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Abstract — We design an all-optical tunable delay line lblase both dispersive
and wavelength conversion stages involving moduhadi instability of a two-
frequency pump field propagating in a highly birefent fiber. More precisely,
we numerically show that, by varying the frequeseyparation between the two
orthogonally polarized pump waves, we achieve arotiable and continuous
delay of hundreds of picoseconds for signal pulsatibns from picoseconds to
nanoseconds, without pulse distortion and with omlyall peak power
fluctuations. The proposed method does not recane tunable bandpass filter
and can be applied to delay digital data streantsnet of Gbit/s depending on the

pump power level.



| - INTRODUCTION

Over the last few years, numerous methods have deezloped to satisfy the need for optically
tunable pulse delay lines involved in various aggilons including optical buffering, routers and
packet synchronization [1]. Researches on slowt lighunable delay lines are currently focused
on the design of all-optical devices which are catifghe with high-speed fiber-optic
communication technologies. Several demonstratadnsontrolling the group velocity of light
pulses in optical fibers have been reported usithgiegain-dependent variation of the refractive
index or wavelength conversion followed by dispamsi Slow-light delay lines based on a
variation of the refractive index associated witlgaan have been demonstrated via stimulated
Brillouin scattering (SBS) [2,3], stimulated Ramanattering (SRS) [4], optical parametric
amplification (OPA) [5] and Raman assisted paraimeimplification [6]. An alternative strategy
consists of exploiting the spectral variation a tiroup velocity of an optical fiber by combining
wavelength conversion, group-velocity dispersiod amvelength reconversion. More explicitly,
in a first stage, the signal beam is converted antbfferent wavelength by means of a nonlinear
process. Then, in a second stage, the frequenttggiwave travels through a strongly dispersive
medium so as to undergo a time delay and finalyg time-shifted beam is subsequently
frequency shifted back to the original wavelenggmieans of another similar nonlinear process.
The last few years, several demonstrations oftthisid technique have been proposed based on
various nonlinear processes involving self-phasdutagion (SPM) [7] or multiple-wave mixing
approaches [8-15]. In particular, differential agdelays above 100 ns have been obtained very
recently in optical delay lines based on wavelerggthversion taking place in highly nonlinear
fibers (HNLF) [11] or periodically-poled Lithium Mbate (PPLN) [12]. Other original schemes

have also been proposed which take benefit of duall@ar features of optical soliton collision



[16] as well as soliton self-frequency shift phemoon (SSFS) [17]. Generally, all the above
mentioned techniques present advantages and lmmisatvhich depend on the features of the
initial signal pulses to be delayed (duration, teétjos rate, power or wavelength...).

In this paper, we present a novel method for gamgr variable large delays based on the
hybrid technique of wavelength conversion and d&pa, where the nonlinear wavelength
conversion is achieved via the modulational ingitgtiMI) of two orthogonally polarized pump
waves with different frequencies copropagating ipotarization maintaining fiber (PMF) [18-
20]. More precisely, we theoretically show thataysl could be obtained over a wide range by
simply adjusting the wavelength separation betweerntwo pumps. The remarkable features of
this new tunable delay line (TDL) are its compditipiwith both short (ps) or long (ns) pulses
and the small fluctuations of the output peak powearthermore, we have numerically evaluated
our scheme in terms of system performances by ormg the eye-diagram of a delayed 40-

Gbit/s optical signal.

