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a b s t r a c t
We demonstrate a single optical timing module that can provide both tunable delay and advancement
with low distortion using a reconﬁgurable gain medium based on stimulated Brillouin scattering. Dualstage intensity modulation method is used to achieve optimized gain proﬁles for both slow- and fastlight operation. Using 6.5 ns Gaussian pulses, we demonstrate a continuous temporal adjustment from a
fractional advancement of 0.31 to a fractional delay of 0.82, giving more than a full pulse width of total
tunability.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Slow and fast light [1] have promising applications in telecommunication systems and all-optical signal processing. Among various slow-light processes [2–5], stimulated Brillouin scattering
(SBS) [6,7] is a convenient process to achieve tunable delays in
an optical ﬁber. Many techniques have been proposed to improve
aspects of an SBS-based slow-light delay element, such as its operating signal bandwidth [8–11] and maximal achievable fractional
delay [13–18]. Fast light has also been investigated in SBS systems
[19–22], but most fast-light modules reported so far have very limited fractional advancement.
In practice, the temporal position of an optical signal train can
experience random delay or advancement as compared to a reference clock. Thus, for applications such as jitter correction and
data resynchronization, one would naturally desire a single timing
element that could provide both positive and negative temporal
adjustment. However, most demonstrated slow-light devices cannot be reconﬁgured easily to work in the fast-light regime, and
vice-versa. It has been shown recently [19] that one can achieve
tunable delay and advancement by adjusting the separation between two Lorentzian gain lines. However, in the process of tuning
the separation, both the gain and group index proﬁles can become
highly frequency dependent over the signal bandwidth. This leads
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to signiﬁcant pulse distortion and degradation of the signal ﬁdelity,
which becomes impractical for real applications.
2. Theory
In this work, we construct a continuously tunable SBS timing
element that can achieve both positive and negative delays with a
total tuning range of more than one pulse width with low distortion for both delay and advancement. For a single-frequency
continuous-wave pump ﬁeld, the SBS-induced complex refractive
index near the Stokes frequency ν0 can be approximated by a
Lorentzian function as follows:

ñ(ν ) = nbg +

cg
4πν0

γ
,
ν − ν0 + i γ

(1)

where nbg is the background index of refraction, c is the speed of
light in vacuum, and g and γ are the peak gain coeﬃcient and the
SBS linewidth, respectively. The real part of ñ has a large swing
in the vicinity of the resonance, resulting in slow and fast light
in the center and wings of the resonance, respectively. The general principle of switching our device between slow- and fast-light
operations is to reshape the SBS-induced gain proﬁle by modulating the pump ﬁeld differently, so that the signal spectrum lies
either within the center region of a single gain feature or within
the transparent window between two separated gain features.
Under many circumstances, the primary ﬁgure of merit of slowlight delay devices is the maximum achievable fractional delay
 T max [12], also known as the delay-bandwidth product [23]. In
this work, we deﬁne the fractional delay as  T ≡  T /τ p , where

4072

Z. Shi et al. / Physics Letters A 374 (2010) 4071–4074

Fig. 1. (Color online.) Schematic diagram of a continuously tunable optical timing
element based on stimulated Brillouin scattering that is capable of producing both
positive and negative time delays. TL: tunable laser; IM: intensity modulator; AFG:
arbitrary function generator; SMF: single-mode ﬁber; EDFA: erbium doped ﬁber ampliﬁer; VOA: variable optical attenuator.

Fig. 2. (Color online.) Measured small signal gain and calculated induced refractive
index change as functions of frequency detuning for slow light [(a) and (b)] and
fast light [(c) and (d)] conﬁgurations. The black dotted lines in (a) and (c) show the
power spectrum of Gaussian pulses with FWHM of 6.5 ns.

