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ALL OPTICAL REGENERATION TECHNIQUES
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ENSSAT / Université de Rennes, 6 rue de Kerampont, F22305 LANNION, FRANCE
Phone: 33 (0)2 96 46 66 92 Fax: 33 (0)2 96 3791 ®-mail:simon@enssat.fr

Abstract. Basic principles of all-optical signal regeneratiare presented, and main state-of-art
techniques are reviewed. Optical fiber and semiootad based devices are addressed, and some
recently reported 2R and 3R signal regeneratioemxgnts are discussed.

RésuméLes principes de base de la régénération tout wptie signaux de télécommunication sont
présentés, ainsi qu'une revue des principales tgobs actuellement étudiées, concernant
principalement les dispositifs a fibore et a semmducteurs. Quelques récentes expériences de
régénération 2R et 3R sont également considérées.



1. INTRODUCTION

Record terabit/s point-to-point transmission systemaer more than 2000 km have been reportgd [
based on dispersion managed non-linear transmigsicdmiques, without need for any regeneration
device, except for simple linear optical amplifiekbowever, if terrestrial photonic networks featgri
dynamic routing capability are considered, morenggifrated regeneration schemes could be necessary
order to compensate for signal quality discrepanbetween high data rate WDM channels which could
be routed at different times over variable distancalthough classical optoelectronic regenerators
constitute an attractive solution for single chdanemgle data rate transmission, it is not cleaether
they could be a cost effective solution in a tredwrsly growing data bandwidth scenario. All optical
regenerators, based on components which can prmesss well as high bit rates signals could be an
interesting alternative. In this summary, we byiakview 2R (reshaping repeater) and 3R (retiming,
reshaping repeater) optical regeneration schemesifh speed optical signal processing, based on
different technologies such as fibers or semicotatac

2. MAIN SIGNAL DEGRADATIONS:

Main signal degradations in fiber systems arisenframplified spontaneous emission (ASE) due to
optical amplifiers, pulse spreading due to grouppaiy dispersion (GVD), which can be corrected
through passive dispersion compensation schemearigation mode dispersion (PMD). Non-linear
distortions due to Kerr non-linearity, such as sfrphase modulation which can be responsible foe tim
jitter in WDM systems, or Raman amplification whican induce channel average power discrepancies,
could impact system performance in 40 Gb/s (arcbafse above) WDM long haul systems.

3. PRINCIPLE OF 2R AND 3R OPTICAL REGENERATION:

3.1 2R regeneration:

If time jitter is negligible, simple amplificatioand reshaping processes are usually sufficientaiotain
signal quality over long distances by preventingnir noise and distortion accumulation. A 2R
regenerator mainly consists of a linear optical l#mepfollowed by a data-driven non-linear opticgdte
(NLOG). If the characteristics of gate transmissi@rsus signal intensity yields a thresholding and
limiting behaviour, then signal extinction rationche improved and ASE amplitude noise partly reduce
There are two different schemes for 2R regenerdsiea fig. 1):

)] " 2R self-regeneration” scheme (fig. 1-a) in whilcl incident signal propagates on the same
optical carrier throughout the reshaping gatehls tase, incident signal is usually tranferred
with an improved extinction ratio but with onlyrgal noise reduction, depending on the
shape of the light transmission versus power slépe example, if the gate is a saturable
absorber, noise on symbol "0" is reduced whils@@n symbol "1" is increased or at best
not changed. In the case of a saturable amplitiee, opposit situation occurs. This
regeneration scheme is the simplest one. The ctrmaio of the gate (ratio of transmission
factor of "1" and "0") generally need not be vergthin most of applications, typically 5 dB.

i) " 2R cross-regeneration” scheme (fig. 1-b): in dase, the data are fed to the gate together
with a "clean" (low noise) CW laser light sourcdjigh intensity is non-linearly modulated
by the data. If the transmission versus power cyrekls a steplike shape, output signal
extinction ratio (ratio of symbol "1" power to synild0" power) can be improved wrt input,
and normalized noise variance can be reduced dn"fbtand "0" symbols. In addition, the
accumulated chirp can be suppressed. However ¢henmse usually requires an optical filter
to reject the incident wave, and also a good cenhtratio of typically 10 dB. Note that
regeneration can be obtained even if the gatevextimg, e.g. with a saturable amplifier.