[I - MODULATIONAL INSTABILITY IN A HIGHLY BIREFRING ENT FIBER

Throughout this work and as shown in Fig. 1, wester a lossless fiber with a strong intrinsic
birefringence, in which two waves vibrating at diént angular frequencies, andwy, polarized
respectively along the fast (x) and slow (y) birggence axis, copropagate along #axis in the
normal dispersion regime. Under the usual slowlywey envelope approximation, the
amplitudes Eand E of the two electric fields are found to satisfy flelowing set of coupled

nonlinear Schrédinger (NLS) equations [21] :
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where 3, is the group-velocity dispersion (GVD) coefficiemthich is assumed to be the same
value along the two axes for small frequency sdjmaswy, - W, = Aw, as considered in this
work. y designates the nonlinear Kerr coefficient @ntthe group-velocity mismatch (GVM) of

the two waves defined as:
0= +AwpP:2, )

wheredy = An/c is the GVM in the case of two identical freqaes QAw = 0) andAn designates
the intrinsic birefringence of the fiber, whoseia#ion as a function of the frequency is supposed
to be negligible. As shown by Eq. (2), GVM depenttspugh chromatic dispersion, on the

frequency separation between the two pumps.

Modulational instability in Egs. (1) is examined aystandard linear-stability analysis applied to
the steady state solutions of the NLS equationsyaelds to a fourth-order dispersion relation
that provides the MI power gain spectruntx(whereQ is the Ml frequency [19]. For the sake
of simplicity, both pump waves are assumed to pgapawith the same power P. In addition, we
consider that GVM is sufficiently large so that thput power level P is always much lower than
the critical power P beyond which MI vanishes [20]. Under these condgi only two MI
sidebands can exist, a Stokes signal wayend an anti-Stokes idler waug polarized along the

slow and fast axis, respectively (Fig. 1).



Figure 2(ashows the gain spectrum obtained for different inqpump powers P wheAw = 0
with the following fiber parameters: intrinsic ggarelocity mismatchd, = 0.5 ps/m, nonlinear
coefficienty = 0.01 m*W™ and GVD coefficienf3, = 0.02 pdm™. For each input power, we

observe that the MI gain extends over a narrow l@mase width is given by [22] :
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The maximum MI gain occurs at the optimum frequeQgy whose a good approximation could
be obtained by means of the phase-matching conditaf the four-wave-mixing process

responsible for Ml [20]:

_ 5+ -8p,P

on 2 @
We also see in Fig. 2(a) that in the cas&d@E0, both the MI frequency bandwidth and the
maximum MI gain dramatically increase as a functdnnput pump power. Figure 2(b) shows
the MI gain versusas-wy, for different pump frequency separations and amtidal pump power

P of 5 W. Here, the frequency of the pump wave nm#d along the slow axis is variable,
whereas the frequency of the wave polarized albegadst axis is fixed. As can be seen in Fig.

2(b), variations of the pump frequency separativara range of 3 THz lead to only small



fluctuations of the MI peak gain and optimal freqeye Furthermore, Fig. 2(b) shows that, as the

GVM increases, the MI bandwidth decreases, as gextlby Egs. (2) to (4).

Let us consider now that a signal pulse with fremyexs is launched into the PMF and let us
assume that it is linearly polarized along the shivefringence axis. The frequency detuning
between the pump wave with a fixed frequengyand the signal pulse is carefully chosen in
such a way that the signal frequency falls withie MI-gain sideband. More precisely, this
frequency detuning is chosen close to the MI fregydor Aw = 0 and can be obtained from Egs.

(2) and (4):
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As shown in Fig. 2(b), in presence of the seconehpwavewy, for variations ofAw on both
sides ofAw = 0, the signal remains close to the Ml peak gAi.a consequence, the signal
amplification by the MI process will be only slitghtaffected by the variations dw. Under
these conditions, a strong frequency conversiomrsceia Ml and an idler conjugated pulse is

generated and amplified at a frequeney= @, +Qgpt. The most important result here is that

the frequency detuning between the idler and sigaksles is simply given by :

ow=D0w+2Q7 . (6)

[Il - DESIGN OF A LONG TUNABLE DELAY LINE



The proposed delay generator is based on the plkengroposed in [8,9]: first, the signal
wavelength is frequency converted in a controllakéey and the resulting idler signal is time-
delayed through propagation in a dispersive fiddére wavelength of the time-delayed idler
signal is finally frequency shifted back to itstial wavelength. In the scheme presented in this
paper, the wavelength conversion stage is enswedettorial Ml of two pump waves with
different frequencies copropagating in a PMF. Tagation of delay experienced by the signal is
thus proportional to the frequency detundwg as well as to the GVD coefficieng, and length

