl@iﬂte%n% the Qﬁblﬁzaﬂ% tve

superinposed onto all four channels atacgatterns are the sane for
each channel congideredh thatide fswreﬂa?rptry'}sht bpg‘un@e forr ¥ppl-eptical qomEMeieHiANSof

the Fi 1 StethR VAR i gﬂfpb&hﬂﬁmsnhstssde%ﬁmnwm #heelc8q 4 2 10l 58k and

the clock 20 pulse sig ure s an 1 dealised superposition of
wave for i@ vxﬁEDM trafflphéegsmnamtgrmpnw dresinkwhouwses)i nanst ssolitare tmiﬁd: dlegooe

closely reseﬁmrﬁ\a"ﬁoﬂ'sﬁbw-lt?an&lgw). To be effective, such an optical network would also

need to be able to convert between any two of the traffic formats empioyed,

otherwise universal interconnection to, and ‘information interchange across, the
network would be restricted.

15 Presently, generation and transmission of WDM, OTDM and soliton optical
signalling formats is known and has been widely reported. Also, Lacey, et al. “All
optical WDM to TDM transmulitiplexer”, Electronics Letters, 15 SEPT. 1994, pp
1612-1613, proposes WDM to TDM conversion firstly by splitting the WDM signal
into its constituent channels using wavelength selective filters and mixing each

20 channel with a clock pulse in separate respective optical amplifiers. This has the
effect that gain compression causes wavelength conversion and reduces the width
of the WDM data pulses. Then, each channel is delayed by separate respectiv__e
optical delay lines having - different delays, and finally all the channels are ré.’-.
multiplexed using an optical coupler. Bigo, et al, “Bit-rate énhancement through

25 optical NRZ-to-RZ conversion and passive time-division multiplexing for soliton
transmission systems”, Electronics Letters 1994, vol. 30, pp 984-985, proposes
using an optical loop mirror as an AND gate for an NRZ data signal and a clock
signal to provide NRZ to RZ conversion. Further, Bigo et al. proposes multiplexing
a plurality of these AND outputs to provide bit-rate enhancement (TDM).

30 Throughout the present description, the terms “square” and “pulsed”, with
respect to wave forms, are intended to be synonymous and interchangeable with

“NRZ"” and “RZ" respectively.
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or glitch, in the data pattern. The output of the filter 750 is represented
in Figure 9D. It can be seen in this figure that all but the perturbed
(cross-phase nodul ated) < portions of the wave formare f!_I:t_er_e_q out; . .
| eaving a pulse train corresponding to a 25 RZ representation of the ** =~
original NRZ signal. The effe@ of the dispersive el ement 760
to di sperse each wavel ength channel by a different anmount is shown in

Figure 9E, where the \ pujl.se . train is converted to interl eaved
pulgses W, X, Yy, Z 9?%“%?%9 Pe+’éﬁFSMﬂH@ present, iy ek, Prayidesharpaptys dor
pattern rempricebsig 3NBvEIEHGH @RAISN hifigdI&Ea dHtiRAI sifnalS¥SthiRingther ei n only

the spectral conpositions of the pulses vary in accordance Wit h _Fi gures
8A to 8D. input Ageangetostgceive fitstsentical bignalpandei secend topticalysigmats i n
Figures 1 andaid fifdtabptical sigﬂ%ly cBR\HHQlﬁg' Bt QeX@Y Sw8' dSA 'RbAISUSt YNferent
present invention. Particularly, the non-

14 5 wavelength and s#id spgonto $@tical signal being of a single wavelength and
CLAI V5

comprising a stream of pulses, the pulses having a pulse repetition rate at least as
high as the bit rate of the highest data rate data channel;

a non-linear 6ptical element having input means to receive said first and
second optical signals and output means to provide a third optical signal, the third

10 optical signal being representative of a logical AND function of the first and second
optical signals and comprising pulses each having wavelength components
corresponding to the respective data channels; and _

means to apply a wavelengtl*_\-deﬁendent delay to each wavelength
component of the third optical signal to provide a fourth optical signal.