A common requirement for 2R regeneration schemekeigesponse speed of the gate : the gate
transmission has to « adiabatically » follow thetamtaneous signal power, which requires a gate
recovery time usually much shorter than the bitetohration.
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Figure 1: sketch of 2R regeneration schemes with non-invggates: a) self-regeneration ; b) cross-regeinarat
schémas de principe de régénération 2R admapertes non-inverseuses: a) auto-régénératjaigkbnération
croisée

3.2 3R Regeneration

When jitter accumulation is also a problem, e.gingwto cross-phase modulation (XPM) in WDM
systemsor pulse edge distortions due to finite response f non-linear signal processing devices (e.g.
wavelength converters), or uncompensated polaoizatiode dispersion, then 3R regeneration might be
necessary. Here again, we can consider two difféypes of resynchronising regenerators.

i) "Data driven” 3R regenerator (3R): fig. 2 shows Ilasic structure of a conventional optical
3R regenerator?], in which the non-linear optical gate is "datéaven”. This scheme mainly
consists of an optical amplifier, a clock recovetgck providing an unjittered short pulse
clock stream, which is then modulated by a dateedrnon-linear optical gate block.
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Figure 2: Principle of optical data driven 3R regeneration
Principe de régénération 3R a commandéepgignal d'information



In this case the contrast ratio needs to be highO(®B) but the gate recovery time can be of threesa

order of magnitude than the bit time slot, at lasken clock pulses are short enough. Notice that th
scheme is simple with an RZ format, but could dsoimplemented for an NRZ format, with some
additional complexity.

i) "Synchronous Modulation" 3R regenerator (SM3R)s tteachnique is particularly efficient
with “pure” soliton pulsesd, 4]. It has recenntly been adapted for dispersionagad (DM)
soliton transmission systems [Leclerc et al.]. dinsists of combining the effects of a
localized "clock driven"” synchronous modulation ddita, filtering, and line fiber non-
linearity, which results in both timing jitter rechion and amplitude stabilization Fig. 3
shows the principle of one of the possible SM3Reswds for DM soliton. The high
dispersion fiber first converts the amplified puisto a “pure” soliton. The filter blocks the
unwanted ASE, but has also an important role ibiktang the amplitude in the regeneration
span. The data are then synchronously sinusoigalijulated through an intensity or phase
modulator, driven by the recovered clock (herelantacally recovered clock).

Clock recovery

High Dispersion fiber

£ o o—

EDFA filter AM/PM

Figure 3: Principle of synchronous modulation (SM3R) optieajeneration
Principe de la régénération 3R par modulatiortisgone

Let us consider for example the case of synchromowemnsity modulation: the modulator imposes a
sinusoidally shaped transmission, with a well suigxtinction ratio. The maximum transmission is
centered on the time slot center. If a pulse ise"|athe transmission vs time slope of the modulato
transmission is negative (closing), and will ati@ieumore the trailing edge: the pulse is thus desto
and owing to subsequent non-linear propagationdisterted pulse will recover progressively a tewli
shape (with some energy loss to continuum), bugnergy centre of gravity will move closer to tiad
slot centre where the modulator transmission isimarn (stable point). A symmetric reasonning holds
for an "ahead" pulse, for which the leading edgmdse attenuated than the trailing edge, so theepsl
pulled back to the time slot center. Note also that‘out of time slot” ASE backround is attenuated
Phase modulation is also a way to correct timitigrjiwith the interplay between modulator induced
frequency shift an chromatic dispersion effesis |

