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In this contribution, we numerically and experinaiytinvestigate the extension of the so-called
Mamyshev regenerator with the implementation ofadditional Raman gain. We evaluate the
potential efficiency and advantages of this newadlamyshev regenerator at 40 Gbit/s and we
highlight a strong reduction of the working powsrveell as a large improvement of the available

output power.
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1. Introduction

With the development of long haul photonic netwonrkaking at high repetition rates (40 Gbit/s
and beyond), performing an all-optical regeneratiaa become of a great interest to combat the
cumulative impairments occurring during the sigmapagation and to overcome the bandwidth
limitations of the current electronic devicés Indeed, during its propagation, the signal
undergoes various degradations such as amplifiedtapeous emission noise accumulation,
chromatic dispersion as well as intra-channel mosal effects. Combination of all those effects
translates into timing jitter, degradation of theimction ratio or into detrimental amplitude jitte
on the “one”-bit level of the signdl. The latest two impairments can be partly overcaoisiag

2R regeneration (Reamplification and Reshaping)vinch a device performs optical limiting
function and extinction ratio enhancement. This ontignt building block of future high-speed
optical grooming switched can be achieved by using various optical methakisg advantage

of the instantaneous Kerr non-linear response titalpfibers : non-linear optical loop mirrors
(NOLMs) % ® four-wave mixing®, or self-phase modulation (SPM) in normalfy or
anomalou$' ¥ dispersive fibers (the two latest methods beingwkmas “Mamyshev” (MR) and
“spectrally filtered solitons” respectively). Thamnto its ability to simultaneously improve ‘0’ and
‘1’ bits of signal in a rather simple experimensgheme, MR technique has stimulated a large
amount of works, both theoreticd*® and experimentd} 12 16 19-22)

Recent extensions have also been proposed in trgeocess several wavelengtis®”
or polarization$® simultaneously, in order to gain some flexibility the choice of the nonlinear
fibers that are use&f or in order to optimize the incoming pulse sh&fe Similarly to the
nonlinear amplifying loop mirror® that is an evolution of a NOLM, another potential
improvement that has been suggested to MRs ismic@ physical amplification with nonlinear
propagatiorf”.

In the present contribution, we give further detaoh this latest aspect by describing
several advantages of using such a configuratidier Alescribing our model, we will detail the
improvements that can be expected on the trangfetibn and more specifically we will outline
the reduced incoming power that is required as a®lthe improved output power. Qualitative
results obtained based on a simplified model assgimonstant gain will be confirmed by more
realistic numerical simulations taking into accolongitudinal pump depletion effects. We will
finally illustrate and confirm our approach by expeents carried out at a repetition rate of
40 Ghits.



2. Principle of Operation and Configuration under Study

A schematic of the active Mamyshev regeneratohdsve in Fig. 1. The incoming pulsed signal
is first amplified by an Erbium Doped Fiber Ampdifi(EDFA) in order to reach the adequate
peak powePy, required for optimal peak power equalization & thne’ symbols. The degraded
signal then propagates in a Raman fiber amplife®4) 2 based on a normally dispersive fiber
which has a chromatic dispersigh a nonlinear coefficieny, and an optical distributed gain

At the fiber output, a Gaussian optical bandpdss {OBPF) with a FWHM spectral wididf, is
spectrally offset by an amoudi with respect to the input signal carrier wavelbéngs and is
used to carve into the broadened spectrum - thexetryg as a strong pulse reshaper.

