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Discretely tunable optical packet delays using channelized slow light
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We describe a procedure for increasing the fractional delay (or delay-bandwidth product) of a slow-light
system. A broadband input signal is sliced into several frequency bands. The light in each band propagates
through a separate channel which possesses a highly reduced group velocity over a narrow frequency band.
The output of each channel is then combined to form a single output field. For certain discretely distributed
values of the group velocity of each channel, the output can replicate the input waveform without the need to
adjust the output phase of each channel. Because this scheme makes use of many parallel channels, it can
overcome a fundamental limit [D. A. B. Miller, Phys. Rev. Lett. 99, 203903 (2007)] to the delay-bandwidth
product for single-channel devices. A practical design is proposed using spectral slicers and stimulated Bril-
louin scattering as the narrow-band slow-light process. Numerical simulation shows that such a channelized
slow-light element can have nearly uniform gain and group index over very large bandwidths.
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Recent studies of slow and fast light [1] have led to sig-
nificant progress both in its conceptual understanding [2—4]
and in the development of its applications [5-7]. Under
many circumstances, a primary figure of merit for the evalu-
ation of the performance of slow-light delay devices is the
maximum achievable fractional delay [8] (also known as the
delay-bandwidth product). This quantity gives the delay as
measured in pulse widths. In practice, this quantity is often
limited not by the amount by which the velocity can be re-
duced but rather by the maximum distortion or change in
power level that a signal is allowed to acquire in passing
through such a material [9].

Many schemes [10-12] have been proposed for increasing
the fractional delay of many slow-light media by broadening
and flattening the intrinsically narrow resonance structures.
Nonetheless, there exists serious practical limits [13—15] on
the maximum fractional delay that a single-channel slow-
light medium can produce. Of particular interest is the Miller
limit, which relates the maximum achievable fractional delay
7,Av (7, and Av being the time delay and the signal band-
width, respectively) of a device of size L with its average
refractive index n,,, and its maximum variation of An over
Av near the center wavelength \ through the relation [13]

AV < nanLAn/(VE)\O) ) (1)

Channelized slow light [16-20] has recently been pro-
posed as a procedure for improving the performance of slow-
light devices based on materials with an intrinsically narrow
working bandwidth. The basic idea of channelization is to
create separate narrow-band slow-light spectral channels for
different frequency components of a broadband signal and
subsequently combine these outputs to achieve large frac-
tional delays of broadband signals. One proposal for chan-
nelized slow light is to create multiple spectral resonances in,
e.g., a photorefractive crystal [17] or an electromagnetically
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induced transparency medium [19]. While such a method is
capable of delaying a pulse train with discrete spectral com-
ponents, it has serious distortion problems when dealing with
signals with a continuous spectrum [17]. Moreover, such a
method cannot exceed Miller’s limit because of its one-
dimensional geometry. Another type of proposal uses disper-
sive elements such as gratings and prisms to form a continu-
ous span of spatially separated channels [16—18,20]. Such a
treatment can effectively increase the working bandwidth,
but it cannot increase the maximum fractional delay [18].
This is because the effective group index of the channelized
device is reduced by the same factor as by which the work-
ing bandwidth is increased through the use of such channel-
ization. As a result, none of the proposals of channelized
slow light so far can overcome Miller’s limit for a signal
with a continuous spectrum.

In this paper, we propose a practical design of a channel-
ized delay device which, by using a finite number of spatially
separated channels, can overcome Miller’s limit. Further-
more, we show that such a device can achieve discretely
tunable optical packet delays without the need of dynami-
cally controlling the phase of each channel.

We first review the operation of a linear, single-channel
slow-light element. The transmission through such an ele-
ment can be described using a frequency-domain transfer
function H(v) according to the relation E,,(v)=E;,(v)H(v),
where E;(v) and E,,(v) are the complex amplitudes of the
input and output fields, respectively. H(v) is given by

H(v) = A(v)e'?Y) = exp[i2mvit(v)Lic], (2)

where A(v) and ¢(v) are the amplitude and phase response
functions, respectively, n=n,+in; is the complex refractive
index of the medium, L is the length of the medium, and c is
the velocity of light in vacuum.