15 This apparatus forms the first part of an overall apparatus for carrying out
NRZ to RZ conversion.

By correctly placing the apparatus, for example, in a metropolitan area
network (MAN), standard WDM NRZ signalling can be employed for all traffic
within the MAN, whilst long-haul traffic, for example to a second, far-removed

20 MAN can be routed across a soliton supporting communications link, by converting
the NRZ format signal to a RZ format in accordance with the present invention,
and subsequently to a soliton format signal by a known method. This approach
has the advantage that all sources and wavelength converters/switches within
each MAN need not necessarily be soliton compaﬁble. Thus, advantageously,

25 existing WDM infrastructure can be maintained, minimising the capital cost of

installing the system.
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1. Apparatus for processing a wavel ength division nmultiplexed optical
si gnal , conprising: 5 I nput neans to receive a first opticat
signal and a second opticg signal, said first optical signal . :
conprising at |least two data channels of different wavel engt h- and sald.f
second optical signal being of a single wa glength and conprising a
stream of pul ses, the pulses having a pulsé repetition rate at |east as
high as the bit rate of the highest data rate data channel; 10 a
non-|inear optical HEieementinkary optical nglemnent anefetably evaiprises aa drdvelling aade

. d t s, .t athrdotlcal si gnal ,
The i ra ¢ ermbSictoriader Aichicr (SR80 Inf AR, Sl piesienfice: on
“of the fi rslt pmcidede,cbandng a pOlSéerpétlt&irﬂFabfiatalﬁd?tC@fTﬁfgfs lal&hetulh@ﬁésé ltﬂﬁFé"te

h t correspondi ng to the respective data
cﬁé'r]ﬂ& \gave 3}‘]’%“5] chanfel, ' @%‘@Gag\bm%uéﬁt%%@ EWRUA garpiendensityddmagsing
each wavel snwrbss-phas@ommronofcxbm bR Wbmptdhsahe@' sfwag&@rrgormva% the .

fourth opti cal S|gn Appar atus according to aim1 ein
the del ay ned¥p IE@Frprihgcresuit of ‘thel XEB is; B \speetralivebroadenedoViM digra! wmoem. c

di spersion. 2He WDM signal is coincident with the clock pulse signal.
When the optical signals are spectrally broadened by XPM in a non-linear
element, the apparatus preferably further comprises a cyclic filter downstream of
10 the non-linear element to perform a frequency discrimination function. The cyclic
filter eliminates the un-modulated background of the WDM channels so should
have regular pass and stop bands, with a good stop band extinction. Suitable
filters include Mach Zehnder interferomete;s, Fabry Perot interferometers and
birefringent filters.
15 One form of suitable cyclic filter is a birefringent fibre incorporating input
and output polarisation. control. The filter selects the required wavelengths by

modifying the polarisations of each WDM channel in the fibre, so that the required
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3. ' Apparatus according to, claim2, wherein the:drFspersiyexetangent,

conpri ses a length of optical fi bre nmenber .
according to any one of the preceding clains, furtHher Eigg |
cyclic filter, downstream of the optical elenent, aﬁa’rag a. p.ass and

substantially centred at each of the different wav

FH:ELACEW%@D gREat US

third optical signal. 5. App%r atus according to claim4,
wherein the cyclic filter conprises a 30 birefri ngent el enent . 6.

Apparat us aceps difptatil RENNIHG % foP EnRBSR N o SHidurTBon oH smgle wavelength

conpri si ng:

10

15

20

25

OTDM systems, whereas such techniques would be an important aspect of the

design of a corresponding. WDM system, considerably simplifying amplifier (or

power) management.

Recognising the problems of scalability associated with WDM

. communications networks, but at the same time appreciating that WDM has many

advantages, for example simple passive demultiplexing, the applicants have
considered that in future there might be.a need for an all-optical communications
network which is potentially able to deal with WDM traffic (eg on a local scale),
OTDM traffic (eg ‘on international . trunk routes), and soliton traffic {eg on
information super-highways). To be effective, such an optical network would also
need to be able to-convert between any two of the traffic formats employed,
otherwise universal interconnection to, and “information interchange across, the
network would be restricted.