4. BASIC FEATURES OF RESHAPING (2R) OPTICAL REGENERATION:

We would like to stress here some basic featuragsifaping regenerators (we assume first no timing
jitter). The main interest of 2R optical regeneratiis to prevent from noise accumulation in a
transmission line including a cascade of opticapl#irrs. Ohlen et al.q] have shown that the signal
BER accumulation scales as:

BER= exp{— k%aj for linearamplifiers

BER= Nexp-kSNR for perfect2R reshapers



whereSNRis the signal to noise rati®| is the rank of the repeater akda suitable constant. One can
obviously see the advantage of avoiding noise aotatron with a reshaping repeater, as BER
accumulates only linearly. So the key point willtbdocate the repeater at an early enough stagedar

to start with a very low BER, depending of the &ted link.

Ohlen et al. [6] have proposed a non-linearityapeter y which is well suited to optical or
optoelectronic repeaters of the 2R “cross-regeioeratypes. We propose here to use another ddganip
which also applies to 2R “self-regeneration” typasd also accounts for finite “low” input level
transmission factor which can be responsible for ideal improvement of signal extinction ratio.

A non-linear optical gate has a typical power traission versus input power curve as shown in fig.
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Figure 4: Non-linear optical gate parameters
Parametres d'une porte optique non-linéaire

We propose here some parameters which allow tohiputharacterize the NLOG. We consider
characteristics points A and B. Point A correspaiodshe input powePminwhere the non-linear regime
starts with increasing power: at this point, westdar the transmission factor is 10% higher thanziro
input power transmission. Similarly, point B copeads to an input pow&maxwhere the transmission
is 10% below the maximum gate transmission. Lezfne:

Contrast Ratio:

CR =Tmax/ Tmin

Discrimination Factor: DF = (Pmax-Pmif/ (Pmax+Pmin)

Threshold power:

Noise transmission factor NTF

Rh= (Pmax + Pmir2
_ B, dT .
- 0ss = —7———— for cross-regeneration
T(R,)
NTF,, =1+%d—T for self-regeneration

in

in

These parameters could as well apply to an invgegate (such as a saturable amplifier).
A good non-linear gate efficiency is thus charazést by a hightCR, smallDF andNTF <1 figures.

4.1 Power probability density function evolution through a reshaping gate:

The aim of a reshaping gate is to improve #ignal noise characteristics, which can generally be
represented by the optical field probability densiinction (pdf). If we only consider intensity daplent



nonlinear processes, and focus only on the powkiitprin be easily shown that the output powergref
given by the following expressions:

)] "Cross regeneration™:

First, if we consider an in put processa nonlinear transformatidnand the resulting output process

we have:
y=f(x)
2,(y)= o ()52~ with {p,:pdfof X
fif (y) P, pdfof Y
Equation 1

Now we conside$, D, TandR for the optical intensity of CW laser light soey® the optical intensity
of Data ,T the transmission of NLOG arRlIthe optical intensity of regenerated data. We h&= SxT

and T = f(D) with f the transmission function of the NLOG. We nqte (x) the probability density
function of x variable. We can write :

pr(r) = J‘Om Ps (S) o (sz ds

Equation 2

If we combine equation 1 and 2, we obtain :

oot = [l (L]t

Equation 3

The CW laser light source has a low noigg(s) = d(s—s,, with sn the mean optical power.

We obtain :
S r
Pa(r) = po[f {s—

Equation 4

Let's now use these results in order to considesiinal BER evolution in different circumstances

4.2 Signal Bit Error Rate evolution through a resh@ing gate:

An interesting point which has not been widely dssed is the signal BER evolution through a
reshaping gate.

