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Abstract—Previously, we proposed a data buffering system
that makes use of a pair of white light cavities. For application to
telecommunication systems, it would be convenient to realize such
a device using fiber-optic resonators. In this paper, we present the
design of such a system, where the white light cavity effect is produced by using stimulated Brillouin scattering. The system consists
of a pair of fiber-optic white light cavities placed in series. As in the
original proposal, the delay time can be controlled independently
of the bandwidth of the data pulses. Furthermore, we show how
the bandwidth of the system can be made as large as several times
the Brillouin frequency shift. We also show that the net delay
achievable in such a buffer can be significantly larger than what
can be achieved using a conventional recirculating loop buffer.
Index Terms—Cavity resonators, optical buffering, optical fiber
communication, telecommunication buffers.

I. INTRODUCTION

S

LOW LIGHT in optical fibers has been of interest due to its
applicability to current optical devices for fiber-optic communication such as optical buffers, optical delay lines, and fast
memory access [1]–[5]. However, the amount of delay achieved
is typically too small to be of interest for most applications. Recently, we have shown that this limitation can be overcome by
using fast light, in a manner that is rather counterintuitive [6].
Briefly, this approach makes use of so-called white light cavities (WLCs). A WLC is a cavity containing a fast-light medium,
tuned so that negative dispersion causes the wavelength to become independent of frequency over a certain spectral range.
As such, it resonates over a broader spectral range compared
to an empty cavity of equal length and finesse, without a reduction in the cavity build-up factor [7]. The buffer system is
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composed of two WLCs as well as an intervening zone of dispersion-free propagation. When the fast-light medium is deactivated, the WLC acts as a narrowband cavity, which reflects
a high-bandwidth pulse stream. However, when the fast-light
medium is activated, the data stream passes through the WLC.
Using these properties, the data stream can be trapped between
the two WLCs for a duration that is limited only by the residual
transmission through the cavity in the narrowband mode and
the length of the intervening zone. As shown in [6], such a
buffer can slow down a data pulse for a duration that is several
thousand times longer than the pulse with virtually no distortion. However, for many reasons, a buffer of this type based on
free-space components is likely to be impractical, especially for
telecommunication. In this paper, we show how to realize such
a buffer using WLCs based on fiber resonators, with an optical
fiber forming the intervening path.
The buffer presented in this paper has some formal similarity
to the dark-state-based scheme employing a pair of microring
cavities [8]–[11]. However, the fundamental physical process is
quite different, since the concept presented here makes use of
anomalous dispersion. We also note that our buffer is similar in
configuration to the feedback buffer employing a recirculation
loop [12]–[15]. The key difference between our scheme and the
feedback buffer is that once the data are in the loop, it is almost completely isolated. During each circulation through the
loop, the attenuation is due to a vanishingly small coupling to the
WLC and the residual transmission loss inherent to the fiber. As
such, there is no need for an amplifier in the loop. A single-stage
amplification upon release from the buffer is sufficient to restore
the signal level to the input value. Elimination of an intraloop
amplifier entails absence of noise due to amplified spontaneous
emission, so that for a given level of signal-to-noise ratio (SNR),
a much larger number of loop circulations can be allowed. Furthermore, absence of intraloop amplification reduces the energy
cost of the buffer.
II. FIBER-BASED FAST-LIGHT DATA BUFFER
Before proceeding with the analysis of a fiber-based fast-light
buffer, it is instructive to consider first the basic building block:
a fiber resonator coupled to an optical fiber, as illustrated in
Fig. 1(a). The model presented here is based on the general configuration of a ring resonator coupled to a waveguide [16]–[20].
We assume that the 2 2 coupler is internally lossless. Thus,
the complex amplitudes and are related simply by the intensity coupling coefficient :
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Fig. 1. Schematics of (a) fiber ring resonator and (b) ring resonator coupled to
a single-mode fiber.