The main point in the proposed configuration is pinesence of a distributed gain in the
nonlinear stage. Indeed, it has been demonstratddany initial waveform propagating under
conditions of normal dispersion, non-linearity afiskributed gain will evolve asymptotically into
a similariton, a pulse characterized by a paratintensity profile with a linear positive chirfy
%2 Once this typical parabolic profile is obtainédpropagates self-similarly, i.e. the pulse is
able to maintain its parabolic shape over propagatnd to resist to the consequences of wave-
breaking that usually induces strong unwanted distts *>. The characteristic parameters of the
similariton (peak power, temporal and spectral igdithen undergo an exponential increase with
the propagation distance. A remarkable featuredbastitutes a clear advantage for regeneration
purpose™ is that this asymptotic profile does only dependtte initial pulse energy and not on
the details of the initial pulse shajfe®”)

In the present paper, we discuss the impact ofiskeof the RFA. In order to illustrate our
study, we consider the following parameters whiahralated to the experimental demonstration
described in section 4. The incoming pulses anpdheée hyperbolic-secant pulses with an initial
full-width at half maximum (FWHM) of 3.7 ps. Theqperties of the fiber are the following :
5> = 9.5 10-4 p¥m, y = 10 10-3 /W/m and a length L = 1 km. As we haeesidered dispersion
flattened fibers or fibers with a high/5; ratio, we have neglected the influence of thedtbider
dispersiong; for the sake of simplicity. The RFA exhibits aneigrated gairs of 10 dB and the
output filter has a Gaussian shape with a FWHM tspkewidth of 100 GHz and a frequency
offsetAA of 200 GHz.

The performance of a 2R regenerator can primaelyabsessed by its transfer function
(TF) which relates the output to input pulse eresgOptimum power equalization occurs when
the TF regime exhibits a plateau for the ‘one’ inlewel over a range of input pulse energies. As
shown in*Y, such a regime can be obtained when precise oettips between the input pulse,
filter offset and normally dispersive fiber paraerstare satisfied. In the context of this article,
we do not intend to obtain such an optimum powelagation, therefore a non-monotonous TF



(referred as A-type if' ) can be acceptable. Our main focus will be theuirgnd output
powers involved when working at the operating power

3. Comparison between Passive and Active Configurations

3.1 Pulsedynamicsin a simplified model with constant distributed gain

In order to get access to the TF, we have firstenoally simulated the propagation of a single
optical pulse in the proposed regeneratdrAs a first approximation, the longitudinal evadut

of the complex electric field envelopg(z,T) in the RFA can be modeled in terms of thelwel

known nonlinear Schrédinger equation with gain tgrthat is assumed to be longitudinally and
spectrally constant 3?):

- vllw +i 2w
(1)

Resulting TFs obtained for various values of thé&Rfegrated gain are plotted in Fig. 2.
Two points can be noticed. First, the initial powexquired to obtain amplitude jitter
improvement significantly decreases with increasialyies of the gain (between 0dB and 10dB
of gain, a reduction by a factor 4 is observederithe power obtained after spectral filtering is
enhanced (between 0dB and 10dB of gain, an incl®asaefactor 2.5 is recorded). From practical
considerations, this implies that a reduction & gower of the EDFA is possible. Moreover,
given the higher output power, no final additioaaldplification of the regenerated signal will be
necessary, therefore limiting the potential am@tifspontaneous emission in the system. Overall,
the yield of the system as defined by the ratiavieen the outcoming and incoming povi&ris
dramatically increased. These results clearly Umderthat the insertion of an additional
distributed gain can potentially improve the Mangshegenerator performances.

In order to better understand the physical oridithe observed behavior, we have plotted
in Fig. 3(a) the temporal intensity profiles aftee nonlinear propagation in the passive or active
HNLF and before spectral filtering (initial pulshaving the initial power corresponding to the
working points of the regenerator). The output pikape exhibit marked differences : the pulses
obtained after propagation in the RFA clearly eitkilthe parabolic signaturd 32, On the
contrary, in the passive fiber, the temporal peofd flattened as can be obtained after the wave-
breaking stag&® and which has been found to be crucial for MR bighrd®.