Let us consider a binary OOK modulated signalciviiias been degraded by amplified spontaneous
emission (ASE) through an optical amplifier. Fig&gr@ shows the pdf of “1” and “0” symbol power
corresponding to an optical signal to noise rad&KR) of 19 dB in a bandwidth of 0.1 nm, and with a
extinction ratio (ER) of 8,1 dB.



i) Now, let us first assume we use a binary “idemitensity receiver, for which there is no
“electronic” noise (thermal noise), so that thepotitvoltage accurately reproduces the signal dptica
fluctuations (which means also that shot noiselmameglected wrt excess noise). Curve 5-b shows the
BER versus decision threshold. We see that theaemsmimum BER of 1014 at the optimum threshold.
Now, we transmit the optical signal through a petrfgaircase shape transmission factor reshapitegy ga
as shown on fig. 5-c. The output signal power gd$trongly modified as it can be seen in fig. S-de
rms deviations of noise distributions are considlgraarrowed, but the tails remain at a high le\élis
"noise redistribution” has initially been observeyl 7 Now, let's use again the previously considered
“ideal” receiver to detect the reshaped signal. big shows the result: the minimum BER is eqodhé

initial signal BER, which proves that tkggnal minimum BER cannot (logically) be improved.
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Figure 5 : pdf and BER evolution through a non-linear optigate for 2R cross-regeneration :
a) input mark and space power pdf for OSNR= 19 dBBExtihction ratio= 8.1 dB
b) BER vs decision threshold for an "ideal" detector
c) NLOG transmission vs input power



d) NLOG output mark and space power pdf
e) NLOG output BER vs decision threshold for an "idefdtector

Evolution des ddp et du BER a travers une portgoptnon-linéaire pour une régénération
croisée
a) ddp de la puissance des symboles “zéro” et fxanir un OSNR=19 dB et un taux
d’extinction de 8.1 dB
b) BER en fonction du seuil de décision pour urediéur “idéal”,
¢) Transmission de la porte optique non-linéairéomction de la puissance en entrée,
d) ddp de la puissance des symboles “zéro” et amsortie de la porte optique non-
linéaire,
€) BER en sortie de la porte optique non-linéairéomction du seuil de décision pour
un détecteur “idéal”.

i) Let us now consider a theoretical experimentoilming the perfect 2R nonlinear gate considered
above, and a typical 10 Gbit/s commercial receivbich is degraded by thermal noise, so that the
minimum required power @ BER ="10s about -17 dB (well above the shot noise linfi). 6 shows
standard receiver sensitivity curves (BER vs remgiypower on receiver) corresponding to three
situations:

- Curve 6-a shows the back-to-back (BB) sensitivitywve of this receiver for an (almost) perfect
10 Gb/s optical signal (OSNR=40 dB in 0,1 nm) whigbuld be equivalent to a pure laser
source.

- Curve 6-b corresponds to the ASE degraded signalhwilias just considered in fig. 5 : we see
that an error rate floor appears owing to the 1908NR in 0,1 nm.

- Curve 6-c corresponds to the received regeneratgdls We see somewhere (region A) a
reduced penalty wrt the unregenerated case, vidicht due to a reduced BER in the signal, but
is rather due to the fact that the extinction raéés been improved by the regenerator. When the
incident regenerated signal power is high enoughhenreceiver (region B) we see that the
optimum BER is exactly the same as in the unregeeercase.

From these observations, we deduce the followingtpoegarding 2R regeneration:

-first, the regenerated signal does not have @befitimum BER (i.e. with an optimum threshold)

than the original signal. "Negative" penalties whiare sometimes reported arise from the

improvement of thereceiveroperating conditions by the regenerator, but dniss not mean there
are less errors in the signal.

-second, the regenerators should always be lo¢atetl" enough in the line, at a point where the

signal BER is weak enough, as it can only increadd, a linear scaling vs. the number of repeaters

at best.

