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Slow light based tunable delay line has been a potential enabler for all-optical networks. We numerically
investigate the transmission performance incorporating the signal bandwidths into the incoherently
pumped stimulated Brillouin scattering (SBS) slow light systems. Both the gain and loss part of the SBS
spectrum are taken into account for more accurate comparison. Simulation results are illustrated in terms
of the normalized delay and signal Q-factor products for both 2.5-Gb/s and 10-Gb/s on-off-keying (OOK)
transmission systems. Optimization guidelines are given under different circumstances.
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1. Introduction

Slow light and its applications into nonlinear signal processing
have gained substantial interests [1-10] since the first few demon-
strations [1-3]. One of the major applications for slow light is to
generate tunable delays in advanced optical networks, especially
through stimulated Brillouin scattering (SBS) in optical fiber itself
[4-7], as elements based on such mechanism are promising candi-
dates in high-speed all-optical networks and signal processing
applications.

As pointed out and investigated to some extend, there are two
major issues when adopting SBS based tunable delay elements into
real systems: (i) the limited intrinsic bandwidth of SBS gain spec-
trum (typically tens of MHz), which is much narrower than the
requirement to accommodate current high data rate signals (gen-
erally more than Gbit/s); (ii) signal distortions passing through
the slow light element, resulting from the gain spectrum limita-
tions and the slow light mechanism itself (e.g. pattern dependence
[12] or pulse broadening).

To solve the first problem, researchers have proposed different
schemes to increase the gain bandwidth to tens of GHz, including
directly modulating the pump laser using pulse train [13]; pseudo-
random bit sequence (PRBS) [14] or Gaussian noise [6]; external
phase modulation [11,15,16]; multiple pump lines [17-19]. Re-
lated approaches are based on modulating coherent pump sources
or modulators following the coherent sources. Therefore, for a
multiple-channel system, each channel needs such a source; the
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configuration would be somewhat complicated. It was noted re-
cently that incoherent pump source can be used to provide possi-
ble cost-effective solutions in multiple-channel systems through
sharing the same incoherent pump source, although individual
high power amplification is still required for each channel [20].

Regarding the signal distortion through slow light element,
investigations are mostly dealing with characteristics of a single
pulse in theory or typical experimental demonstrations in real
transmission systems under preferred experimental parameters
[21,22]. Moreover, since the SBS spectrum includes both the gain
and the loss part, signals transmitted at higher data rate (i.e. corre-
sponding to wider spectrum) might be further degraded when the
loss part of the SBS gain spectrum is getting involved. Such system
evaluation has not been performed yet. Therefore, it would be
desirable to investigate the performance of SBS slow light systems
in a more complete way to provide useful design guidelines under
a more general parameter set.

In this paper, we build a complete SBS slow light transmission
system model and simulate related performance. Here we use an
optical filter to slice the spectrum of an incoherent source (e.g. an
amplified spontaneous emission — ASE source) to act as the SBS
pump source. As pointed, phase information of the data stream can
be well preserved through the slow light (e.g. differential phase-
shift-keying, DPSK [7]) or well-proved trend between the generated
delay and the number of - ary exists for multi-level (or M-ary)
phase-modulated data [22], thus we concentrate on the transmis-
sion performance of the on-off-keying (OOK, including both re-
turn-to-zero and non-return-to-zero, i.e. RZ and NRZ) data formats.

As we vary the bandwidth of the pump source, corresponding to
the bandwidth of the optical filter, the performance is evaluated in
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terms of the normalized delay and signal Q-factor product. In addi-
tion to data formats, both the pump power and the transmission
data rate are incorporated: the pump profile and power can change
the profile and peak of the gain spectrum, respectively, as well as
the loss part of the spectrum, and consequently may affect the sig-
nal quality at higher data rate (i.e. wider spectrum). We find that
the optimized and normalized parameter, defined as the band-
width of the pump-slicing over the signal data rate, varies at differ-
ent pump power levels, as well as different data formats. Therefore,
related results can be used as design guidelines for real systems.

2. Coherent vs. incoherent pumped SBS

In principle, slow light can be achieved by the creation of a large
normal dispersion of the refractive index in a nonlinear medium.
Large normal dispersion gives rise to an increase in the group in-
dex, ng (o) = n(wg) + wo (dn/dw), where wy is the carrier frequency
of the optical pulse and n(wy) is the refractive index of the med-
ium. Therefore the group velocity v, =c¢/n, can be altered and a
controllable group delay is obtained for the signal. In particular,
the process of SBS slow light is based on the interaction between
two counter-propagated beams inside optical fiber itself: the pump
light and the signal. When the pump is strong enough, and fre-
quencies of the pump light w,, and the signal ws meet a certain cri-
teria, acoustic wave will be generated. The signal will be amplified
within a narrow bandwidth (typically tens of MHz). More impor-
tantly, the SBS-induced amplifying resonance accompanies a
strong change in the group velocity within a narrow bandwidth,
which in turn introduces an additional delay of the pulse (A7).