From Fig. 3(a), one can also notice that pulseaionéd in active architecture experience
lower temporal broadening than the pulses in ttesiga configuration. This feature is beneficial
in order to avoid the deleterious effect of seqeepatterning that degrades the performance of
MRs due to pulse to pulse interactions in the regaor™® 2% 3¢ This reduced output duration
can be understood in view of the longitudinal terap@nd spectral evolutions of the pulses
(Fig. 3(b) and 3(c) respectively). In the case abkgive configuration, most of the spectral



broadening occurs at the beginning of the propagainducing through dispersion a temporal
broadening of the pulse and therefore reducing iheak power®. On the contrary, in active
amplification, the peak power of the pulse increasgh propagation length so that self-phase
modulation becomes significant only in the secoad pf the fiber. Consequently, dispersion
acts on the expanded spectrum over a reduced |engfich explains the observed limited
temporal broadening. We may also anticipate sonmeflmeal consequences in terms of timing
jitter of the regenerated pulsé *® as can be observed in Fig. 3(a), the delay fah bo
configuration is not identical.

3.2 Redlistic simulations

The conclusions discussed in the previous subseatie based on the assumption of a constant
gain, neglecting therefore potential depletion @Heof the pump, which is fully justified in the
case of a single pulse. When considering a traen r@petition rate of several tens of GHz, the
assumption is not fulfilled anymore and the gaihikits a longitudinal evolutiog(z) In order to
take this effect into account, we have performedisec simulations relying on the commercial
software VPI Transmission Maker.

The numerical simulations are based on the expetmhalata described in the last
section. A 40-Gbit/s Return-to-Zero (RZ) Pseudo d®an Bit Sequence (PRBS) signal made of
3.7-ps chirp-free hyperbolic-secant pulses is te@dnto a 1-km long highly nonlinear fiber
whose properties have been described in sectidit@. nonlinear propagation within the fiber
and spectral broadening, a 100-GHz OBPF is usedrie in the resulting spectrum with a 400-
GHz offset filtering.

By varying the average power of the initial signale have calculated the transfer
function of the device. From Fig. 4(a), we can makethat the various qualitative conclusions
previously drawn in a single pulse configuratior aalid. In particular, we clearly observe that
increasing the pump power allows a much lower warkpower as well as an increased output
power. From these simulations, we may also notismall degradation of the extinction ratio of
the device, but this degradation is artificial asataused by depletion effects: the high average
power pulse train undergoes lower amplificatiomtadow average power one. Nevertheless, in
practical situation (assuming a counter-propagagpweping), both low and high power pulses
will undergo the same averaged gain.

In order to highlight the regeneration efficiendyooir device on the intensity profile, we
have performed numerical simulations on an argéifigidegraded 40-Gbit/s signal. At the input of
our regenerator, the extinction ratio and amplityidker of the initial signal are voluntary
degraded by means of two optical intensity moduatdriven by random white Gaussian
electrical noises. The resulting poor quality ejggchm of the 40-Gbit/s input signal is depicted



in Fig. 4(b). After propagation in our regeneratgth an input average power of 50 mW and a
pump power of 1750 mW, the quality of the eye daagris clearly improved with a great
increase of the eye-opening (Fig. 4(c)). The enengially contained into the zero bit-slots is
largely annihilated thanks to the offset filteringhile the amplitude jitter is greatly reduced by
means of the inflexion point of the TF. However, @@ notice the appearance of a small timing
jitter, intrinsic to the Mamyshev-based regeneratbr

4. Proof of Principle Experiment

4.1 Experimental setup

Our experimental set-up is sketched on Fig. 5. Al@acked fiber-based laser delivers a 10-GHz
train of transform-limited picosecond pulses. Tlésps have a FWHM duration of 3.7 ps and a
central wavelength of 1550.1 nm. The pulse traithen temporally multiplexed to obtain a
40 GHz signal thanks to a x4 optical bit rate nmlikr (BRM). This 40-GHz signal is finally
encoded through a 40-Gbit/s PRBS 4x10 Gbit/s makgd signal driving an optical modulator.