-third, the only way to characterize the qualitypawt ofsignal regeneration is by cascading many

regenerators in a link, for example through a oedation loop 8], and to operate the receiver in

conditions where its own noise is not the limithagtor ( i.e. at high signal power levels). However
characterizing a regenerator just in front of a&neer can give informations on the regenerator own
noise only if the receiver is less "noisy" than #feregenerator.
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Figure 6: calculated BER vs received power with a typical omrcial 10Gb/s optical receiver:
a) with a perfect optical signal
b) with an ASE degraded optical signal (OSNR= 19 @R=8.1 dB)
c) with regenerated optical signal

Simulation du BER en fonction de la puissance rggareun récepteur optique commerciale
classique a 10 Gb/s:

a) avec un signal parfait

b) avec un signal optique dégradé par 'lESA (OSNR+&R9 ER=8.1 dB),

c) avec le signal optique régénéré.



5 REGENERATOR BUILDING BLOCKS
Let's now review some recent approaches for thiéseet building blocks.

The core of an optical regenerator is a non-lirgzde featuring signal extinction ratio enhancenzartt
noise reduction. An optical clock recovery stageetquired for 3R regenerators.

5.1Fibre based gates

Kerr-shutter [9]and non-linear optical loop mirfdOLM) [10] are probably the first studied gates fo
regeneration applications. The ultra fast resparfskerr non-linearity is a major advantage of these
devices for high speed signal processing. Usinga-ghutter, a 40 Gbit/s optical regenerator hanbe
reported 11]. But the weak silica fiber non-linearity requirgpical peak power x length products of 0.5
W x km. Long fibre lengths (several km) and polatiisn sensitivity to incoming signal are drawbaftks
WDM field deployment. Recently, a new polarisatiosensitive gate based on self phase modulation
spectrum filtering was reportedd], with a good thresholding-limiting characteristid=ig. 7-a and 7-b
show the principle of operation: it consists of @ainear fiber piece followed by a slightly detdne
optical filter. A "1" symbol will give rise to a gh frequency deviation, reaching the filter passhao
power will pass through the filter. With a "0" syotpthe residual power (e;g. due to noise) canredtiya
sufficient frequency deviation in order to reachk fiiter passband, and no power leaks out of tier fi
Several regeneration experiments were reportetd &nd 80 Gb/s based on this techniqLg1,15].
However, new highly nonlinear materials should &epl the holey silica fiber, in order to decrease th
operating power (typ. 100 mW) by one decade.
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Figure 7: operation principle of the fiber-based SPM + filbgtical gate

principe d'une porte optique a base d'automoduladi® phase dans une fibre associée a
un filtrage optique.

5.2 Semiconductor based optical gates

Although not as fast as fibre based devices, tlygdes are much more compact. One can consider
“active devices ”, i.e. that require an electripalver supply like semiconductor optical amplifiSOA)
based devices, and “ passive devices ", like shkeir@sorbersip]. Considering saturable absorbers, we
refer to another paper which gives a good stati@fart in this special issue.

5.2.1 Active semiconductor based optical gates:
An extensive review of SOA based gates can be faunef. 17

i) Cross gain modulation (XGM) gates

The principle is shown in fig. 8.
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Fig. 8 : principle of operation of an XGM based gate
principe d’'une porte optique a base de XGM.

Both data signal and a local CW wave are fed t®#& S The strong signal modulates the gain through
saturation. If the medium gain linewidth is homogewusly broadened as it is the case with standard
SOAs, the information is transfered to the CW "grolwave, but with an inverted data pattern. Anagiti
filter blocks the data wavelength. This wavelengtmverter generally allows a cleaning of data "0"
symbol noise, but is less efficient for "1" symbdMso, the extinction ratio is degraded to to béfithg
effects which translate the gain curve dependinghencarrier density compression. The gain recovery
time presently limits the operation speed to ad@u&b/s, in a co-propagative configuration.

i) Cross phase modulation (XPM) gatesThe principle is shown in fig. 9. We consider the
general case of differential operation, which ysetebtter resultslp.
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Fig. 9-a: Principle of differential operation of an XPM SOAded Mach-Zehnded Interferometer
Principe de fonctionnement en mode XPM défdiel dans un interférométre de Mach-Zehnder a
base de SOA.