Presently, generation and transmission of WDM, OTDM and soliton optical

signalling formats is known and has been widely reported. Also, Lacey, et al. “All

optical WDM to TDM transmultiplexer”, Electronics Letters, 15 SEPT. 1994, pp
1612-1613, proposes WDM to TDM conversion firstly by spiitting the WDM signal
into its constituent channels using wavelength selective filters and mixing each
channel with a clock pulse in separate respective optical amplifiers. This has the
effect that gain compression causes wavelength conversion and reduces the width
of the WDM data pulses. Then, each channe! is delayed by separate respective
optical delay lines having different delays, and finally all the channels are re- |
multiplexed using an optical coupler. Bigo, et al, “Bit-rate enhancement through
optical NRZ-to-RZ conversion and passive time-division multiplexing for soliton
transmission systems”, Electronics Letters 1994, vol. 30, pp 984-985, proposes
using an optical loop mirror as an AND gate for an NRZ data signal and a clock
signal to provide NRZ to RZ conversion. Further, Bigo et al. proposes multiplexing

a plurality of these AND outputs to provide bit-rate enhancemsnt (TDM).



a sem cal el errent to receive the fourth optical si gna_l
and uul"l | cal si gnal - the fifth optical CORPH |
strea m u si ngl e wavel engt h and Im&PLAgEﬂ‘Eb‘GI

repetlf’l oh rlat st equal to the pulgse reptltloin I APR qgggth
second optical signal nmultiplied by theiamwger of datia Datd....channel-s:-—and
out put nmeans to provide a sixth optical signal, the skx
conpri si ng optical pul ses of a single wavel ength representative of a

| ogi cal AN fiunction.of -the ftourth a .0 S

An appar at us accoP‘&Pﬁ'gat't'%f% 8/05131%"19at"‘ﬁaé’e&“gél'égf"ﬁﬁo'gI%‘ﬁﬁ%’ex?ﬂﬁ%&ﬁﬁahs'ﬂﬂé or
at | east ongmpridiRg: non-linear optical elenents conprises a sem conductor
| aser anplifier. 8. An appar atus according to ‘any one of
the preckding cl ainpat mésrsetorededveoa fitsk ogtical sigsial and @beddnd opmicel sigealy

optical elengntg for art of an optical |oop mr _
P srg?d F Irs mficgl s%gnal compriFs)mg at leastp two doata channels of different

~wavelength and said second optical signal being of a single wavelength and
comprising a stream of pulses, the pulses having a pulse repetition rate at least as
_ high as the bit rate of the highest data rate data channel;

10 a non-linear optical element having input means to receive said first and
second optical signals and output means to provide a third optical signal, the third
optical signal being representative of a logical AND function of the first and second
optical -signalé “and comprising pulses. each having wavelength components
corresponding to the respective data channels; and

15 . means to apply a wavelength-dependent delay to each wavelength

component of the third optical signal to provide a fourth optical signal.

2. Apparatus according to claim 1, wherein the delay means comprises a
dispersive element for providing chromatic dispersion.

20
3. Apparatus accordiﬁg to claim 2, wherein the dispersive element comprises

a length of optical fibre member.

4, Apparatus according to any one of the preceding claims, further
25 comprising a cyclic filter, downstream of the optical element, having a pass-band
substantially centred at each of t‘he different wavelength components of the third

optical signal.

5. Apparatus according to claim 4, wherein the cyclic filter comprises a

30 birefringent element.

6. Apparatus according to any one of the preceding claims, further

comprising:



An apparatus according to any one of clains 1 t B=wherein the_gr
'Hm n-linear optical elenents co EMMNT@. EY |
eI ectro- o L'm”mn”m havi ng an el ectrical clock 3‘6
: An optlcalL c8mmiinications system cd@prising’ a

|nput neans.
c&)tARfaljgg& br ¢
transm ssion path for carrying a wavel ength division T preyee -—,-.__..,a__!
signal, a secgangie a[r)ld' cal,.fibre,trapsm ssion path for carryl ng a tinme

di vi si on mul ti pl ex rboﬁ't’i"beﬁf ORYcah glemend t%&qﬁv%m&ﬂﬁwttcﬁbﬂﬁw ¢nd and
n i si on
R L T A R