In order to simulate deleterious ghost pulses, aeehvoluntarily used a non-optimum
bias in our modulator so as to degrade the extinatatio of the initial pulse train. A second
optical intensity modulator driven by a random wh@aussian electrical noise delivered by an
arbitrary waveform generator simulates additiomapktude jitter on the one level of the pulses.
An EDFA is then used in order to boost the avernpgeer to the required level. In order to
maintain the level of potential nonlinear degradiatin the EDFA identical for all the tested
powers, the initial power is adjusted through tee af an optical variable attenuator (OVA). The
regenerator is made of highly nonlinear fiber whpeaperties have been described in section 2.
Note that thanks to the reduced temporal duratfaheinitial pulses, deleterious consequences
of Brillouin backscattering have been avoided ahdt tho additional compression stage is
required®.

The pumping of the lumped RFA is made by a contisuBaman fiber laser with a
central wavelength of 1455 nm, therefore ensurimgaaimum gain in the conventional band of
optical telecommunications. The maximum output powkthe pump laser is 2 W and the
delivered wave is partially coherent (the spectvadth of the pump is 100 GHz) so that no
Brillouin scattering has been observed. As our pusnpnpolarized, our proposed architecture
has been shown to be rather polarization insemsi@®ur setup is based on a counter-propagative
pumping scheme is order to limit the temporal beméing of the pulse in the amplifidf. This
also limits the relative noise intensity transfesnfi the pump to the amplified sign&® and
prevents the emergence of extreme events as welffeds of cross-phase modulation between
the pump and the signd. This requirement of counter-propagative confitiora makes
unfortunately the device unpractical for bidireatial operatiorf* 2> 4%



After the fiber, a wavelength demultiplexer is usedorder to carve in the expanded
spectrum. The spectral widdi of the channel of the component is 100 GHz anddifferent
channels rely on an International Telecommunicatibnion (ITU) grid spacing of 200 GHz.
Consequently, the spectral filtering that is inwalvcorresponds to a wavelength conversion from
standardized ITU channel 34 (1550.116 nm) to cha3®€1548.515 nm).

4.2 Experimental transfer functions
By changing the initial average power of the incognpulse train, we have measured the TFs for
various pump powers. Results presented in Fig. &@)in full agreement with the qualitative
conclusions drawn in the previous section and miqadar in good agreement with the numerical
results of Fig. 4(a): for increasing pump powelsg, tequired input power is lowered whereas the
output power is increased. Normalizing the TF wébpect to the working power parameters, we
can also make out that the plateau has a widensigte (Fig. 6(b)), therefore enhancing the ‘1’
level equalization properties of the device. Howewear experimental measurements also stress a
slight apparent degradation of the regeneratedne@idn ratio (Fig. 6(b2)). This point has
however to be nuanced as the higher level of lowgsgulse train is an artifact due to the non-
depletion of the pump. More rigorous analysis wotlldrefore require the use of controllable
ghost pulses such as used®h

More quantitative measurements of the input anguduaverage powers of the pulse
trains are summarized in Fig. 7(a). We experimgnialbserve a close to linear decrease and
increase of the incoming and outcoming powers sy (Figs. 7(al) and 7(a2) respectively).
All in all, the yield (Fig. 7(a3)) is significantlymproved from a poor 1.7% in passive
configuration up to 22 % when a pump power of 1% is applied. By varying the signal
central wavelength, we have carried out additionehsurements fafA values of the frequency
offset ranging between 150 and 500 GHz. Resultplateed on Fig. 7(b) and confirm that higher
the frequency detuning is, higher is the requiresbming average power needed to obtain power
equalization”, following a close to linear law when plotted onsemi-logarithmic scale.
Moreover, the benefits of the active configuratalgmonstrated for an offset of 200 GHz are
preserved for other frequency offset values.

4.3 Temporal and spectral characterizations

We have complemented our TF measurements by spaanlatemporal recording of the non-
modulated 10-GHz pulse train. Optical spectra efitttoming pulse are plotted on Fig. 8(a) and
exhibit very good agreement with a hyperbolic seddn Subplots (b) outline the significant

spectral broadening undergone by the pulse trdie. Spectral expanded shapes are very similar



but we can notice a higher spectral density incdee of the active configuration. Note also that
in passive configuration, spectral wings charasties of wave-breaking are visible whereas such
feature is less apparent in the self-similar pdialdoFA 33)_ At the output, the carved pulse is in
clear agreement with the Gaussian shape of thelersygth demultiplexer.