Next, we express the transmission within the ring resonator as
in terms of the transmission factor through the
fiber loop and the round trip phase shift , which can be expressed as
, where is the circumference of the
ring resonator and
is the refractive index of the fiber. Using
(1), we then get
(2)
(3)
Fig. 1(b) displays a fiber resonator coupled to a single-mode
fiber through the second coupler. It will be a building block
for our proposed fiber-based data buffering system. The fibercoupled resonator can be treated effectively as an uncoupled
resonator with additional loss. Therefore, the fields
are related by the same matrix as presented in (1), provided
that is replaced by to represent the coupling coefficient for
the first coupler, and is replaced by
, where
is
the coupling coefficient of the second coupler. We thus get
(4)
(5)
In addition, the following relations hold:
(6a)
(6b)
Combining (5) and (6), we get
(7)
In order to take into account dispersion in the fiber loop (induced by stimulated Brillouin scattering, for example), we express
in terms of a Taylor expansion about :

where

is the mean index of the fiber.

Fig. 2.
for the fiber-coupled resonator presented in Fig. 1(b). The
dashed line is for the case where the resonator is assumed to be nondispersive,
while the solid line is for the case where it is anomalously dispersive
and
.

Fig. 2 displays the numerical simulations for
of an
ideal fiber-coupled resonator with no dispersion (dashed line)
and with strong negative dispersion (solid line,
). Of course, all fibers have some degree of dispersion. However, dispersion in a typical single-mode fiber is negligible compared to that induced by Brillouin pumps in our system, thus
for the ideal resjustifying our assumption of
onator. For simplicity, we assume unit input intensity
and no internal loss
. We choose
to fulfill the ideal
WLC condition [7]. For the configuration presented in Fig. 1(b),
the length of the dispersive medium is assumed to be equal to
that of the ring resonator. In that case, the ideal WLC condi, where
is the group index of the distion requires
persive fiber [7]. For nonvanishing , the WLC linewidth becomes finite. We have chosen
m, and
rad/s, corresponding
,
to a free-space wavelength of 1550 nm,
and
.
Here, the value of is dictated by the WLC condition
, the value of , and the value of
. The
was determined by considering a dual Lorentizian
value of
gain peaks of the type reported in [21]. In this case, the Brillouin
rad/s,
gain bandwidth for each peak was
and the separation between the gain peaks is
.
If we treat the effective gain dip between the two peaks as
Lorentzian, then the model shown in [7] yields a value of
. A more accurate model, where the
index is written as the sum of two Lorentzian gain peaks separated by , and the peak amplitudes are adjusted to produce
the WLC value of , yields a value of
,
used in producing Fig. 2. Note that the value of
given by the
more accurate model is very close to that given by the simpler
model. Thus, it is possible to estimate the linewidth [full-width
at half-maximum (FWHM)] of the WLC using the simple re, where
is
lation given in [7]:
the linewidth of the empty cavity. For the parameters used in
Fig. 2, we have
rad/s, so that we
rad/s. The value of
as
get
measured from Fig. 2 is
rad/s.
Thus, the relation that
is a reasonable
estimate for the linewidth of the WLC as a function of the separation between two Lorentzian gain peaks.
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It is instructive here to discuss the values of the experimental
parameters necessary to produce the WLC illustrated in Fig. 2.
Specifically, we consider bifrequency Brillouin pumps with a
frequency separation
, where FSR is the free
spectral range of the cavity. Using the data presented in [21], we
find the Brillouin coefficient to be
m/W.
By considering the same cavity parameters as used in Fig. 2,
and assuming the pumps to be resonant in the cavity, we find
the input power needed for Brillouin pump to be 0.33 W.
As can be seen from Fig. 2, the linewidth of WLC is expanded, compared to the ordinary ring resonator associated with
. It should be noted that this broadening occurs
without a reduction in the cavity build-up factor [7]. If the WLC
linewidth is broad enough for the pulse spectrum to be under
the resonant spectral region of WLC, then the input signal will
transmit without loss or distortion.
Next, we consider the propagation of a pulse through such
a fiber-coupled resonator. Equation (7) represents the transfer
function between the input and the output. The transfer function
is denoted as
for the resonator without dispersion
and as
under the WLC condition
. To find the group velocity associated with the system, it is important to express the group index in
terms of
, the phase shift induced during propagation
through the resonator. The phase contribution resulting from the
propagation through the whole system (fiber plus cavity) can
be expressed as
, where
we define
for the effective refractive index provided by
the resonator. By the definition of the group index, obviously
, where
is the
group index of the whole system (and not the group index of the
medium). Thus,
, evaluated at
, a resonance
frequency of the cavity centered between the two Brillouin gain
peaks, is given by [18]
(8)
Note that the pulse distortion would be characterized [6] by
.
It is instructive to compare
to the phase of
in
(4), denoted as
in Fig. 3(a). Fig. 3(b) graphically shows
the output pulses resulting from propagation through the system,
in the presence of the cavities associated with
(dashed) and
(circles) as well as the pulse after propagating a distance
through a fiber only without dispersion (solid). For illustration, we used the cavity parameters in Fig. 2 and chose the input
pulse to be of the form
.
Here,
is chosen so that
, where
and
is the FWHM of the ordinary resonator. Fourier transform of
leads us to
. Applying the
convolution theorem, we obtain the amplitude of the output
pulse as