for converti mgglmmvakanggh amwahaﬁmaamsu dépwnibﬁ ity a‘?ﬂ@aﬁf r%‘u Fto the eulsn
precedi ng clai ns, An optical processing syste conVerting

an i nput opt TQP&F't'G’é.‘t &g ehéhe 3eEcopdmptice! signal mhultiplied 3byofthsd|nsmbet ®f data
wavel engt | data channe s to en out put optical data signal
corrprlsmg a smgq%'%el ength tine division nultiplexed Rz si gnal ,

sai d system conpri %'u'f'&it means to provide a sixth optical signal, the sixth optical signal

comprising optical pulses of a single wavelength representative of a logical AND

function of the fourth and fifth optical signals.

10 7. An apparatus according to any one of the preceding claims, wherein the or
at least one of the non-linear optical elements comprises a semlconductor laser

amplifier. N

8. An apparatus according to any one of the preceding claims, wherein the or

15 at least one of the non-linear optical elements forms part of an optical loop mirror.

. An apparatus according to any one of claims 1 to 6, wherein the or at
least one of the non-linear optical elements comprises an electro-optic modulator
having an electrical clock input means.
20
10. An optical communications system comprising a first optical fibre
transmission path for carrying a wavelength division multiplexed optical signal, a
second optical fibre transmission path for carrying a time division multiplexed
optical signal and means conneéting the first and second transmission paths for
25 converting a wavelength division multiplexed signal into a time division multiplexed
signal, said means for .converting comprising apparatus according to any ons of the

preceding claims.

11. An optical processing system for converting an input optical ¢ata signal
30 comprising a plurality ofdiscrete wavelength NRZ dzta channgls to an
output optical data signal comprising a single wavelength time division mukiplexed

RZ . signal, said system coemprising:



a fi’rstw device arranged to receive the |nput Si gnal and
m

a fir m“\ nd to provide an out put opti '
represent original NRZ signal, s |ntprz_anM‘f3‘ngﬁ‘"rﬁET
conpri sing *a Pl ut al k ty of discrete wavel engt h ,N

channel's having a relatively low optical pewer and- 5 Faidfie C. oc.é._.s,i-gﬂai"-
conprising a pulse train having a frequency at |east as hre
hi ghest data rate data channel and a relatively high optical power;
means to terrpor al I%/fleﬁtsrpmrwat IoetudalﬁresslcerarrameéItengtmve;@lnmmpems@nalf aridhe ,
out put opti s| gg % S ectlve re det erni ned _anounts to provide a-
wavel engt h- e‘r’P lﬁ'ﬁ UB‘L"PE N pYPUt OPYRZY - REng 10 Tepresentation of
second non ti devi r tQ €, ut
opt I cal -Rz“?é‘?ﬁ%'n’%“’ e ceconuPLr Ay "a‘?“c%*“é"?'s"*@ BEPH[L) 3Pt

si ngl e- wavehavgténgth NRZ put oplataceharRéls havigmal relasively iompuﬁtrc‘all @o@ler BAY I Ng
arelatively | ow opt|cal power and said clock signal conprising a pul se
train haw n§aid g %lgﬁggﬁéi,cgrnggquég@ pHlseytrain having a frequency at least as high as the

hrghest data rate data channel and a relatively high optncal power;

means to temporally disperse the different wavelength components of the
output optical signal by respective pre-determined' amounts to provida a
wavelength-interleaved output optical Rz  signal; and
10 a-second non-linear opti.ca'l device arranged to receive the resultant output
optical "RZ . signal and a second clock signal, and to provid.e a single-wavelength
output optical RZ , signa), said input signal having a relatively low optical power
and said clock signal comprising a pulse train having a -frequency substantially
equal to that of the Rz  signal and a relatively high optical power.
15
12. A method for processing a wavelength division multiplexed optical signal,
compnsrng the steps of:
introducing a first optical signal and a second optlcal signal, into a non-
linear optical element, said first optical signal comprising at least two data
20 ‘channels of different wavelength and said second optical signal being of a single
wavelength and comprising a stream of pulses, the pulses having a pulse repetition
rate at least as high as the bit rate of the highest data rate data channel, the
- optical processing means being arranged to provide a pulse stream representative
of a logical AND function of the first and second optical signals, where each pulse
25 includes wavelength components corresponding to the respective data channels;
and |
applying a wavelength-dependent delay to the third signal to provide a
fourth, delayed, optical signal.

