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Abstract: We describe a methodology to maximize slow-light pulse
delay subject to a constraint on the allowable pulse distortion. We show
that optimizing over a larger number of physical variables can increase the
distortion-constrained delay. We demonstrate these concepts by comparing
the optimum slow-light pulse delay achievable using a single Lorentzian
gain line with that achievable using a pair of closely-spaced gain lines.
We predict that distortion management using a gain doublet can provide
approximately a factor of 2 increase in slow-light pulse delay as compared
with the optimum single-line delay. Experimental results employing Bril-
louin gain in optical fiber confirm our theoretical predictions.
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Over the last decade, there has been great progress in devising new methods for tailoring the
dispersion of optical materials, such as electromagnetically induced transparency [1], photonic
crystals [2], and nano-optic resonators [3–5]. This work has been motivated by the need for
electronically or optically controllable pulse delays for applications such as optical buffers, data
synchronization, optical memories, and signal processing. In these applications, the primary re-
quirements for slow-light pulse delay are that the temporal pulse delay td be large relative to
the pulse width τ and that the pulse not be substantially distorted (defined below). These two
requirements largely oppose each other, with large delay coming at the cost of greater distor-
tion. These tradeoffs have been studied in simple Lorentzian systems [6–8] and in Doppler-
broadened media [9] with encouraging results, but distortion remains a major limitation to the
usefulness of slow-light pulse delay.

In this paper, we present a method for achieving large slow-light pulse delay under the con-
straint that the distortion does not exceed a particular limit. We also present a simple distortion-
managed medium based on dual Lorentzian gain lines. The dispersive properties of this medium
are tailored by adjusting the spacing between two adjacent gain lines. We predict nearly a factor
of 2 improvement in the relative slow-light pulse delay for the two-gain-line case in comparison
to the best single-gain-line case for the same distortion constraint in both cases. We demonstrate
dispersion-managed pulse delay in an experiment where the slow-light effect arises from the
dispersion associated with stimulated Brillouin scattering (SBS) resonances in a pumped opti-
cal fiber [10–13].

For pulses propagating through linear optical systems, the output pulse amplitude A(ω,z) in
the frequency domain can be related to the input pulse amplitude A(ω,0) by

A(ω,z) = A(ω,0)eik(ω)z, (1)

where z is the length of the medium and k(ω) is the complex wavenumber as a function of
frequency ω. A pulse propagates undistorted through a dispersive material when k(ω) takes
the form

k(ω) = k0 + k1(ω−ωc), (2)

where ωc is the carrier frequency of the pulse and k1 is real. That is, the pulse shape remains
unchanged and the only effects of propagation are delay, an overall phase shift, and gain or
attenuation. In this ideal case, the pulse delay td is equal to the group delay tg = z(k1 − 1/c),
where c is the speed of light in vacuum. In practice, dispersive media do not satisfy Eq. (2)
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precisely, but have higher-order terms in the Taylor expansion k(ω) = ∑∞
j=0 k j(ω−ωc) j/ j!,

where k j ≡ d jk(ω)/dω j. These higher-order terms can lead to pulse distortion, or a change in
the pulse shape. One can always use pulses with narrower bandwidth, and thereby improve the
linearity of k(ω) over the pulse bandwidth, but this results in longer pulses without increasing
the delay. It is sometimes possible to simultaneously increase k1 and decrease the pulse band-
width, which can result in larger relative delays, but may result in unacceptably large gain or
absorption [6].

One method for creating delayed pulses with minimal distortion is to reduce the effects of the
higher-order terms in the Taylor series expansion of k(ω). The effects of these terms have been
studied in simple systems [6–9,13], but additional degrees of freedom can be used to eliminate
or balance them. We propose using custom slow-light media designed to minimize the effects
of distortion. Creating a custom dispersion profile k(ω) is in general quite difficult. However,
one can instead create a custom system by combining multiple simple systems. We consider
here a system composed of two Lorentzian gain lines; a gain doublet, as shown in Fig. 1. The
wavenumber of such a system is given by

k(ω) =
ω
c

n0 +
g0

z

(
γ

ω− (ω0 −δ)+ iγ
+

γ
ω− (ω0 +δ)+ iγ

)
, (3)

where n0 is the background refractive index, g0/z is the line-center amplitude gain coefficient
for each line, γ is the linewidth, and 2δ is the separation between the lines. In many slow-light
media, the dominant source of distortion is the second-order term in the expansion of k(ω),
k2 [6]. For the gain doublet, we have

k2 = −4ig0 γ2

z
3δ2 −γ2

(δ2 +γ2)3 . (4)