We consider a slow-light medium to be ideal if it pos-
sesses constant group index and gain over the signal band-
width. In this situation, the real part of the refractive index n,
is given by (see the dotted line in Fig. 1)
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FIG. 1. (Color online) Refractive index as a function of the
detuning from some center frequency v, for an ideal slow-light
medium and for a channelized slow-light medium. Here on
=n;,AC/ vy is the maximum refractive index variation for both types
of medium within the frequency interval A,.

n,(v) = n,(v) + 2(v =), (3)
Yo

where 1 is some center frequency, n,=n,~n,(1) is the re-
duced group index, and n,=n,+vdn,/dv is the group index
of the medium near v,. Note that for any material medium
n,(v) and n,(v) are related through the Kramers-Kronig (KK)
relations, and it is thus very difficult to design an ideal slow-
light medium with large né and uniform n; over a large band-
width.

In this paper, we propose a design for channelized slow
light. The input signal is first spectrally sliced into M spa-
tially separated channels with a frequency spacing of A,. The
frequency components in each spectral channel then propa-
gate through the corresponding narrow-band slow-light me-
dium of length L before they are combined to restore a de-
layed output signal.

Since such a channelized device is still a linear system
with single input and output ports, the transmission through
the device can also be described by means of the transfer
function H(v) of Eq. (2). For the ideal case in which the
spectral slicing is perfect (i.e., the transmission window in
each channel is of rectangular shape without any phase dis-
tortion [10]) and the slow-light medium of length L in each
channel is ideal, the transfer function of such a channelized
delay device is given by

H(v) = expli2mvigv)L/c], (4)

where 71.4(v) is the effective complex refractive index of the
device and its real part n.g ,(v) is given by
nl

Regr (V) = Nt (V) + ;‘E(V - vy—mA,), (5)
for frequency components within the mth channel (i.e., for
|v—vy—mA|<A,/2, see also the solid line in Fig. 1). Be-
cause 7. is not the property of a single uniform medium but
rather is determined by distinct, spatially separated media for
frequencies within different spectral channels, it is possible
to design such a channelized delay device for which the ef-
fective group index and gain are constant over an arbitrarily
large bandwidth. Note that the entire channelized element is
still a causal, linear element. However, because we can use
nonminimal phase filters [21] to construct the spectral slic-
ers, the magnitude and the phase of the total transfer function
H(v) of such a channelized element do not have to obey the
usual Hilbert transform relations [21,22].
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FIG. 2. (Color online) False-color representation of the ampli-
tude of the output signal propagating through an ideal channelized
delay device as a function of time and of the value of n é. Here the
input signal is a Gaussian pulse with a half width to the 1/e inten-
sity value of T}, and the channel spacing A.. is set equal to 1/(87).
The time axis is set so that =0 indicates no delay as in the case in
which n;=0.

One sees from Eq. (5) that the phase response function
¢(v) is discontinuous at the boundaries of neighboring chan-
nels. The difference in the values of ¢(v) between the two
sides of any channel boundary is given by

A= kydnegl =27 A Llc, (6)

where 5neff=n£,Ac/ vy is the difference in the values of the
effective refractive index of the device between the two sides
of the channel boundary (see Fig. 1). This phase jump of A¢
can lead to distortion and breakup of the reconstructed output
pulse, unless the output phase of each channel is actively
adjusted by means of some additional phase shifter [17].
However, the transfer function H(») becomes automatically
continuous (that is, there is no need for further phase adjust-
ment) when

Ap=27N, (7)

where N is any integer. In such cases, the difference between
the transfer function at one side of a channel boundary and
the other is a multiplicative factor of exp(iA¢@)=1. There-
fore, one can achieve a delayed output signal without any
distortion. For a channelized device with a fixed length L and
channel spacing A, the condition of Eq. (7) indicates that the
reduced group index n;, of each channel needs to satisfy the
following condition:

n =1 (8)
Under such conditions, the transmission through the channel-
ized delay device is equivalent to that through an ideal slow-
light medium with the same length L and reduced group
index n;=n;(N) over the entire signal bandwidth. Thus, a
distortion-free signal can be produced at the output port of

the device with a group delay 7,(N) given by

n(N)L=ﬁ.