30 13. A method according to claim 12, wherein the first input signal comprises &

plurality of discrete wavelength NRZ data channels.



equal to that of the RZ signal and a relatively high optical power. 15
1 2. A nethod for processing a wavel ength division nmultiplexed optical

si gnal., it he steps of: . introducing a_first
opti cal m‘uue“ﬂ"lmnmum nd optical signal, into ajnghs scemMeNTSREED 'Fi cal
el enent, %sai®d tir%t dptical signal conprising at |gast t d

channel s of different wavel ength and said second ot
single wavel engt h and conprising a stream of p Se 2 =HAavi ng
.a pulse repetition rate at least as high as the bit rate of the highest
data rate data channel, the optical processing neans being arranged to
provi de a pul se streamrepresentative 1df a logical AND function of the

first and second optical signals, where each pulse 25 includes wavel ength
conponent s rresponding to the respective data chapnels; ., and

appl yi ng a Wavel egdf‘ﬁ‘-hagp?é’ﬁﬂﬁ'?g %F@th.f’ﬁéﬁaﬂrﬁi Vg gﬁ'éﬁél“'ﬁ’&”ﬁ'l"&\ﬁ'aét%‘" :
fourth, del i i : : net " iml
2 herel n TptpdBER i roUdRENd a 1R ontital signdt E ARCAKE HbAIGar Sare!
wavel engt h elbddiZnt toapravidbaangkth. optical signal, the fifth optical signal comprising a

stream of-puls;s having a single wavelength and having a pulse repetition rate at
5 least equal to the pulse repetition rate of the second optical signal multiplied by the
number of data channels, the-sixth optical signal comprising }%%tical pulses of a
single wavelength representative of a logical AND function of the fourth and fifth-

optical signals.



17 . 14. %A method accoggd im1 Gl 'i&r@,'
conprising the step of i ﬁrggﬁﬁ?&lfhe fgu@r?ﬂc{z;ﬁd a fiéh 8P| si grtal
knto a second | i near @RokibANTELLECRIAE PROMERTY ORENBMIMEGR A Si Xt W cal

signal, the fTfth optical signal colfjsmstiempliyrey stream of pul ses having a
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(57) Abstract

: An all-optical processing system is described for converting or interfacing optical signals from a wavelength division multiplexed
(WDM) form to an optical time division multiplexed (OTDM) form, where the initial WDM signal typically comprises a non-retum to
zero (NRZ) signalling format. The system comprises a plurality of NRZ data modulated, cw optical WDM channels (w, x, y, z), which
are cross-phase modulated, and thus are spectrally broadened, in an optical non-linear element (745), by a strong clock pulse signal. The
resultant signal comprises an RZ representation of the original NRZ signal. The RZ signal is temporally shifted by a dispersive element
(760), which temporally shifts cach wavelength channel by a predetermined amount, to produce a wavelength-interleaved OTDM signal.
The signal is then wavelength converted by cross-phase modulation with a cw control beam in a second non-linear optical element (770),
to provide a single wavelength OTDM signal,
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1. Apparatus for processing a wavelength division multiplexed optical signal,
comprising: '

5 input means to receive a first optical signal and a second optical signal,
said first optical signal comprising at least two data channels of different
wavelength and said second optical signal being of a single wavelength and
comprising a stream of pulses, the pulses having a pulse repetition rate at least as
high as the bit rate of the highest data rate data channel;

10 a non-linear optical element having input means to receive said first and
second optical signals and output means to provide a third optical signal, the third
optical signal being representative of a logical AND function of the first and second
optical signals and comprising pulses each having wavelength components
corresponding to the respective data channels; and

15 means to apply a wavelength-dependent delay to each wavelength

component of the third optical signal to provide a fourth optical signal.