To gain further insight on the temporal naturehs pulses, we have recorded the optical
intensity autocorrelations of the initial and outpulses trains (Fig. 9). The results confirm the
transform-limited nature of the initial pulses (wa time-bandwidth product of 0.33), in excellent
agreement with a fit by a hyperbolic secant shajdéer spectral slicing of the broadened
spectrum, we can first notice a change of the sbagee autocorrelation, now in agreement with
a Gaussian fit. Therefore, the regenerator actnaefficient reshapé®. The temporal duration
is estimated to 5 ps, which is slightly longer thaimat can be expected from the Fourier limit
(4.4 ps). This outlines that pulse emerging from Eibit a low residual chirp® that could
have been efficiently removed by an additional sekegment of fiber with anomalous dispersion.
Let us note that no significant difference betw#snactive and passive configurations has been
observed regarding the temporal and spectral piepesf the pulses obtained after regeneration,
which confirms the trends also observed in Fig) 8atted lines).

Finally, we have recorded the eye diagrams obtaimethe degraded 40-Gbit/s RZ PRBS
signal. Figure 10(a) clearly shows the poor extimctratio of the initial signal as well high
fluctuations of the ‘1’ level. After regeneratorgsificant enhancement of the extinction ratio is
achieved with much less energy contained in thebi®’slots of information. Regarding the
amplitude jitter, improvement is also remarkabl@tidl root mean square amplitude jitter has
indeed been estimated to 13 % of the initial peakgy. After passive regeneration, this value
has fallen down to 7 %. If the active configuratisrissued, this value decreases down to 6 %,
which is consistent with the broadened plateahefactive MR.

5. Conclusions

We have described the various benefits of an adflaenyshev regenerator combining Raman
amplification and nonlinear propagation in a noidgndispersive fiber. The power required for a
proper use of the device is significantly decreasdtbreas the output power is enhanced.
Reduced temporal broadening in the fiber segmeattiiactive in order to reduce pulse to pulse
interaction. The device has been experimentallyatetnated to provide wavelength conversion
as well as temporal and shape modification.

Further optimization of the choice of the fiber pecties may enable to improve the
configuration in order to obtain a better powerelesqualization . Moreover, using a longer fiber
may enable a higher Raman gain and therefore it Imeapme possible to get rid of the initial
EDFA, simplifying therefore the experimental setdjis would provide also very promising



perspectives for optical regenerators out of thegea of the conventional band of
telecommunication when no efficient EDFA are ava#d?. Let us finally note that the presence
of a physical gain is not a mandatory conditioolbgerve the parabolic dynamics and that similar
behavior can be also experienced in a passive Higriiapersive fiber where a longitudinal
decrease of the dispersion value may mimic theetfedistributed Raman gafft *¥)

Acknowledgement

This work is supported by the Agence NationaleadRécherche (FUTUR ANR-06-TCOM-016,
PERSYST Il ANR-07-TCOM-014) and by the Conseil Régil de Bourgogne. Experiments
have benefited from the PICASSO research platform.



Referencelist

1)

2)
3)

4)
5)
6)
7)
8)

9)

10)
11)
12)
13)
14)
15)
16)
17)
18)

19)
20)

O. Leclerc, B. Lavigne, E. Balmefrezol, P. BehdL. Pierre, D. Rouvillain, and F.
Seguineau: J. Lightw. Techn@ll (2003) 2779-2790.

