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Abstract We review the development of several new
approaches for extending the performance of Brillouin
based dow light systems. In particular we describe the
use of cavity effects to enhance the achievable delays,
gain saturation to decouple the delay and associated
signal gain, and the use of tailored pump beamsto effect
reshaping and retiming of periodic signals.

. INTRODUCTION

Brillouin-assisted slow light has received muctletatibn
since its first demonstrations in 2005 [1, 2]. Asllwas
being of inherent physical interest, these earlyeexnents,
carried out in a conventional fiber at room tempae
seemed to point to a possible route to the devetoprof
several important all-optical devices ranging freimple all
optical tuneable delay lines through to opticalféns.

Much of the subsequent research effort has targéeted
one way or another, the pursuit of these important
applications. As a consequence many of the fatitaing
the techniqgue have already been overcome. For dgamp
ways to enhance the bandwidth of the delayed sgbwgl
broadening the Brillouin gain profile [3, 4] havesdn
developed, and the use of extreme nonlinearity silicea
fibers has been shown to provide a way to reduegtimp
power and inherent device latency, as well asdcesse the
effective reduction in speed [5, 6]. However, we athers,
have also sought to gain a fuller understandingthef
Brillouin delay mechanism, and to investigate wayfs
better exploiting it within more complex opticalssgms to
enhance the gain-delay characteristics and furadttgnof
slow light systems.

In this paper weeview our work on the use of cavity
effects to enhance the achievable delays, gaimasadio to
decouple the delay and associated signal gainthenaise of
tailored pump beams to effect reshaping and regjnoh
periodic signals.

1. CAVITY EFFECTS

Taking into account that the dynamics of Brillouin
scattering are strongly modified in the presencexbérnal
feedback [7], we investigated ways to employ arerex!
cavity to enhance slow-light generation. The ide¢hat if
the Brillouin peak coincides with one of the tramssion
maxima of the cavity, then constructive interferenill
take place leading to a sharpening of the gain .p€hls
process simultaneously narrows and enhances thegak,

which ultimately gives rise to a reinforcement loé tslow
light effect that can provide delays even 100% &igihan
without the cavity [8]. We demonstrated this pointa
slow-light system comprising a 2-m long bismuth dexi
highly nonlinear fiber. The high core index cresadsresnel
reflectivity at the uncoated end facets of ~2.5%emh
coupled to a SMF fiber. This gives rise to a lonese
Fabry-Perot cavity enclosing the highly nonlineaerf. We
measured a maximum delay of ~70ns for 200ns Gaussia
pulses using just ~500mW pump power, as showngtilFi
Without the presence of the cavity our simulatipnedict a
delay of ~30ns.

On the other hand, if the gain peak sits at onehef
transmission minima the gain peak is broadenedclwnhi
ultimately results in a smaller delay for the samamp
power. This way the detuning of the gain peak redato
the transmission maxima of the cavity offers anitatdal
means of control for the delay without changing [uenp
power.

It should be noted that although demonstrated m th
context of Brillouin-assisted slow light, this cayi
enhancement effect should work with any other gain-
assisted slow light technique.Ultimately the slagiat
enhancement takes place due to a tighter fittinthefgain
bandwidth to the signal bandwidth. Therefore, thifect
can be most useful whenever there is some spare gai
bandwidth (e.g. when using Raman scattering).

One requirement of the technique is the existenfce o
intrapulse interference, which limits the maximwendth of
the cavity. Other cavity configurations, like agimavity,
offer better performance for shorter lengths. Hosveeven
for this higher performance configuration, the talkength
required for high speed signals would be too shortise
optical fibers, and other slow light media mightreguired
(e.g. semiconductor devices).

1. USE OFGAIN SATURATION

One of the characteristics of gain-assisted slayhtli
systems is that once the slow light medium has bkegsen,
there is a coupling between gain and delay, i.aicegain
always provides a certain amount of delay. Howettds,
can pose problems in real systems since signall wit
different delays would have considerably different
amplitudes. Therefore, it would be desirable toodete
these two magnitudes. We have proposed a way tievech
this by working in the pump depletion regime andulsing
a variable optical attenuator (VOA). Since all tdelay
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Fig.1. Experimental demonstration of slow light anbement due to
the presence of reflections. For comparison thertieal prediction
of the achievable delay without a cavity is alsesented.

range offered by the fiber is swept in the pumpletem
regime, the attenuation of the delayed probe unbir
operating condition provides access to shaded #€Bsn
Fig.2 (i.e. any combination of delay/gain offereg the

system), whereas only the shaded area A would be

accessible if operating in the linear regime. Altdively,
the operation in the pump depletion regime candaduli to
obtain moreequalizeddelayed signals or even signal with
different gain levels but very similar delays (amduthe
peak of Fig.2).

As can be seen in Fig.2, the pump depletion regsne

characterized by a rapid decrease in the delay with

increasing gain. The decrease of induced delayués td
pulse reshaping instead of any phase phenomenapitin
of this, we have seen in our experiments that theuat of
pulse distortion induced is very little providedetiprobe
pulses are smooth and the delay is always kept [g0ns

I1l.  Use orCoMPLEX PumP FIELDS

Several works have attempted to broaden the narrow

bandwidth of Brillouin gain, in order to make th#eet
applicable to telecoms signals. For example, in4[3the

pump was modulated by a pseudorandom bit sequence

(PRBS) to uniformly broaden its bandwidth. By cestrto

the continuous spectrum of a PRBS signal, a complex

periodic pulse pattern exhibits a multiline speetrilnat can

be employed to generate a Brillouin gain comb. When

appropriately handled, this process can be used

manipulate the individual harmonics of a high-speed

periodic signal. This constitutes a very flexiblenda
powerful way of signal processing that can be ufed
signal reshaping and/or retiming with very littlgirg change.
It is important to remark that this technique isesgially

independent of the frequency of the periodic signal

IV. CONCLUSIONS

We have shown that gain-assisted slow light, and

particularly Brillouin-assisted slow light, can tstrongly
influenced by elements outside the Brillouin medidinese
dependencies and the maodification in behavior thay
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Fig.2. Delay vs. gain in a Brillouin-assisted slaght system. The
linear and pump depletion operation regimes arnindisished. Shaded
area A illustrates the delay/gain combinations asitde by using an
optical attenuator and operating in the linearmegiOperation in the
pump depletion regime grants access to shaded Ardas

allow can be exploited in many different ways. Waevén
presented some examples of how Brillouin-assisystess
can be engineered to enhance their functionalitsh sis the
enhancement of the delay by using Brillouin-effeictsa
cavity, the decoupling of delay and gain, or theheping of
signals by individual control of the their harmamic
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