As mentioned, in order to increase the gain spectrum to GHz so
that the slow light element can accommodate Gbit/s data signal,
researchers mostly use the configuration shown in Fig. 1a. The

coherent source is modulated through PRBS or Gaussian noise, or
just through an external phase modulator (PM). For a multiple-
channel system, each channel needs such a modulated source,
and the SBS gain spectrum is hard to control due to the random
nature of frequency modulation. On the other hand, if we use an
incoherent source, e.g. an ASE source, followed by a periodic opti-
cal filter (e.g. a Fabry-Perot type one), we can obtain multiple
pump lines and then can use each line for individual channels
(Fig. 1b). Since generally the output of such source is not high en-
ough, high power optical amplifier is still required for each pump
lines, similar to conventional coherent approaches. As the band-
widths of optical filters are generally more than GHz or even wider,
the SBS gain spectrum will be wider enough for most applications.
The SBS gain spectra are easy to tailor by properly choosing the
shape and bandwidth of the spectral-slicing filter. Such configura-
tion may provide relatively simple solutions for future wave-
length-division-multiplexing (WDM) systems, although the
overall performance of such systems may not be as good as con-
ventional approaches depending on the noise reduction ability of
optical filters.

3. Simulation model

The simulated system setup is shown in Fig. 2a, where the SBS
pump is based on a polarized and spectrally sliced ASE source (as
the SBS slow light process is polarization sensitive), with its band-
width determined by the optical filter (bandpass filters such as fi-
ber-Bragg-grating, Fabry-Perot, arrayed-waveguide-grating, can
be used here). The high power EDFA is used to provide a certain
pump power (Ppump in MW) to generate SBS slow light effect in
the highly nonlinear fiber (HNLF). The length of the HNLF is set
to 2-km, with its typical specifications similar to [22], some in
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Fig. 1. Illustration of typical configurations for a multiple-channel system when using (a) coherent pump source (TLS: tunable light source, PM: phase modulator) (b)

incoherent (here an ASE) source (F-P: Fabry-Perot, OF: optical filter).
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Fig. 2. Simulation model: (a) System setup of SBS slow light based on spectrally-sliced incoherent pump (MOD: modulator, OBF: optical bandpass filter, HNLF: Highly
nonlinear fiber). (b) lllustration of the relationship among the broadened SBS spectrum (including the loss part), the spectrum of low data rate signal (e.g. 2.5-Gb/s) and the

spectrum of high data rate signal (e.g. 10-Gb/s).
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[6]. OOK data sequences (NRZ and RZ) are generated using electro-
optic modulators (MOD) and propagate through the slow light sec-
tion, counter-propagating inside the HNLF with respect to the
spectrally-sliced incoherent pump. The amplified and delayed sig-
nal is then routed out via circulator I. Unwanted pump is routed
out via circulator II. Other parameters include the effective mode
area Agr=14.5 pm?, the dispersion slope is 0.045 ps/(nm? km),
and the gamma coefficient is 9.1 W' km™!, the gain coefficient
of the center go=5 x 10~ m/W, the intrinsic gain bandwidth
I'p/27 = 40 MHz, and the refractive index of the fiber n = 1.45.

Considering the data rate of the transmission system, we illus-
trate the relative relationships between the SBS gain spectrum and
the data spectrum shown in Fig. 2b. Low data rate signals can be
transparent to the SBS gain spectrum, while at high data rate, part
of the data spectrum may fall into the loss part of the SBS spec-
trum, thus introducing additional degradations. In addition, since
the phase information is useless for the incoherent pump source,
the complex gain spectrum g(w) is simulated using the convolu-
tion of the intrinsic SBS gain spectrum go(w) and the power spec-
trum of the pump field I,(w,) [6]. The pump source is considered to
exhibit a Gaussian-type power spectrum as the polarized ASE
source passing through the optical filter.

4. Simulation results

Starting from the low data rate, i.e. 2.5-Gb/s, we simulate the
performance variation as we vary the bandwidth of the optical fil-
ter. As defined in [7], the slow light bandwidth is normalized by
signal bit rate, and the pulse delay is normalized by the bit time

(i.e. normalized delay), Figure of merit (FOM) is defined as the
product of the normalized delay and signal Q-factor. The Q-factor
is defined as Q = (P; — Py)/(01 + 69p), where P; and P, are the mean
of 1 and O at the maximum eye opening instant; ¢, and o, are
the standard deviations for levels 1 and O, respectively. The pulse
delay is defined as the time shift at the maximum power level in
the simulation.

First we show simulated results of generated delay vs. pump
power at different bandwidths (or full-width at half-maximum,
FWHM) in Fig. 3 for the 2.5-Gb/s NRZ and RZ formats. As expected,
the generated delay increases as the pump power increases, while
narrower bandwidth of the sliced pump corresponds to larger de-
lay under the same pump power. Some individual results agree
well with available experimental points under similar conditions
[7]. It is also noted that as the spectral width of the NRZ signal is
narrower than that of the RZ signal, most of frequency components
of NRZ signal are closer to the delay peak. Subsequently the gener-
ated delay of NRZ signal is larger than that of RZ signal under the
same pump condition.