T(N) = A

)

Some numerical predictions based on these considerations
are displayed graphically in Fig. 2. Here we consider an in-
put signal in the form of a Gaussian pulse and we calculate
the output pulse shape through use of the transfer function of
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Eq. (4). The amplitude of the output is then plotted against
time on the horizontal axis and the reduced group index né
on the vertical axis. We see that for specific values of n;, (see
the white dotted line in Fig. 2) the output is in the form of a
well defined pulse, whereas for other values of n! pulse
breakup occurs. Since the values of n! that allow an undis-
torted output pulse are spaced discretely at integer multiples
of ¢/(LA,), the possible time delays are also distributed dis-
cretely in integer multiples of the time interval A;l.

For an input signal of a bandwidth Aw, the number of
required channels is M=Av/A.. Moreover, the maximum
variation in the (effective) refractive index of the channelized
device is given by An=n,A./ v, which is independent of the
signal bandwidth. Thus, the fractional delay can be written in
terms of An as follows:

nLAv AnygLAv  MAnL

10
c A No (10)

TAv=
This equation is of similar form to the expression of Miller’s
limit [see Eq. (1)]. In addition to the difference of some
numerical constants, our expression has a factor of M in the
numerator. Since M is a free design parameter determined by
the channel spacing relative to the signal bandwidth, the
fractional delay of a channelized delay device is not re-
stricted to Miller’s limit. Indeed, there is no obvious limit to
how large the fractional delay can become in a channelized
device.

Let us next consider not a single pulse but rather a wave
train (data packet) in the form of B pulses with temporal
spacing of 7,. The duration of this wave train is then of the
order of 7,=B7,. We want to determine the extent to which
we can achieve a large fractional delay of the entire wave
train. The ability to do so is important for various applica-
tions such as all-optical buffering and routing. When the con-
dition of Eq. (8) is satisfied, the fractional delay of the entire
data packet is given by

7,(N) n(N)L N

7, cBr, ABT,

(11)

One sees that when the channel spacing A, satisfies the con-
dition

A.=1/(BT,), (12)

the channelized element can achieve discretely tunable de-
lays that are integer multiples of the time duration of the
entire data packet. Crucially, no dynamic control of the phase
of the output of each channel is required to achieve this
control of the signal delay.

To illustrate more explicitly the promise of channelized
slow-light devices, we next present a practical design for a
channelized slow-light buffer for high speed telecommunica-
tion systems and we analyze its performance. We consider a
signal data rate of 40 Gbps. Each “1” bit is represented by a
Gaussian pulse and a “0” bit is represented by the absence of
the pulse. The temporal full width at half maximum
(FWHM) of the “1” bit is 12.5 ps, which is consistent with a
return-to-zero (RZ) amplitude modulation format of 40 Gbps
with 50% duty cycle. For illustrative purposes we consider a
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FIG. 3. (Color online) Schematic diagrams of (a) a 1 X8 spec-
tral slicer using cascaded half-band filters and (b) a channelized
SBS slow-light delay element.

data packet containing 4 bits. In order to achieve packet de-
lays, the channel bandwidth is determined, according to Eq.
(12), to be A.=10 GHz. We choose the total number of chan-
nels to be M=7 to cover the entire signal spectrum [as indi-
cated by the dotted line in Fig. 4(a)].