L’ of the dispersive fiber. As shown by Eq. (&) can be easily tuned over a wide range by
simply adjusting the frequency separatiw between the two pump wavesw acts thus as a
practical control parameter for the signal pulsigleThe variation of the signal pulse’s delay

with respect to the cageo = 0 (single frequency regime) is simply given by:

AT = B, L'Aw. ()

In Fig. 3, we propose a schematic diagram of suttinable optical delay line. The pump wave
wy and the signal pulses; are combined by a fiber polarization-maintaini®d/) 90:10 coupler.
Their polarization states are aligned parallel. phenpwy and the signadys are then combined
with the second pumpy, by means of a fiber polarization combiner. Thee¢hbeams are then
injected into a highly-nonlinear polarization-maiming fiber (HNL-PMF). The pump wawve,

is polarized along the fast axis, whereas the ttherovaves are polarized along the slow axis. At
the output of the HNL-PMF, a polarizer aligned gdahe fast axis rejects the signal pulse and the
tunable pumpy,. On the other hand, a large bandwidth optical pass filter (OBPF 1) rejects

the fixed pumpu, so as to select the idler wasse The idler pulse propagates through a span of



dispersive standard single-mode fiber (SMF) to ugaol¢he time delay. Similarly to the previous
stage, the time-shifted idler pulse is then spbygtshifted back to the original signal wavelength
via MI which takes place in a second identical HRMF pumped by both waves, and w,.
Finally, the two pump waves and the idler pulse fdtered from the delayed signal pulse by
means of a polarizer aligned along the slow axigtadl with an optical bandpass filter (OBPF 2)
centered on the signal wavelength. Let us notealsaicond identical span of SMF can be used to
compensate for dispersion pulse broadening expmriein the first span of SMF in the case
where short input signal pulses are delayed. dtde worth noting that since the idler and signal
pulses are phase conjugated via the MI process,chig profile is reversed during the
wavelength back-conversion so that it can be cosgted by the same optical fiber than the one

used to delay the idler pulse.

Figure 4(a) shows the intensity profiles of theageld pulses versus frequency detuning in the
case of an input signal pulse having a full widthalf maximum (FWHM) of 25 ps and a peak
power R of 10 mW. These results were obtained from numaksnulations of Egs. (1) with two
pump waves of identical peak powers P of 5 W. TieguUency separatiom, - ws between the
fixed pump and the signal is 3.93 THz. The HNL-PMRgth for achievement of efficient
wavelength conversion was found to be L = 27 m. &drtle above conditions, the idler pulse
generated at the fiber output has a peak power2omW®. The dispersive SMF has a GVD
coefficient g, of 0.02 p&m and a length L’ of 1000 m. After wavelength negersion of the
idler pulse, the delayed signal pulse is filtereithvan optical bandpass filter (OBPF 2). As
shown in Fig. 4(a), after passing through the défe; the signal pulse has preserved its duration

and profile. Another noticeable feature in Fig.)4dthat the peak power of the delayed signal



remains nearly constant for a variationdd of 3 THz, corresponding to a variation of the gela
At of nearly 380 ps. Figure 4(b) shows similar resalitained for a shorter signal pulse of 6.5 ps
and with the following parameters: P = 20W,- ws= 3.83 THz and L = 7 m. Note that pulse
broadening which occurs in the SMF in that caseoimpensated with a second identical SMF.
The outstanding features in Fig. 4(b) are thatjlany to the case of the 25-ps signal pulse, the
6.5-ps pulse has preserved its duration and iriteqsdfile, and secondly the peak power

variation is rather small.