In order to obtain a better extinction ratio impeavent, it has been proposed [Durhuus] to use thegh
amplitude coupling effect of the SOA medium. Thsibarinciple thus consists of incorporating an SOA
in the arms of an interferometer. Here we considesimplicity a Mach-Zehnded Interferometer. Two
additionnal arms are added for allowing drivinggas to reach independently the SOAs. Let's now
explain how this gate works: the wave to be switcbe (probe) is fed to the interferometric pathuip
and if the interferometer arms phase difference, iso power leaks out from the output side ("dark
fringe™). Now, if a "control" pulse (here a datalgm) is fed to one SOA, the gain saturation effect
modifies the carrier density, which gives rise tphase shift. This phase shift opens the interfetem
("bright fringe") and the probe wave passes throtighinterferometer. Now, if the interferometer dee

to be switched off before the gain recovery timegeond pulse (here/ delayed copy of the opening
data pulse) is fed to the second SOA, with thetnaglwer amount in order to obtain the same phai$e sh
as above: in this case, the interferometer is metlito the initialephase shift difference, with a blocking
state. This scheme allows rectangular switchingdewvs with a time duration much shorter than the
carrier recovery time (~100 times shorter). Howewhe switching power levels should be more
accurately controlled than in the previous caséeOinterferometer types have been addressed: §agna
also called NOLM , Michelsonip], DISC (delayed interferometric semiconductor gat.

iii) Ultrafast Nonlinear Interferometer gate:
Another very interesting gate is the U4l ]. The principle is shown in fig. 9-b.
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Fig. 9-b: Sketch of the Ultrafast Nonlinear Interferometer
Principe d'un interférométre non-linéairealrapide

This gate is based on a polarisation interferomatduding a single SOA. It consists of two equaidth
polarisation maintaining fiber (PMF) pieces couptadeach side of an SOA chip, but with their ndutra
axes crossed by 90°. The probe pulse is polariwét, its axis oriented at 45° wrt the input fiberst
axis. In this way, the pulse is splitted in eqaaiplitude “fast” an “slow” pulses, due to polarieat
group delay differences, and cross the SOA withspective time delay. At the SOA output, because
the output PMF has its axes crossed wrt the inplF,Rhe “fast” pulse propagates now on the slovsaxi
and reciprocally, so that at the PMF output, the pulses overlap. Finally, a polarizer with itssaat 45°
of the pulses polarization axes forces the remgimiansmitted pulses to interfere. If the pulseasgh
difference ist, no light is transmitted (dark fringe) resulting & “lo” gate state. Now, if a saturating
control pulse (here a strong data pulse) is fettheécamplifier during the time slat then the “late” probe
pulse will experience a lower gain and also aneased phase shift wrt the “fast” probe pulse: theth
pulse will interfere constructively (bright fringeand the gate state is “hi”. This UNI has first
demonstrated a capability of 100 Gb/s signal prsings Its only drawback is some bulkiness.

Notice that a key point in achieving very highalaate operation of any opto-optic gate is the rfeed
co-propagative configuration for data and clock.fdot, despite very short carrier recovery timas,
contrapropagative configuration operation speduniged by the chip length: this is due to the fHwt a
“probe” pulse has to “wait” until the previous a@icontrol pulse has gone out of the chip befonewa
operation can be set-up. For a 1 mm long InP bdseite, this time is typically 15 ps.

Let’s now briefly review some works on active noelar optical gates.