G. P. AgrawalFiber-Optic Communication SysterfWiley-Interscience, 2002).

P. Vorreau, S. Sygletos, F. Parmigiani, D. Hiiess, R. Bonk, P. Petropoulos, D. J.
Richardson, G. Zarris, D. Simeonidou, D. Klonidls,Tomkos, R. Weerasuriya, S.
Ibrahim, A. D. Ellis, D. Cotter, R. Morais, P. M@, S. Ben Ezra, S. Tsadka, W.
Freude, and J. Leuthold: Opt. Expré3g2009) 15173-15185.

N. J. Doran and D. Wood: Opt. L€18 (1988) 56-58.

S. Boscolo, S. K. Turitsyn, and K. J. Blow: Opiber. Technol14 (2008) 299-316.

E. Ciaramella, F. Curti, and S. Trillo: IEEE Rtnvo. Technol. Lettl3 (2001) 142-144.

P. V. Mamyshev, "All-optical data regeneraticaséed on self-phase modulation effect,”
in European Conference on Optical Communication, E@8Q998), 475-476.

M. Asobe, A. Hirano, Y. Miyamoto, K. Sato, K. giemoto, and Y. Yamabayashi:
Electron. Lett34 (1988) 1135-1136.

M. Gay, M. Costa e Silva, T. N. Nguyen, L. Braree T. Chartier, M. Joindot, J. C.
Simon, J. Fatome, C. Finot, and J. L. Oudar: IEBBt&. Technol. Let22 (2010) 158-
160.

T. N. Nguyen, M. Gay, L. Bramerie, T. Charti@and J. C. Simon: Opt. Exprek$ (2006)
1737-1747.

L. Provost, C. Finot, K. Mukasa, P. Petropoubnsd D. J. Richardson: Opt. Expré$s
(2007) 5100-5113.

M. Rochette, L. B. Fu, V. G. Ta'eed, D. J. Maasd B. J. Eggleton: IEEE J. Sel. Top.
Quantum Electronl2 (2006) 736-744.

C. Finot, T. N. Nguyen, J. Fatome, T. ChartierBramerie, M. Gay, S. Pitois, and J. C.
Simon: Opt. Commur81 (2008) 2252-2264.

T. I. Lakoba: IEEE J. Sel. Top. Quantum Elettfa! (2008) 599-6009.

S. Pitois, C. Finot, and L. Provost: Opt. L8&(2007) 3263-3265.

T.-H. Her, G. Raybon, and C. Headley: IEEE BhoTechnol. Lettl6 (2004) 200-202.

P. P. Baveja, D. N. Maywar, and G. P. AgrawalLightw. Technol27 (2009) 3831-
3836.

A. G. Striegler and B. Schmauss: J. Lightw.hirex. 24 (2006) 2835-2843.

B. E. Olsson and D. J. Blumenthal: J. Lightwchinol.20 (2002) 1113-1117.

J. Leuthold, G. Raybon, Y. Su, R. J. EssiamBreCabot, J. Jacques, and M. Kauer:
Electron. Lett38 (2002) 890-891.



21)

22)
23)
24)

25)

26)

27)
28)
29)
30)

31)

32)
33)
34)
35)
36)
37)
38)
39)

40)

41)
42)
43)
44)

T. N. Nguyen, T. Chartier, L. Bramerie, M. G&, T. Le, S. Lobo, M. Joindot, J. C.
Simon, J. Fatome, and C. Finot: Opt. ExpEs2009) 17747-17757.

H. Murai, Y. Kanda, M. Kagawa, and S. ArahitaLightw. Technol28 (2009) 910-921.
M. Vasilyev and T. |. Lakoba: Opt. LeBO 1458-1460.

L. Provost, F. Parmigiani, C. Finot, K. Muka$a, Petropoulos, and D. J. Richardson:
Opt. Expres46 (2008) 2264-2275.

A.L.Yi, L. S.Yan, B. Luo, W. Pan, J. Ye, ahd_Leuthold: Opt. Expreds (2010) 7150-
7156.