Fig. 3. (a) Phases associated with the transfer functions of the resonator disin the
played in Fig. 1(b).
for WLC, with
absence of WLC effect, and
and
. (b) Reference pulse after propagating in a fiber of length (solid line) and the outputs associated with
(dashed line) and
(circles). The output in the presence of the WLC effect is essentially overlapped with the reference.

where
. We simply set
when the
field propagates in the fiber only.
Note that there is a discontinuity accompanied by a phase leap
at
as illustrated in Fig. 3(a). Of course, such a discontinuity disappears when the sources of all losses as well as the finite bandwidth of a real signal are taken into account. However,
under the assumptions used here, this result can be explained as
follows, in analogy with the critically coupled microresonator
presented in [17], for example. Specifically, a critically coupled
resonator shows a -phase leap on resonance. For the resonator
considered here, we have used
, so that
. This means that the transmission factor
between and
matches the transmission coefficient of the first coupler
, corresponding to critical
coupling. Thus,
shows the -phase leap at resonance.
The second coupler, which is identical to the first one, is also
critically coupled. Thus, the -phase leap occurs twice, resulting
in a discontinuity of
for
.
We explain the output pulses illustrated in Fig. 3(b) with the
aid of Fig. 3(a). According to (8), the negative slope of
suggests
inside the dotted circle. By setting
, we have chosen the input pulse to have the carrier frequency equal to . As such, the pulse lies within the slow-light
zone. Since
, most of the pulse spectrum
is under the spectral region of
. As a consequence, the
output associated with
is delayed and attenuated, as can be
seen in Fig. 3(b). For the case of WLC, we consider
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Fig. 4. Schematic illustration of the fiber-based data buffer system, employing
bifrequency Brillouin pumps. LWLC: Left white light cavity; RWLC: Right
white light cavity.