 T is the absolute delay of the peak position of the pulse as
compared to that of a reference, and τ p is the full width at half
maximum (FWHM) of the input pulse.
In practice,  T max is often limited by the maximum distortion
or change in power level that a signal is allowed to acquire in passing through a slow-light material [24]. To achieve large fractional
delay and advancement to reach a total tuning range larger than
a pulse width, we choose two optimized gain proﬁles with low
distortion for slow- and fast-light operation. In this manner, signal distortion is well controlled through the entire tuning process.
Tunable delay and advancement are then achieved by controlling
the pump power.
In the slow light regime, we use multiple closely spaced gain
lines for slow-light operation [14,15,25], and we optimize the spacing and the relative strength to form a broad, ﬂat-top gain proﬁle.
One can also extend this concept to the use of a continuous pump
spectrum to achieve a gain proﬁle as broad as tens of gigahertz
[26].
For fast-light operation, we use two separated gain features,
which leaves a transparent, fast-light window in between. Note
that the maximum achievable fractional advancement of such a
separated double gain medium is determined by factors that can
be different from those for a slow-light medium [24]. First, since
the signal spectrum sits between two gain features, the wing regions of the signal spectrum gets ampliﬁed more than the center.
This leads to spectrum broadening, and consequently the output
pulses become narrower in the time domain. Furthermore, residual frequency components due to optical noise in the input signal
or spontaneous emission from the gain medium that fall on the
two gain peaks get ampliﬁed much more strongly than the main
spectrum of the signal. Such ampliﬁed noise can form a beating pattern in the time domain, which leads to pulse distortion
and inter-symbol interference [27]. Thus, instead of the maximum
pump power the system can provide, this noise constraint determines the maximum continuous-wave (CW) gain the system can
have at the two gain peaks, and hence further limits the maximum advancement that such a fast-light element can produce.
Given such a limit, we use two separated, ﬂat-top gain proﬁles to
further increase the fractional advancement. In speciﬁc, each ﬂattop gain proﬁle is created using three closely spaced gain lines.

which is biased for minimum DC transmission. The modulator creates two frequency sidebands, ν0 ± ΩB , where ΩB ≈ 10.6 GHz is
the SBS Stokes shift frequency of our single-mode ﬁber (SMF).
The modulated ﬁeld then propagates through 6 km of SMF with
a strong counter-propagating pump ﬁeld at ν0 . The SBS process
ampliﬁes the component at the Stokes frequency ν0 − ΩB and attenuates the anti-Stokes frequency ν0 + ΩB . The optical ﬁeld after
this SBS puriﬁcation stage is checked with an optical spectrum analyzer, and the power of the Stokes ﬁeld at ν0 − ΩB is 20 dB higher
than those at ν0 and ν0 + ΩB . A second MZ intensity modulator
(IM 2) is then used to carve out a train of Gaussian pulses with
FWHM width τFWHM = 6.5 ns before the signal is sent into the
SBS temporal adjustment module.
A two-stage pump modulation is used to reconﬁgure the two
optimized SBS gain proﬁles between slow- and fast-light operations. We use one sinusoidally driven MZ intensity modulator
(IM 3 in Fig. 1) to create three closely spaced frequency lines
which lead to a single ﬂattened gain feature approximately 80 MHz
wide [15]. Note that one can use a more complicated modulation
method [16,17] to create more lines and to form a broader gain
feature. A second MZ intensity modulator (IM 4) is used to conﬁgure the ﬁnal gain proﬁle for slow- or fast-light operation. The
modulator is always biased at minimum DC transmission, and it is
sinusoidally modulated at frequency f s . This setting splits the gain
feature produced by IM 3 into two, separated by 2 f s from each
other. For slow-light operation, the optimum value of f s is approximately 34 MHz, and the two gain features are partially overlapped
to form a broad, ﬂat-top gain feature [see Fig. 2(a)]. For fast-light
operation, the optimum value for f s is approximately 148 MHz.
The resulting two ﬂat-top gain proﬁles are separated enough to
leave a transparent fast-light window in between for our signal
[see Fig. 2(c)], but they are also close enough that signal experiences a signiﬁcant fast-light effect.
To illustrate the low-distortion advantage of our optimized gain
proﬁles for the slow- and fast-light operations, we performed a numerical calculation of the width of the output pulse as the delay is
increased by tuning up the pump power. Since the temporal shape
of the output pulse can be irregular, such as having multiple lobes,
it is more accurate to describe the temporal width of the pulse
using its root-mean-square (RMS) width τrms as follows:

3. Experimental demonstration

τrms ≡

The schematic diagram of our experiment is plotted in Fig. 1.
We start with a stable laser source (Koshin LS-601A) at a frequency
ν0 near 1550 nm, and we modulate the ﬁeld using a sinusoidally
driven Mach–Zehnder (MZ) intensity modulator (IM 1 in Fig. 1),

where

 

t 2 − t 2 ,


t | A (t )|2 dt
t  = 
,
| A (t )|2 dt

(2)

(3)
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Fig. 4. (Color online.) Measured fractional delay (circles) and advancement (triangles) as functions of the pump power. The error bars are the standard deviations.

Fig. 3. (Color online.) Calculated optimized and un-optimized gain proﬁles as functions of frequency detuning for slow light (a) and fast light (c) conﬁgurations, and
the RMS width of the output pulse for different gain proﬁles as functions of peak
delay for slow light (b) or advancement for fast light (d) conﬁguration.