As an example, we construct the spectral slicer by cascad-
ing a series of flat-top finite impulse response (FIR) Cheby-
shev half-band filters PLEAS with 4 couplers [23] as shown
in Fig. 3(a). After the spectral components in each channel
are delayed, we use another spectral splicer to combine all
the spectral components to restore the broadband signal. The
two spectral slicers are designed to have opposite dispersions
[24] so that the cascaded transfer function of the two slicers
has negligible phase distortion.

We choose stimulated Brillouin scattering (SBS) as the
slow-light mechanism [6,7] implemented in each spectral
channel. A spool of single mode fiber is contained in each
channel, and the delay is controlled by selecting the appro-
priate pump power for each channel. The SBS Stokes shift
frequency ()g for the assumed operating wavelength of
1550 nm is typically 12 GHz. The SBS pump-field spectral
profile for each signal channel is achieved by filtering a
broadband flat-top pump field (using, e.g., current modula-
tion [25]) through an additional spectral slicer. The sche-
matic diagram of the channelized delay element is plotted in
Fig. 3(b). For simplicity, we show the SBS delay line of only
one signal channel. Note that the use of spectral slicers has
associated insertion loss, which is typically frequency inde-
pendent. Such losses would reduce the signal power level,
which may reduce the signal-to-noise ratio when the signal is
detected. However, SBS is a gain-induced slow-light pro-
cess, and therefore such losses can be compensated by the
SBS gain or by adding an additional amplifier module after
the channelized device. Moreover, since only the frequency
components within the SBS gain profile (which in our case
only covers the signal bandwidth) experience the gain, the
SBS process acts like a filter and may actually reduce the
optical noise level outside the signal bandwidth and increase
the optical signal-to-noise ratio.
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FIG. 4. (Color online) (a) Transmission of each of the seven
physical signal channels of a channelized SBS delay element, (b)
corresponding pump field spectrum for one particular signal chan-
nel (channel No. 4), and the SBS-induced (c) gain and (d) refractive
index variation as functions of the detuning for channel No. 4 (solid
line) and for a broadened gain profile (dashed line), respectively.

The transmission windows of the seven signal spectral
channels are plotted in Fig. 4(a). Figure 4(b) shows the pump
field profile for signal channel No. 4, and the resulting gain
and refractive index as functions of frequency detuning v’
are plotted in Figs. 4(c) and 4(d), respectively. One sees that
both g and n are very close to those of an ideal slow-light
medium with constant group index and gain over the entire
transmission window of the signal channel (see the gray re-
gion in Fig. 4).

Next, we numerically model the propagation of a wave
packet containing the data stream of “1010” through the
channelized delay element. For comparison, we also treat the
transmission through two other types of single-channel delay
elements. One is an narrow-band delay element which is
equivalent to channel No. 4 of our channelized device. The
other has a flat-top broadband gain profile [see the dashed
lines in Figs. 4(c) and 4(d)] across the entire 70 GHz signal
bandwidth, which is equivalent to the case in which the spec-
tral channels are spatially overlapping. For the second ele-
ment, we assume that the anti-Stokes SBS absorption fea-
tures are compensated (e.g., using multiple pump fields
[26,27]) and the signal experiences only the 70 GHz broad-
band gain feature.

The output waveforms for delays of 1, 2, and 3 packet
lengths are plotted as the solid lines in Figs. 5(a)-5(c), re-
spectively. One sees that our channelized delay element can
achieve large packet delays with nearly no pulse distortion
because it provides uniform effective group index and gain
over the entire 70 GHz signal bandwidth.

The outputs of the other two types of delay elements with
the same maximum (line center) CW gain are also plotted for
comparison. One sees that the narrow-band single-channel
delay element achieves a similar amount of delay (see the
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FIG. 5. (Color online) Outputs of a 40 Gbps, RZ data train
“1010” after propagating through a channelized SBS delay element
with A, of 10 GHz (solid line), a single channel narrow-band SBS
delay element (dash-dotted line), and a single channel broadband
SBS delay element (dashed line), respectively. The dotted line is the
reference output.

dash-dotted lines in Fig. 5) because n. within its working
bandwidth is the same as that in our channelized element.
However, because its 12 GHz working bandwidth is much
less than the 70 GHz signal bandwidth, significant pulse
broadening occurs at the output and the data information of
“1010” is completely lost.