so as to ensure that the pulse spectrum is mostly outside the
region where
leaps by
. Thus, over the spectrum
of the pulse, we have
, and
, so that
, according to
(8). As a result, the output of WLC is not advanced compared
to the reference pulse propagating the distance of through a
bare fiber; rather, these outputs are virtually superimposed on
each other, as illustrated in Fig. 3(b). This behavior can also be
understood physically noting that
for the fiber inside
the resonator under the ideal WLC condition. Thus, the pulse
propagates in the resonator with the speed of
, thereby
spending very little time inside. Of course, under realistic condition, such a propagation does not violate special relativity or
causality [22]. In [23], we describe in detail the exact behavior
of a pulse inside a cavity loaded with an anomalously dispersive
medium, under a range of conditions, including
.
In analogy with the previously proposed Fabry–Perot buffer
system [6], we now present the design of a fiber-based data
buffer, as shown in Fig. 4. We assume that a bifrequency Brillouin pump creates a negative dispersion in a ring resonator to
produce the WLC effect, in a manner analogous to the previous
WLC demonstration where a bifrequency Raman pump was
used to produce dual Raman gain peaks [7], yielding a negative
dispersion between the peaks. Here, each Brillouin pump produces a Lorenzian gain peak for the counterpropagating probe.
As we discussed earlier, we can reach the WLC condition for
a gain separation of
MHz in [21]), if
we use 0.33 W input power for each Brillouin pump. From the
result presented in Fig. 2, we expect
MHz.
The WLC on the left (LWLC) is connected to the WLC on the
right (RWLC) through fiber spools to construct a closed loop
where a pulse would be trapped.
For a data pulse and the WLCs, we use the same parameters as considered in Fig. 3. The operating scheme to delay the
pulse without distortion is similar to that presented in [6]. When
the pulse enters from left, we turn on the bifrequency Brillouin
pumps to activate the WLC effect in LWLC. Thus, the pulse
transmits through the resonator with no distortion, as shown in
Fig. 3(b). Once the pulse has left LWLC, we turn off the WLC

Fig. 5. Output pulses from the fiber-based buffering system. (a) Reference
pulse. (b) Pulse after 50 round trips inside the trapping loop.

effect. Now, the pulse is loaded and circulates inside the trapping loop.
To consider power loss during the circulation, it is important to note that the carrier frequency of the pulse is shifted by
from the resonant frequency
of the bare cavity
(i.e., without the WLC effect). If it is not shifted, the pulse spectrum would include the transmission window of the bare cavities. In that case, the spectral component within this window
would leak out through the bare cavities. With the carrier frequency shifted, LWLC as well as RWLC acts as a simple coupler, with an intensity coupling coefficient of
.
On each bounce, the pulse is reflected, with a small transmission
loss due to this finite coupling coefficient.
Once we are ready to extract the pulse from the trapping loop,
we activate the WLC effect in RWLC. On arriving at RWLC, the
pulse passes through it with neither attenuation nor distortion.
To find a full transfer function to describe the data buffer
system, we consider the amplitude transfer characteristics
, where
denotes
the transfer function of LWLC (RWLC). After N multiple round
trips inside the trapping loop,
is related to
by
(9)
is the length of the trapping loop and
.
where
Here,
represents the total attenuation due to the propagation through the loop. A conventional single-mode fiber
for 1550 nm exhibits an attenuation loss of 0.2 dB/km
so that
. The time elapsed in the
loop represents the system delay:
.
Fig. 5 illustrates the reference pulse propagating a distance though a fiber, as well as the output from the data
buffer for
. The reference pulse can be written as
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. Using
and
together with (9), the output of the data buffer
can be written as