In addition, typical eye diagrams of both data formats are
shown in Fig. 4, where FWHM of the optical filter is set to 4 GHz
and the optical signal-to-noise-ratio (OSNR) is set to 25 dB, where
the noise is modeled as Gaussian white noise. Note that pulse
broadening does exist (especially the RZ signal) and should be con-
sidered as a major challenge for future performance improvement.

More importantly, the relationships between FOMs and the
slow light bandwidths are shown in Fig. 5a and b for 2.5-Gb/s
NRZ and RZ data formats, respectively. As the pump power in-
creases, the optimized slow light bandwidth also shifts from lower
values to higher ones. As the pump power higher than 300 mW,
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Fig. 3. Generated 2.5-Gb/s OOK signal delay vs. pump power at different pump-slicing bandwidths: (a) NRZ data (b) RZ data.

Fig. 4. Typical 2.5-Gb/s eye diagrams after slow light under different pump power levels (a) NRZ; (b) RZ. Here the FWHM of the optical filter is set to 4-GHz, and the OSNR of

the signal is set to 25 dB.
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Fig. 5. Figure of merits (FOMs) vs. slow light bandwidths at different pump power levels for 2.5-Gb/s OOK signals (highlighted solid lines showing the trends of optimized

points): (a) NRZ data (b) RZ data.

the optimized slow light bandwidth is between 1.8 and 2.0 times
the signal bandwidth for NRZ signal, while the optimized value
keeps relatively constant (i.e. >1.6) for the RZ signal.

When the data rate increases to 10-Gb/s, we would expect that
the loss part of the SBS gain spectrum will have certain effects on
the signal transmission. Similar to the 2.5-Gb/s case, the trends
among the signal delay, the pump power and the slicing band-
width still stand for the 10-Gb/s case (Fig. 6), although the gener-
ated delay is much less than that of 2.5-Gb/s due to higher data
rate. The corresponding eye diagrams are also shown in Fig. 7,
illustrating the similar behavior as 2.5-Gb/s. As expected, the per-
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formances between two data rates are different due to the limited
bandwidth of the gain spectrum, while such differences are not
that substantial mainly due to the fact: the majority of frequency
components of the signal still fall into the center of the gain spec-
trum; only limited high frequency components may fall into the
loss part.

In addition, NRZ data generates larger delay than the RZ signal
under the same condition. This is because that the spectral width
of NRZ signal is narrower than that of RZ signal, so the frequency
components of NRZ signal are closer to the gain peak. The linear re-
gime (delay vs. pump power) does exist for low pump power, while
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the signal is set to 25 dB.
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Fig. 8. Figure of merits (FOMs) vs. slow light bandwidths at different pump power levels for 10-Gb/s OOK signals: (a) NRZ data (b) RZ data.

at higher pump power, the signal distortion becomes more serious,
the relationship between the delay and pump power turns to be
nonlinear [17]. As we evaluate the delay for RZ signal using the
peak power of the pulse, while the width of 98% peak values for
NRZ signal, the tendency of RZ is quite different from the NRZ
one. It is noted that there is still no accurate method to measure
the delay for NRZ signal, especially when the signal is distorted
(i.e. the rise/fall time is quite asymmetric).

On the other hand, Fig. 8 shows the FOM vs. the slow light band-
width at different pump power levels. Now unlike the 2.5-Gb/s
case, at a given pump power, the optimized slow light bandwidths
is between 1.2 and 1.4 times the signal bandwidths for 10-Gb/s
NRZ. While for the RZ data, due to its even wider spectrum, the
optimized bandwidth relationship keeps almost flat. While it
should be noted that due to the loss part involvement, the FOM
values of both RZ and NRZ at 10-Gb/s are lower than those at
2.5-Gb/s data rate, especially for the RZ signal. As an example,
the FOM can be more than 2.5 for 2.5-Gb/s under 500 mW pump
power, while it only can be as high as 1.1-1.2 when the data rate
increases to 10-Gb/s. Such significant degradation is mainly due
to the contribution of the loss part of the SBS gain spectrum. There-
fore, it would be good to avoid or at least mitigate the effect of the
loss part through different ways [19], which is also one of our next
goals.

5. Conclusion

In conclusion, we investigated the SBS slow light system perfor-
mance under different scenarios, when spectrally-sliced incoher-
ent pump source is used. Parameters such as the pump power,
the slow light bandwidth and the FOM, are all incorporated into
simulation models. Optimized design guidelines are provided for
both 2.5-Gb/s and 10-Gb/s OOK signals, indicating that the band-
width of the sliced pump should be carefully selected according
to the transmission data rate and the SBS pump power.
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