L. Provost, C. Finot, P. Petropoulos, and Ridhardson: J. Lightw. Technd&8 (2009)
1373-1379.

H. Goto, T. Konishi, and K. Itoh: J. Opt .20 (2008) 095306.

M. E. Fermann, F. Haberi, M. Hofer, and H. Haiter: Opt. Lett15 (1990) 752-754.

C. Finot, S. Pitois, and G. Millot: Opt. Le30 (2005) 1776-1778.

M. E. Fermann, V. I. Kruglov, B. C. Thomsen,M. Dudley, and J. D. Harvey: Phys.
Rev. Lett.84 (2000) 6010-6013.

C. Finot, J. M. Dudley, B. Kibler, D. J. Ricdapon, and G. Millot: IEEE J. Quantum
Electron.45 (2009) 1482-1489.

C. Finot, G. Millot, C. Billet, and J. M. DudleOpt. Expres41 (2003) 1547-1552.

C. Finot, B. Kibler, L. Provost, and S. WabniizOpt. Soc. Am. R5 (2008) 1938-1948.
C. Finot, G. Millot, and J. M. Dudley: Opt. ILe29 (2004) 2533-2535.

J. Fatome and C. Finot: J. Lightw. Tech28l(2010) 2552-2556.

C. Finot and G. Millot: Opt. Expre48 (2005) 5825-5830.

C. Finot: Opt. Commur249 (2005) 553-561.

C. Fludger, V. Handerek, and R. J. Mears: ghtw. Technol19 (2001) 1140-1148.

K. Hammani, C. Finot, J. M. Dudley, and G. Mill Opt. Express6 (2008) 16467-
16474.

M. Matsumoto, Y. Shimada, and H. Sakaguchi:HEEE Quantum Electrod5 (2009) 51-
57.

C. Finot and G. Millot: Opt. Expre4& (2004) 5104-5109.

M. Matsuura and N. Kishi: Opt. Le84 (2009) 2420-2422.

T. Hirooka and M. Nakazawa: Opt. L&t®.(2004) 498-500.

C. Finot, B. Barviau, G. Millot, A. Guryanov, Sysoliatin, and S. Wabnitz: Opt. Express
15 (2007) 15824-15835.



Figure captions

Figurel: Active Mamyshev regenerator set-up

Figure 2: Transfer function obtained for various values o tntegrated gain G of the Raman

fiber amplifier.

Figure 3: (a) Temporal intensity of the pulse after propagationthe normally dispersive
segment for active (solid black line) or passivdi@sgrey line) configurations. The initial pulse
is plotted with circles and is compared with thdpo pulse obtained in both configurations
(dotted grey and black lines).(b) Longitudinal evolution of the temporal profile ihe passive
and active configuration (subplot 1 and 2 respebtflv  (c) Longitudinal spectral evolution of
the spectral profile in passive and active configions (subplol and2 respectively)

Figure 4: (a) 40-Gbit/s numerical results of the transfer fumetfor various pump levels. The
pump depletion is taken into accouibd Input eye diagram of the degraded 3.7-ps 40-Gbit/s
PRBS signalc) Corresponding regenerated signal for an inputagespower of 50 mW and a
1750-mW pump power.

Figure 5: Experimental set-up. OM — Optical Modulator. PMPewermeter. BRM — Bit Rate
Multiplier. PRBS — Pseudo Random Bit Sequence. ARB\rbitrary. OVA — Optical Variable
Attenuator. WDM — Wavelength Division Multiplexingl U — International Telecommunication

Union.

Figure 6 : Experimental measurements of the transfer fundoorvarious pump levelga) non

normalized TFs an¢b) normalized TFs.

Figure 7 : (a) Working power, outcoming average power anddyfer different values of the
pump power (subplal, a2 anda3 respectively). (b) Required working power faspive and
active configurations (black diamonds and full gascles respectively). The pump power is
1750 mW. The solid lines represent a linear fithef values (when plotted on a semilogarithmic
scale).