To study in more details the system performancethefdelay generator, we have performed
numerical simulations with VPI WDM transmission realsoftware by considering a degraded
40-Gbit/s pseudo-random bit sequence (PRBS) ofli@8(after, for example propagation in a
usual transmission line). The other parametershereame as in Fig. 4(a). Figure 5 represents the
simulated eye diagrams for the transmission sigsalvell as the delayed signal pulse train for
three different pump separatiofAss. We clearly see from Fig. 5 that both the eye opgland

the magnitude of the amplitude and timing jitters @ot modified by the delay generator.

Finally, we would like to emphasize that longerajetould be obtained simply by increasing the
length of the dispersive fiber (SMF). As pointed ouRef. [13], the maximum delay value that
can be realized is then essentially limited by tb&idual dispersion originating from the third-
order dispersion of the SMF fiber, so that morenth@0 ns delay should be obtained for 10

Gbit/s pulses trains.



IV - CONCLUSIONS

In this work, we have numerically demonstrated effeciency of a continuously tunable delay
generator based on vectorial modulational instgbitif two pump frequencies in a highly
birefringent fiber. The proposed technique is aggllle to a wide range of pulse durations and
delays without any significant distortion and pgakver variation of the signal pulses. Moreover,
this approach is not restricted to a specific matioih format and is phase preserving so that it
could be also suitable for phase-modulated sighabther interesting point is that the method
presented in this paper does not need any banfiftassuned to different centered wavelengths
but only used bandpass filters centered at fixedelemgths. Finally, the power level necessary
to obtain a wide bandwith is on the same order afmtude as for methods using Raman
amplification [3,6] but remains about one ordernofgnitude higher than those required in
techniques based on Brillouin or dual-pump parameamplifiers [2,13]. Nevertheless, this
power could be significantly reduced by using mooalinear HNLF, such as a photonic crystal
fiber. We believe that these results may be relef@nvarious applications including optical

buffering in telecommunication systems.
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Figure Captions

Fig. 1. Principle of the method: Schematic diagram of fihe@ waves propagating through the

highly birefringent fiber.

Fig. 2. (a) MI gain versus sideband MI frequency deturforgdifferent input pump powers and

Aw = 0. (b) MI gain versusu-wy,) for different frequency separatiofs) and P=5 W.

Fig. 3. Schematic diagram of the continuously optical dgjayerator

Fig. 4. Numerical traces of the pulses at the delay gémenraput (inset) and output foAw = -
1.5 THz (dashed line)Aw = 0 (solid line) and\w = 1.5 THz (circles) for : (a) 25-ps pulse width

and 5-W pump and (b) 6.5-ps pulse width and 20-Wippower.

Fig. 5. Eye diagrams for a 40-Gbit/s PRBS signal. Pulsi tfa) after propagation through a

transmission line, at the delay generator outpu{ipAw = -1.5 THz, (c)Adw = 0 and (dAw =

1.5 THz.
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Fig. 1. Principle of the method: Schematic diagmthe four waves propagating through the
highly birefringent fiber.
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S. Pitoiset al. Fig. 2.
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Fig. 2. (a) MI gain versus sideband MI frequenciudang for different input pump powers and

Aw = 0. (b) MI gain versusug-wy,) for different frequency separatiofsy and P=5 W.
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S. Pitoiset al. Fig. 3.
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Fig. 3. Schematic diagram of the continuously @tielay generator.
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S. Pitoiset al. Fig. 4.
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Fig. 4. Numerical traces of the pulses at the dgkxyerator input (inset) and output fAkw = -
1.5 THz (dashed line)Aw = 0 (solid line) andAw = 1.5 THz (circles) for : (a) 25-ps pulse width

and 5-W pump and (b) 6.5-ps pulse width and 20-Wippower.
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S. Pitoiset al. Fig. 5.

Power [mW]

10

Fig. 5. Eye diagrams for a 40-Gbit/s PRBS signals® train (a) after propagation through a
transmission line, at the delay generator outpu{(ddAw = -1.5 THz, (c)Aw = 0 and (dAw =

1.5 THz.
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