As can be seen from Eq. (4), k2 = 0 for a separation of δ = γ/
√

3, thereby eliminating the
lowest-order distortion-causing term. For a doublet in this configuration, the group delay is
given by

tg = z(k1 −1/c) =
z
c

(n0 −1)+
3
4

g0

γ
, (5)

which should be compared to the delay for a single line

tg =
z
c

(n0 −1)+
g0

γ
. (6)

By comparing Eqs. (5) and (6), it is seen that the group delays for these two systems are very
similar. While this result is interesting and illuminating, it is of limited practical value; it elim-
inates only second-order distortion, ignoring all higher-order terms.

A more practical approach to distortion management is to measure distortion as the deviation
of the medium from the ideal one described in Eq. (2). At this point, it becomes convenient to
describe the medium in terms of its transfer function H(ω), which is easily related to k(ω)
by H(ω) = exp(ik(ω)z). An ideal medium has a transfer function with constant amplitude
|H(ω)| = H0 and a phase that varies linearly with frequency � H(ω) = tpω, where tp is the
total propagation time of the pulse. Relating these to Eq. (2) yields H0 = exp[i(k0−k1ω0)z] and
tp = k1z. Any deviation from this behavior leads to pulse distortion [14].

There are many ways to quantify the deviation of the transfer function from ideal. One very
simple way is to calculate the infinity-norm—the maximum magnitude—of the amplitude and
phase deviation from ideal. This leads to two distortion metrics, one for the amplitude variation
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Fig. 1. Gain and dispersion for a single Lorentzian line (solid) and a doublet with separation
δ = γ/

√
3 (dashed). Also shown are the two constituent lines (dotted) that make up the

doublet. (a) The gain exponent has a broad flat top (a result of setting k2 = 0), although
it is larger for the same value of the individual gain coefficients. (b) The central region of
approximately linear dispersion is very similar for both systems near the center of the lines,
but extends farther for the gain-doublet case.

(Da) and one for the phase variation (Dp). The amplitude distortion is given by

Da =
Hmax −Hmin

Hmax +Hmin
, (7)

where Hmin and Hmax are the minimum and maximum values of |H(ω)| over the frequency
range (ω0 −∆b, ω0 +∆b). Similarly, we define the phase distortion as

Dp =
1

2π
max[|� H(ω)− (tpω+φ0)|]ω0+∆b

ω0−∆b
, (8)

where tp and φ0 are chosen to minimize Dp. This provides a very conservative distortion mea-
sure for pulses whose power falls entirely within the frequency range (ω0 −∆b, ω0 +∆b). The
calculation of Dp also serves to define an effective propagation time tp as the propagation time
of a pulse through the ideal medium most closely approximated by the real medium. A delay
defined in terms of this propagation time td = tp−n0z/c is similar in concept to the group delay,
except that it is based on the material dispersion over the entire bandwidth of interest rather than
just at the carrier frequency. In fact, the pulse delay td is exactly equal to the group delay of the
best-fit ideal medium. Because this delay includes dispersive effects over the entire bandwidth
of interest, it provides a better prediction of actual pulse delay (peak delay, for example) than
the group delay. As is common in communication systems [14], pulses with power extending
outside this range can still be used, but the result is then approximate. These distortion met-
rics are reasonable in the case where the signal spectrum is approximately limited to the given
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bandwidth window but is otherwise unknown. If more is known about the signal spectrum, then
more complicated distortion measures can be used that consider a fixed spectrum and the form
of the material deviation from ideal.

Having defined these distortion metrics, we can use them to explore the gain-doublet slow-
light media discussed above. Let us first consider the simple Lorentzian gain line, whose trans-
fer function can be written as

H1(ω) = exp
(

i zn0
ω
c

)
× exp(g1(ω))

= exp

(
i zn0

ω
c

+g01
iγ

(ω−ω0)+ iγ

)
. (9)

Holding γ fixed, we find that for each ∆b there is an optimum value of g01 that provides max-
imum delay td subject to gain and distortion constraints. We have chosen to use an amplitude
gain constraint of g01 ≤ 2.5 so that the system can be reasonably implemented experimentally.
Larger gain is often accompanied by nonlinear optical effects.