On the other hand, the broadband delay element possesses
enough working bandwidth for the signal, but the delay is
very limited (see the dashed lines in Fig. 5) because n;, de-
creases significantly [see the dashed line in Fig. 4(d)] as a
consequence of the broadening of the gain. Furthermore, the
output signal also shows large distortion because n;, is not
uniform over the signal bandwidth.

For practical applications, it is important to evaluate the
performance of our channelized delay element under the in-
fluence of imperfections. In particular, we consider the influ-
ence of phase fluctuations among the different spectral chan-
nels on the quality of the restored output signals. Such phase
fluctuations can be induced by, e.g., temperature fluctuations
of individual slow-light elements (fibers in our case), etc.,
which introduce the additional random phase S¢(m) to the
phase response function ¢,,(v) for the mth spectral channel.

Here we use the metric of eye opening to quantify the
influences of these phase fluctuations. The eye-opening met-
ric is defined as the maximum opening of the eye diagram
(see, for example, the insets of Fig. 6), and it is closely
related to the Q factor and the bit-error rate of the system
[12,28-30].

We consider three different models of the channelized de-
vices. One is an ideal device with ideal spectral slicers whose
transmission windows are of rectangular shape and with
ideal slow-light media that have uniform group index and
zero gain. The second is a semi-ideal device with realistic
spectral slicers composed of cascaded half-band filters as de-
scribed above and an ideal slow-light medium in each chan-
nel. The third is the realistic model using realistic spectral
slicers and SBS slow light. All three devices are set to pro-
vide one four-bit-long data packet delay.
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FIG. 6. (Color online) Eye openings of three channelized de-
vices as functions of the standard deviation phase noise level d¢
among different spectral channels. The insets show typical eye dia-
grams for (a) an ideal channelized slow-light device, (b) a channel-
ized device with realistic spectral slicers and ideal slow-light media,
and (c) a realistic channelized SBS slow-light device. The corre-
sponding eye openings are given on top of each eye diagram.

For each phase noise level d¢, we add a random phase
d¢(m) to the phase response of the mth channel, and d¢(m)
is uniformly distributed in the interval of [—\38¢,\38¢).
Note that the standard deviation of such phase noise distri-
butions is equal to d¢. We then calculate the eye openings of
the output signal through each channelized device with an
input signal of a 128-bit pseudorandom data train. The cal-
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culation is performed 200 times for each phase noise level
and for each device, and the average eye openings for the
three devices are plotted in Fig. 6 as functions of the phase
noise level d¢. One sees that as d¢ increases, the eye open-
ing gradually becomes smaller. If we require that the de-
crease of the eye opening due to phase fluctuations should be
less than 10%, one sees from Fig. 6 that the phase noise level
8¢ should be less than approximately 7/(5y12) (i.e., the
largest phase fluctuations should be less than \/10) for all
three models. Note that since such phase fluctuations are
typically slowly varying in time and independent on the frac-
tional delay of the device, they can be compensated by, e.g.,
using additional low-speed phase modulators.

In summary, we have proposed a procedure for increasing
the fractional delay of a slow-light system by utilizing spa-
tially separated channels, each of which possesses a small
group velocity over a narrow spectral frequency band. We
have shown that by properly choosing the group index of
each channel, one can achieve discretely tunable delays with-
out the need to adjust the phase of each channel. Further-
more, we have shown that by using spatially separated chan-
nels, such a channelized device can exceed the fundamental
limit of the delay-bandwidth product for a single channel
device. We have proposed a practical design of such a device
using spectral slicers and SBS slow light, and numerical
simulation shows that discretely tunable packet delay can be
achieved with minimum signal distortion.

This work was supported by the DARPA/DSO Slow Light
program and by the NSF.
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