Figure 8: Spectral properties obtained in the passive (subf) and active (1750 mW pump
power, subplots2) configurations. Incoming signals (subplofg)) are compared with an
hyperbolic secant fit (solid black line). Spectexarded before spectral carving are plotted in



subplots(b). Spectrum obtained after the wavelength demukeslésubplots (c)) are compared
with a Gaussian fit (solid black line).

Figure 9: Experimental autocorrelation traces of the inpud autput signal (grey circles and
black crosses respectively) in passi(@ and active(b) configuration. The experimental
measurements are compared with hyperbolic secald @rey line) and Gaussian (solid black
line) respectively.

Figure 10 : Eye diagram of the 40-Gbit/s RZ signal recordeftaethe regeneratga) and after

the regenerator based on a pas@iyeor active for a pump power of 1750 m\gJ architecture.



Figurel

EDFA RFA OBPF

M\A i

regenerated

signal to be \
regenerated - ‘D signal
L7 'Y) |32’ g }\.f = 7\.0 + A?\.

=

$S%|e




Figure2

2 | |
/ L
—~ . = - . -~ ‘
3195 N t—
N .7 amplifier integrated gain
o . 0OdB =—-7dB
2 1 ~ —— 3dB —10dB _
() /——\\ -
"5 // \\\\—__._””/
S
S 0.5
@)
-,
. l ! | | |
0 1 2 3 4 )

Input energy (pJ)




Normalized intensity
(arb. unit)

Distance (m)

Distance (m)

Figure3

eeeeee initial pulse

output pulse in passive configuration
before spectral filtering

output pulse in active configuration
before spectral filtering

output pulse in passive configuration
after spectral filtering

output pulse in active configuration
after spectral filtering

-0.5 0
Frequen

05
cy (THz)

(M) 18mod
Distance (m)

1000

Distance (m)

(1un "qJe) Ayisuajul pazijewoN

5 0 0.5
Frequency (THz)

o

(M) 19mogd

(yun -qe) Ajisuajul pazijewloN



Figure4

—
N

—
2

Output power (mW)

1750 mvy
(a) -

8t 1250 mW
6r 750 mW
4-

/“AJJM‘&*"*HL‘\., QmW e
2+ e DRRRRRE
QB 100 200 300 400

Input average power (mW)

E=x

=A

I
0
I

L
="
.

FanY
|/

I

Intensity (arb. unit.)

~——




Figure5

10 GHz preg| | ARB. WAVEFORM
CLOCK GENERATOR
I I I
P raer: || x4 BRM|— OM OM
HNLF
RAMAN PumP RESIDUAL PUMP
PUMP
SIGNAL OVA
WDM WDM
COUPLER COUPLER EDFA
SIGNAL PM
WAVELENGTH
DEMULTIPLEXEUR
PM

Z

ITU CHANNEL 36

—=>
Y

HIGH SPEED OSCILLOSCOPE

AUTOCORRELATION

SPECTRUM ANALYSER




Figure6

—_
N

—_
()]

N D O O

Output power (mW)

0.8
0.6
0.4
0.2

Normalized output power

50 100 150

200

250

300 350

Input average power (mW)

(b1)

1 1.5

2

RFA
pump power :

v 1750 mW

® 1250 mW

¢ 750 mW
0 mw

10°

-4

(b2)

10
107

10"

Normalized input power (arb. unit)

10



—

Working power (mW)

Figure?

200 S 12 25
£

- (a1)| o (a2) 20 (@3)
=
o 8 —
o X 15

00 S 6 e
3 210
2 4 g

50 - —
3 o 0!

% 1000 0 1000 0 1000

Pump power (mW)

N
o
N

Working power (mW)

—_

-
o

Pump power (mW) Pump power (mW)

PASSIVE

(b)

150 200 250 300 350 400 450 500
Frequency offset (GHz)



Figure8

/M (31)5 r (a2)
f A i | A

100 T

o'l (c1) r (c2)

102r 17T 1

L || A f 0
40 1545 1555 1560

Wavelength (nm)

w

Intensity (arb unit)




Figure9

| 9 N o

(‘nun -que) Ayususu




Figure 10