The communication system of interest will define both the appropriate form of the relevant
distortion and its maximum allowed value. In conjunction with the infinity norm, we select a
conservative value of maximum allowed distortion Da < 0.05 and Dp < 0.05. This value is
somewhat arbitrary and results in pulse distortion that is just noticeable upon visual inspection.

Figure 2(a) shows the maximum relative delay td∆b as a function of the relative bandwidth
∆b/γ. Figure 2(b) shows the Lorentzian gain exponent g01. At each value of ∆b, the gain is
chosen to maximize the delay subject to the gain and distortion constraints described above.
By comparing the solid lines in Figs. 2(a) and 2(b), we observe two bandwidth regions, sepa-
rated by a cusp. We see that the delay is limited by the distortion constraint for large relative
bandwidths—∆b/γ > 0.2; driving the gain higher will produce too much distortion. For small
bandwidths, the delay is limited by the gain constraint. The maximum relative delay is achieved
at some intermediate bandwidth—∆b/γ ≈ 0.2—for which both distortion and gain limits are
met simultaneously. At this value, we find a maximum relative delay of td∆b ≈ 0.5 under the
constraint that neither Da nor Dp exceed 0.05.

We now consider a distortion-managed system constructed using two nearby Lorentzian gain
lines in a manner that is analogous to multi-stage filter design [15–17]. The transfer function of
this system is

H2(ω) = exp
(

i zn0
ω
c

)
× exp(g2(ω))

= exp

(
i zn0

ω
c

+g02
iγ

(ω−ω0 −δ)+ iγ
+g02

iγ
(ω−ω0 +δ)+ iγ

)
. (10)

As above, we can optimize over the free parameters—now g02 and δ—to maximize the delay
at each ∆b subject to the same constraints, Da ≤ 0.05, Dp ≤ 0.05, and max[|g2(ω)] ≤ 2.5.
The dashed line in Fig. 2(a) shows distortion- and gain-limited relative delay as a function of
bandwidth for this doublet system.

As described above, the second order distortion—dominant in many low-distortion cases—
can be eliminated entirely (k2 = 0) by setting δ = γ/

√
3 → δ/γ ≈ 0.58. One might expect

this result to provide the optimal line separation. However, as shown in Fig. 2(c), delay can
be increased at large bandwidths by using a larger separation because, although there is a gain
dip at the carrier frequency, the gain excursion over the full bandwidth can be minimized. For
small bandwidths, a smaller separation is desirable because the delay is limited by gain, not
distortion, and so it is more useful to make the separation small, creating larger dispersion for
the same maximum gain.
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Fig. 2. Simulation and experimental results for both the single Lorentzian line (solid lines
for simulation, circles for experimental results) and the doublet (dashed lines for simula-
tion, squares for experimental results). (a) Relative delay. (b) Lorentzian line-center ampli-
tude gain coefficients g01 and g02. Also shown is the center-frequency gain coefficient for
the doublet g2(ω0) (dot-dashed). (c) Line separation for the doublet. The horizontal line
indicates the value of δ/γ that leads to k2 = 0
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Fig. 3. Experiment setup based on a fiber Brillouin amplifier. TL1, TL2: tunable lasers; IS1,
IS2: isolators; FPC1, FPC2, FPC3: fiber polarization controllers; MZM1, MZM2: Mach-
Zehnder modulators; FG1, FG2: function generators; EDFA: Erbium-doped fiber amplifier;
C1, C2: circulators; SMF-28e: 500-m-long SMF-28e fiber (the SBS amplifier); PM: power
meter.

There are three distinct frequency regions on these plots separated by two obvious cusps. The
left-most region (∆b/γ < 0.25) corresponds to gain-limited configurations where in which the
distortion is not reached, and so the second line provides no additional benefit. The right-most
region (∆b/γ > 0.8) corresponds to the distortion-limited regime where the maximum gain can-
not be reached. In the central region, both distortion and gain constraints are hit simultaneously.
In this gain-doublet medium, we observe a maximum relative delay of 0.9 at a bandwidth of
∆b/γ = 0.8, an improvement by a factor of 6.25 over the single line at that bandwidth and nearly
twice the best single-line relative delay.