(10)
where
. Fig. 5(a) and (b)
shows that for
, the output pulse is delayed by
s compared to the reference. Fig. 5(b) indicates that the
pulse delay is accompanied by no serious distortion, but an attenuation of about 9.3 dB (from 1 to 0.115). The attenuation per
pass is 0.186 dB, which is the sum of attenuation due to transmission (0.1 dB), plus a loss of 1% (0.043 dB) at each of the
two couplers.
III. FAST-LIGHT DATA BUFFER VERSUS CONVENTIONAL
FIBER-LOOP DATA BUFFER
The attenuation suffered in the storage loop can be compensated by using an optical amplifier. Such an amplifier could be
added to the storage loop. However, since the loss per pass in the
loop is very small and an amplifier would have an insertion loss
much higher than the single-pass attenuation, a better approach
is to use a separate loop for the amplification. This is illustrated
schematically in Fig. 6(a). Prior to the buffering process, both
WLCs are inactive. The pulse stream to be stored is inserted
into the trapping loop by activating
and deactivating it
after the stream is fully loaded. We assume the perimeter of
the trapping loop to be 0.5 km (same as the loop considered in
Fig. 5). After 50 passes (with an attenuation of 9.3 dB),
is activated and the pulse stream enters the amplifying loop.
The amplifier in this loop is gated to provide a net amplification (amplifier gain minus the insertion loss of the amplifier)
of 9.3 dB, restoring the original amplitude. We neglect the attenuation in the amplifying loop, which can be much smaller.
Once the stream reenters the trapping loop,
is deactivated. This process is repeated
times after another 50 passes
through the trapping loop.
The number of times the amplification is applied, , is limited by the fact that the SNR is degraded due to noise added
during each pass through the amplification process [13]. The
actual reduction in SNR during each pass would depend on
the type of amplification employed. The maximum allowable
net reduction in SNR would depend on the SNR in the input
pulse stream and the fidelity requirement of the system. As an
example, we consider a case where
is limited to 100. The
net delay achievable is then 12.2 ms and the delay-bandwidth
product (DBP) for the input pulse used in Fig. 5 would be
.
Obviously, if much shorter pulses are used (which would require
a higher bandwidth WLC), the DBP can be correspondingly
larger. For example, for a pulsewidth of 0.122 ns (requiring a
WLC linewidth of 30 GHz), DBP would be
.
It is instructive to compare such a system with a conventional
recirculating buffer [12]–[15]. A typical implementation of such
a buffer is illustrated in Fig. 6(b). Here, during each pass, there
is a loss of 7 dB due to the two couplers and the isolator. The
net gain (amplifier gain minus the insertion loss of the amplifier)

Fig. 6. Schematics illustration of (a) a WLC-based data buffer augmented by
amplification and (b) a conventional recirculating data buffer [13]. SLA: Semi:
. In (b), the optical
conductor laser amplifier;
diode acts as an isolator.