Among active semiconductor gates, work has beensked on bistable laser22] and mostly on
SOA based devices . First reported SOA based éomgjatas was a Sagnac interferometer incorporating
one SOA as the non-linear elemeps,24]. However these gates are much better suited iggr $peed
OTDM demultiplexing p5]. Other high speed and well shaped optical gatesS®DA-based Mach-
Zehnder or Michelson interferometdes,27], which can be data driven with polarisation inelegence
up to 40 Ghit/s, with excellent performances]] Main features of interferometric non-linear gatere
signal extinction ratio enhancement and noise madgaeduction. 100 Gbit/s optical logic gate based
an ultrafast nonlinear interferometer (UNI) using @OA in a birefringent interferometer was reported
[29], while feasibilility of data regeneration at 4®/S with this gate was demonstrated||

5.2.2: Passive semiconductor nonlinear optical gate

Multi-quantum well based saturable absorbers haea lknown for long. However, the contrast ratio
of a transmitting saturable absorber is usuallylwéacause the thickness of the MQW stack cannot be
too high. This is not a problem for Laser mode-logkapplications. However, for applications under
consideration here, a contrast ratio of at leadB5s required. This has been achieved by pladieg t
MQW absorber inside a reflective microcavity [18pw, the absorption recovery lifetime is typicaity
the range of nanoseconds, without some speciakepsoty. In order to reduce this lifetime, different
techniques are presently investigated in the INnGAA® system: low temperature epitaxial growth [16]
high energy ion bombardmej#1], and more recently iron dopihg2)].



5.3 Clock Recovery

For optical 3R regeneration, a synchronous ungitteshort pulse stream clock has to be recovered fro
incident signal. Many solutions meeting these nexquents have been reported, which cannot all be
reviewed here. We only focus on polarisation inaeleat and potentially ultrahigh speed schemes for R
formats. All-optical clock recovery through opticahjection of mode-locked lasers, either in
semiconductor33] or Erbium doped fibre34] could yield low jitter, short pulse clocks. Phdeeked
loop technigues using a high speed non-linear alp&lement as phase compara@s],[could also yield
good performance above 100 GHz. Recently, a sédfaping laser clock recovery was demonstrated at 40
GHz [36, 37, 39).

6 SOME RECENT RESULTS ON OPTICAL REGENERATION

We briefly review here some recent results on jgd#ion independent regeneration schemes for data
rates above 10 Gbit/s.

6.1 2R regeneration

Although 2R regeneration looks very attractive losesof its simplicity and bit rate flexibilify89, 40], it

is not clear whether it could be used above 10 Giifsa high degree of cascadability, because ild/o
require devices with a very short transition tiregponse. However, self-regeneration in a microgavit
saturable absorbers has recently been used in tardiecrease by 30 % the transmission length oD a 2
Gbit/s system laboratory experiment, enabling 807488 transmissiof41].

6.2 3R regeneration

“ All-electronic ” signal processing is rapidly mnessing, with recent demonstration of a 40 Gbit/s
optoelectronic repeater using InP-HEMT technologg].[ Several 3R optical regenerator architectures
have also been demonstrated. All optical fibre ceviwere first reported, and have shown now42) [
and 40 Gbit/s44] operation capability over 1 million km. On theardeonductor technology side, hybrid
regenerator structures using optoelectronic cladovery stage and all optical SOA based non-linear
interferometric gates have been demonstrated BHR assessment) at 145], 20 [46,47] and 40 Gb/s
[48]. Cascadability of up to 100 regenerators in dation loop at 40 Gbit/s has been reporid) [
with multistage interferometric gates, as we hakiews that cascaded non-linear gates significantly
improve signal regeneratiof(].

Finally, InP electro-optic modulators have sucadbsfbeen used for polarisation insensitive in-line
amplitude and phase synchronous modulation ofosoldignals up to 40 Gb/s, enabling error-free
transmission over more than 20 000 &1

7. CONCLUSION

High speed WDM photonic networks will probably regusignal regenerators. Although significant
progress has been achieved these last yeargjot et clear to-day whether all building blocksao8R

all optical regenerator will be as easily integdases for an electronic device, with cost effectizgets,
particularly in a dense WDM context. This meand thatical signal processing solutions should yield
superior or not otherwise available functionalitissch as bit rate flexibility, or better: simuléus
regeneration of several WDM channels in a singlg.clm this latter case, new materials have to be
developped, such as quantum box (or at least datgmals with controlled dot sizes.
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