To test our distortion-management concept, we propagate optical pulses through a SBS slow-
light medium [10–13]. A gain-doublet with an adjustable frequency separation 2δ is realized
by pumping a standard room-temperature telecommunications optical fiber with a bichromatic
laser field, which is obtained via carrier-frequency-suppression modulation of a continuous-
wave (CW) single-frequency laser field [18]. The doublet spacing 2δ is adjusted by changing
the frequency of the voltage driving the modulator and the gain coefficient (and hence the slow-
light delay) is adjusted by changing the pump power. Either of these adjustments can be made
very quickly, limited by the transit time of the pump field through the optical fiber.

The transfer function H2(ω) (Eq. (10)) can be realized by setting the carrier frequency of the
pulses close to the SBS amplifying resonances (the so-called Stokes resonances) and keeping
the pulse intensity low enough so that the response is linear. For comparison, we also propagate
pulses through a standard slow-light medium with a single gain resonance, corresponding to
H1(ω) (Eq. (9)) and realized using a single-frequency pump field [10–13].

The experimental setup is shown schematically in Fig. 3. Two 1550-nm narrow-linewidth
tunable lasers (TL1 and TL2) are used to produce Stokes signal pulses and the pump beams,
respectively. A bichromatic pump beam is produced by passing the single-frequency CW laser
beam generated by TL2 (angular frequency ωp) through modulator MZM2, which is driven by
a sinusoidal voltage of angular frequency δ. The bias voltage applied to MZM2 is chosen to
suppress the carrier frequency, resulting in a beam with frequencies (ωp±δ). This beam is am-
plified by an erbium-doped fiber amplifier (EDFA) and routed via circulator C2 to pump a 500-
m-long SMF-28e fiber (the slow-light medium). For this fiber, we measure an SBS linewidth
(full-width at half-maximum) of γ/π� 35 MHz. After passing through the slow-light medium,
the beam is routed out of the system via circulator C1 and monitored by a power meter.
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The signal pulses are produced from a laser beam generated by TL1. The beam passes
through an isolator, a fiber polarization controller, and modulator MZM1, producing pulses with
carrier frequency ωc. They are approximately Gaussian-shaped with an intensity envelope of
the form I(t) = I0exp[−(t/τ )2], where the spectrum S(ω) ∝ exp[−τ 2(ω−ωc)2] has a 1/e half
width of ∆0 = 1/τ . The pulses enter the 500-m-long SMF-28e fiber via circulator C1 and coun-
terpropagate with respect to the bichromatic pump beam in the fiber. The slow-light-delayed
and amplified pulses are routed out of the system via C2, sensed by a fast photodetector, and
displayed on a digital oscilloscope. The frequency difference between TL1 and TL2 is tuned so
that the pulse carrier frequency is set precisely to the center of the SBS amplifying resonances,
ωc = ω0 where ω0 = ωp −ΩB, and ΩB/2π = 12.5 GHz is the Brillouin frequency shift for
the SMF-28e fiber. Fiber polarization controllers FPC1 and FPC2 are used to maximize the
transmissions through the Mach-Zehnder modulators, and FPC3 is used to maximize the SBS
slow-light delay experienced by the Stokes pulses.

In the experiments with the distortion-managed slow-light medium, we select a pulse band-
width ∆b (using the assumption that ∆b = ∆0), set the resonance half-separation δ according
to Fig. 2(c), set the central gain g2(ω0) according to Fig. 2(b) by adjusting the pump power,
and measure the delay of the peak of the pulses induced by the slow-light medium (which is
approximately equal to td). From Fig. 2(a), it is seen that the agreement with the theoretical
predictions is very good. Also shown in Fig. 2(a) are our observations for a single-gain line (the
non-distortion-managed slow-light medium), where the agreement between the observations
and the predictions is excellent.

The data shown in Fig. 2(a) demonstrate that the distortion-managed slow-light medium
vastly outperforms the standard slow-light medium under conditions of constant distortion.
Around the optimum normalized bandwidth of ∼ 0.84 (τ ∼ 11 ns), we measure an improve-
ment in relative pulse delay of a factor of 8.1 ± 2.6. Thus, the distortion-managed approach
substantially increases the usable bandwidth of a slow-light medium that is much easier to
implement in comparison to previously suggested methods [19, 20].

In conclusion, we have shown that, although distortion limits the slow-light delay achievable
in simple systems [6–8], it is possible to achieve better distortion- and gain-limited delay using
custom composite media. Dramatic improvement can be achieved over a single Lorentzian line
with a system as simple as a Lorentzian doublet, suggesting that even greater improvement may
be achievable using more flexible media.
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