 2
t | A (t )|2 dt
t  = 
,
| A (t )|2 dt
2

(4)

and where A (t ) is the amplitude of the pulse. The temporal
RMS

width of the input Gaussian pulses is τrms = τFWHM /(2 2 log(2) ) =
2.76 ns.
Fig. 3 shows the numerically calculated RMS width τrms of
the output pulse propagating through optimized and un-optimized
slow-light and fast-light media as the delay or advancement increases. For the slow light conﬁguration, the un-optimized gain
proﬁle is a single Lorentzian gain line [see the blue dashed line in
Fig. 3(a)]. Since the signal spectrum is broader than the width of a
single gain line, the pulse becomes signiﬁcantly broadened as the
delay increases. At the largest delay of 5.29 ns (a fractional delay
of 0.82), the RMS width of the output pulse through our optimized
slow-light medium is approximately 3.6 ns while a single-gain-line
medium results in a RMS width of 11.5 ns. For the fast-light operation, the un-optimized gain proﬁle is two Lorentzian gain lines
separated by 206 MHz [see the red dashed line in Fig. 3(c)]. When
the advancement is small, the RMS width of the output pulse
through the un-optimized medium is approximately the same as
the optimized medium. However, as the advancement becomes
large, the noise ampliﬁed by the two gain peaks quickly distorts
the output pulse for the un-optimized medium while the RMS
width of the output pulse through the optimized medium is still
well maintained. Note that this calculation assumes that the input
pulse is noiseless. In a real experiment, the noise components at
the two gain peaks can get ampliﬁed much faster, which leads to
further distortion of the output pulse.
The modulated pump proﬁle is ampliﬁed using an erbiumdoped ﬁber ampliﬁer (EDFA 3 in Fig. 1) and launched into 4 km
of SMF counter-propagating with the signal ﬁeld. A variable optical attenuator (VOA) is used right before the output of the module [15], and the VOA is set at constant output power mode to
keep the output power at a ﬁxed level. The amount of delay or
advancement is adjusted by controlling the output power level of
EDFA 3. Figs. 2(a) and (c) show the measured small signal gain for
the fast- and slow-light conﬁgurations, respectively. One sees that
the optimized ﬂattened gain feature and the transparent window
are adequately broad for the signal spectrum shown as the dotted
lines. Figs. 2(b) and (d) show the corresponding refractive index
change calculated according to the Kramers–Kronig relations. One

Fig. 5. (Color online.) Output pulse as a function of time for reference, slow-light,
and fast-light conﬁgurations.

clearly sees the slow- and fast-light regimes, indicated by positive
and negative slopes of n, in the vicinity of the center frequency for
the two respective conﬁgurations. Note that the two chosen gain
proﬁles and their corresponding group index proﬁles for slow- and
fast-light operations are quite uniform over our signal bandwidth,
and therefore one can achieve large fractional delay and advancement with very low pulse distortion.
Fig. 4 shows the measured delay and advancement as functions
of the pump power. Using a maximum pump power of 130 mW,
we have achieved a fractional delay and a fractional advancement
of 0.82 and 0.31, respectively, giving a total continuous tuning
range of 1.13 pulse width, or about 7.35 ns for 6.5-ns pulses. Note
that our setup can switch between slow- and fast-light regimes
electronically without the need of rearranging the components.
The FWHM of the delayed and advanced pulses are approximately
8.7 ns and 6.7 ns, respectively (see Fig. 5). Note that we do not
use the RMS width of the experimentally measured pulse because,
in the presence of optical and detector noise, the value of τrms
does not converge as the size of the truncated time window increases, and therefore it no longer reﬂects accurately the width of
the pulses. The fractional advancement can be further improved
if each of the double gain features is broadened further and the
noise level of the input signal is reduced.
4. Conclusion
In summary, we have demonstrated a single, continuously
tunable, low-distortion module for delaying or advancing optical
pulses using stimulated Brillouin scattering. The slow- or fast-light
operation is realized using dual-stage intensity modulation, with
different optimized modulation functions, on the pump ﬁeld. We
have continuously tuned the temporal position of 6.5 ns FWHM
Gaussian pulses from a fractional advancement of 0.31 to a frac-
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tional delay of 0.82, giving a total tuning range of more than one
pulse width, while the pulse distortion is kept low through out the
entire tuning range. Such a device can be used for jitter correction
and data resynchronization.
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