provided by the amplifier in each pass is thus 7 dB. If all other
parameters are comparable to the buffer shown in Fig. 6(a), then
the maximum number of amplification for approximately the
same reduction in SNR would be about
.
The net delay achievable would be 0.33 ms. Thus, all else being
equal, the delay time achievable for the buffer proposed here
would achieve a delay of nearly 37 times larger than what can
be achieved using a conventional recirculating buffer. This is
attributable solely to the fact that the conventional buffer has a
large loss (7 dB) per pass, while for the WLC buffer, the inherent
loss per pass is much smaller (0.186 dB). The factor by which
the WLC delay is larger is essentially a ratio of these two numbers. The relative advantage thus would become better as the
loop perimeter becomes smaller and/or couplers with higher efficiency are employed.
IV. ENHANCEMENT OF BANDWIDTH
Next, we discuss a technique for producing a high bandwidth
for the data buffer system. From the numerical simulations presented earlier, we find that in general
corresponds to
the system bandwidth, where
is the WLC bandwidth.
This is because the pulse spectrum is placed within either one
of these two regions, in order to avoid transmission loss at the
bare cavity resonance frequency in the trapping loop. The value
of
depends on two important parameters: , the gain
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separation, and
, the linewidth of the gain profile. As mentioned earlier, a negative dispersion is created between the two
gain profiles. Of course, the slope at the center of the two gains
become smaller with decreasing
for a particular or increasing for a particular
. However, the WLC condition
requires a slope that yields a vanishing group index. Thus, for a
given value of
, the value of needed for the WLC effect
is fixed. This value of increases with increasing
.
For Lorentzian gain peaks, we described previously how
the WLC linewidth is closely approximated by the relation
, given in [7]. When the gain peaks
are Gaussian, it is difficult to develop such a general relation,
in part because of the fact that there is no closed form, general
solution for the Kramers–Kronig integral for determining the
corresponding index. However, to the extent that it is possible
to approximate a Gaussian with a Lorentzian, we expect that,
at least qualitatively, we would get
,
with the value of of the order of unity. Thus, in order to
enhance
, it is necessary to increase
.
Broadening of the Brillouin gain profile can be achieved,
for example, by superposing a Gaussian white noise on the dc
current of a laser diode [24]–[28] used as a Brillouin pump.
In particular, in [28], two Brillouin pumps with equal power,
each broadened by white noise, were separated by
(where
is the Brillouin frequency shift) to produce a single gain
with a bandwidth of
. Here, we present a scheme to expand
the spectral range of a negative dispersion in a similar manner,
as illustrated in Fig. 7. We consider first two groups of Brillouin pumps. Each group consists of a pair of pumps with equal
power, denoted as pumps
and
and
. As shown in
Fig. 7(a), pumps
and
and
are separated by
and pumps
and
and
by . Fig. 7(b) indicates
that the spectra of all pumps are broadened so that each pump
produces a broadband Brillouin gain with
.
Note that each pump with frequency generates an absorption profile at
with an amplitude equal to that of the gain
profile at
. As such, the loss spectra induced by pump
(pump ) is compensated by the gain of pump
(pump ),
since equal-power pumps are used. As displayed in Fig. 7(c),
for a single group, it is possible to increase
until the tail
of the gain profile produced by pump
(pump ) meets that
of the absorption of pump
(pump ). Accordingly, we get
.
In what follows, we assume
, where
is the
width measured along the bottom of the gain. For the two groups
of pumps, it is important to consider the overlap of the net loss
profile of
with the gain profile of
. Note that, as illustrated in Fig. 7(d), these two profiles meet in the encircled area
if
. Such an overlap distorts the net gain profile.
In order to avoid it, the parameters under consideration should
satisfy the condition that
.
In principle,
pumps can create a single gain with a maximum bandwidth equal to
[28]. In that case,
is the
spectral distance between the gain peak of pump
and the absorption dip of pump
. To ensure that the tail of the gain profile of pump
does not encounter that of the absorption profile
of pump
, the condition is
. Fig. 8
displays the gain profiles for a particular condition:
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using broadband BrilFig. 7. Illustration of a scheme to increase and
louin pumps. (a) In the absence of Gaussian white noise, the pumps produce the
narrowband Brillouin gain/loss spectrum. (b) Linewidth of the pumps is broad, (c) and evenened by the white noise. The gain bandwidth is expanded to
. (d) In the encircled area, the net gain in
tually reaches the maximum of
group B is overlapped with the net loss in group A. In figures, the gain/loss
and
are represented by solid lines and dashed lines,
profiles of
respectively.

, and
. Fig. 8(a) indicates
that the gain of pump
counters the loss due to
pump
. In Fig. 8(b), the gain profiles of
pump
and
remain, and thus the net gain profile is a gain
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Fig. 8. (a) Each group consists of three broadband pumps.
and
. (b) Overall summation. Net gain profile is a gain doublet
.
with

doublet with the separation of
. The Brillouin frequency of conventional optical fibers is 8–12 GHz according
to [21] and [29]. Thus, for example, with
GHz, and
, it is possible to get
GHz.
Using the approximate expression for the WLC linewidth for a
Gaussian gain doublet discussed previously, with assumed to
be close to unity and
MHz, for example, we
get
GHz.
V. CONCLUSION
To summarize, we present the design of a fiber-based fast-light
data buffer system, consisting of a pair of WLCs placed in series. The WLC effect is produced by using stimulated Brillouin
scattering. The delay time can be controlled independently of the
bandwidth of the data pulses, thus circumventing the DBP constraint faced by conventional buffer systems. We also show that
the net delay achievable can be significantly larger than what
can be achieved with a conventional recirculating loop buffer.
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