2. Apparatus according to claim 1, wherein the delay means comprises a
dispersive element for providing chromatic dispersion.

20
3. Apparatus according to claim 2, wherein the dispersive element comprises

a length of optical fibre member.

4, Apparatus according to any one of the preceding claims, further
25 comprising a cyclic filter, downstream of the optical element, having a pass-band
substantially centred at each of the different wavelength components of the third

optical signal.

5. Apparatus according to claim 4, wherein the cyclic filter comprises a

30 Dbirefringent element.

6. Apparatus according to any one of the_ preceding claims, further

comprising:
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An apparatus according to any one of the preceding claims, wherein the or
at least one of the non-linear optical elements comprises a semiconductor laser

amplifier.

8. An apparatus according to any one of the preceding claims, wherein the or

15 at least one of the non-linear optical elements forms part of an optical loop mirror.

9. An apparatus according to any one of claims 1 to 6, wherein the or at
least one of the non-linear optical elements comprises an electro-optic modulator
having an electrical clock input means.
20
10. An optical communications system comprising a first optical fibre
transmission path for carrying a wavelength division multiplexed optical signal, a
second optical fibre transmission path for carrying a time division multiplexed
optical signal and means connecting the first and second transmission paths for
25 converting a wavelength division multiplexed signal into a time division multiplexed
signal, said means for converting comprising apparatus according to any one of the
preceding claims.

11. An optical processing system for converting an input optical data signal
30 comprising a plurality a discrete wavelength square wave data channels to an
output optical data signal comprising a single wavelength time division multiplexed

pulsed signal, said system comprising:
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a first non-linear optical device arranged to receive the input signal and a
first clock signal and to provide an output optical pulsed signal representation of
the original square wave signal, said input signal comprising a plurality of discrete
wavelength square wave data chanhels having a relatively low optical power and
said clock signal comprising a pulse train having a frequency at least as high as the
highest data rate data channel and a relatively high optical power;

means to temporally disperse the different wavelength com'ponents of the
output optical signal by respective pre-determined amounts to provide a
wavelength-interleaved output optical pulsed signal; and

a second non-linear optical device arranged to receive the resultant output
optical pulsed signal and a sedond clock signal, and to provide a single-wavelength
output optical pulsed signal, said input signal having a relatively low optical pbwer
and said clock signal comprising a puise train having a frequency substantially

equal to that of the pulsed signal and a relatively high optical power.

12. A method for processing a wavelength division multiplexed optical signal,
comprising the steps of:

introducing a first optical signal and a second optical signal, into a non-
linear optical element, said first optical signal comprising at least two data
channels of different wavelength and said second optical signal being of a single
wavelength and comprising a stream of pulses, the pulses having a pulse repetition
rate at least as high as the bit rate of the highest data rate data channel, the
optical processing means being arranged to provide a pulse stream representative
of a logical AND function of the first and second optical signals, where each pulse
includes wavelength components corresponding to the respective data channels;
and | :

applying a wavelength-dependent delay to the third signal to provide a
fourth, delayed, optical signal. '

13. A method according to claim 12, wherein the first input signal comprises a

plurality of discrete wavelength square wave data channels.
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14. A method according to claim 12 or claim 13, further comprising the step
of introducing the fourth and a fifth optical signal into a second non-linear optical
element to provide a sixth optical signal, the fifth optical signal comprising a
stream of pulses having a single wavelength and having a pulse repetition rate at
5 least equal to the pulse repetition rate of the second optical signal multiplied by the
number of data channels, the sixth optical signal comprising optical pulses of a
single wavelength representative of a logical AND function of the fourth and fifth

optical signals.

10 16, A method of producing a multiple channel pulsed data signal from a
multiple channel square wave data signal, said method comprising the steps of:
introducing a muitiple channel équare wave data signal into a non-linear
optical device;
introducing a pulsed clock signal having a repetition frequency at least as
15 high as the highest data rate square wave data channel into the device; and
arranging the respective signal power levels to provide an output data
sign'al including perturbed data signal portions resulting from cross phase
modulation of the data and clock signals, said perturbed data signal portions
corresponding to a pulsed signal representation of the square wave data channels.
20
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