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Abstract—We design a tunable slow-light delay line based on
fiber-optic parametric process by shaping the gain bandwidth,
with its operating wavelength in the present telecommunication
window. We derive an analytical expression for the time delay and
perform simulations for the delay lines made of dispersion-shifted
fiber (DSF) and nonzero dispersion-shifted fiber, respectively. We
also experimentally demonstrate the system performance of slow
light by propagating 10-Gb/s return-to-zero data packets through
such a tunable delay line based on DSF.
Index Terms—Delay line, dispersion, nonlinear, parametric
process, slow light.

I. INTRODUCTION

S

LOW LIGHT, referring to manipulating dispersion to slow
down the group velocity of pulses of light, is a promising
technology for packet synchronization in future all-optical communication networks. Electromagnetic induced transparency
(EIT) in an atomic vapor [1] and coherent population oscillation
(CPO) in a solid-state crystal [2] are two approaches to optical
control of the group velocity of light pulses. Recently, slow light
in fibers [3]–[6] are rapidly developing for their compatibility
with fiber-optic communication systems. Several slow-light
schemes have been demonstrated based on stimulated Brillouin
scattering (SBS) [3], [4], stimulated Raman scattering (SRS)
[5], and Raman-assisted parametric amplification (FOPA) [6] in
fibers. Among them, the bandwidth of the SBS-based scheme
is limited to about 12 GHz due to anti-Stokes absorption [4].
The SRS slow light can delay femtosecond pulses, but the delay
time is only 370 fs [5]. The Raman-assisted FOPA scheme
offers a compromise, and has achieved delay of several bits at
a bit rate of tens of gigabits per second [6]. However, to obtain
the Raman-assisted effect, the signal wavelength had to be
100 nm away from the pump wavelength and was therefore
out of the 1.55- m telecommunication window. Furthermore,
none of the previous slow-light schemes has been evaluated in
terms of system performance by measuring the bit-error rate
(BER) of delayed optical data.
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Recently, for the first time, we demonstrated the system
performance of a FOPA-based slow-light delay line operating
in the telecommunication waveband [7]. In this work, we
further studied the slow-light delay line by theoretical analysis,
simulations, and experiments. We theoretically derived the
expression of the time delay based on the parametric amplification without Raman assistance and analyzed the impact of the
fiber parameters, the pump, and the signal on the time delay.
Simulations show that the nonzero dispersion-shifted fiber
(NZDSF) is suitable for delaying shorter wavelength signals,
while the DSF with proper zero-dispersion wavelength is more
effective in delaying longer wavelength signals in the conventional telecommunication window (1525–1610 nm). Moreover,
we experimentally demonstrated the system performance of
10-Gb/s return-to-zero (RZ) data packets delayed by a FOPA
based on an available DSF. We investigated the pulse distortion
effects and the corresponding BER penalties, which mainly
result from the parametric-gain saturation, to understand the
limitation of the method. Our experiment verifies the feasibility
of fine-tuning the time delay of 10-Gb/s packets, and indicates
that higher speed data can be supported by the FOPA-based
slow-light delay line.
II. THEORY AND SIMULATION
When a signal falls near an optical resonance, both the real
and imaginary parts of the refractive index vary with the optical
frequency. The imaginary part of the refractive index represents
gain or absorption, while the variation in the real part leads to
phase shift. The imaginary and real parts are Hilbert transform
pairs [5]. The phase variation with the optical frequency results
in the change of the group velocity and the subsequent time
delay.
The nonlinear phase variation in the signal lightwave through
the parametric process can be expressed as [6]
(1)
where is the nonlinear coefficient,
is the pump power,
is the signal gain.
is proportional to the fiber length
and
and the pump power, and inversely proportional to the detuning
and
indibetween the pump and signal wavelengths.
cate the amplitude of the pump and the conjugate amplitude
is
of the signal, respectively,
and
are respectively
the wave-vector mismatch. Here,
the second- and fourth-order derivatives of the propagation conis the frequency detuning between the
stant, and
signal and the pump.
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Fig. 1. (a) FOPA gain spectrum and the corresponding time delay. (b) Pulse
positions for different signal gains at the signal wavelength of 1560.34 nm.

Fig. 2. Maximum time delays versus the pump and signal wavelengths
(a) parameters: 5-km DSF, dispersion slope 0.08 ps=(nm km), zero-dispersion
wavelength 1560 nm, pump power 0.56 W. (b) Parameters: 5-km large area
NZDSF, dispersion slope 0.12 ps=(nm km), zero-dispersion wavelength
1520 nm, pump power 0.56 W.

The time delay of the pulses induced by the additional phase
shift is described as

leads to larger time delay. Therefore, the time delay depends on
the spectral characteristics of the signal gain. Furthermore, the
signal gain varies with the pump power, which induces different
time delays of the signal pulse, as shown in Fig. 1(b). We fixed
the pump and signal wavelengths at 1564.1 and 1560.34 nm,
respectively, and tuned the pump power.
The wavelength separation between the pump and the zerodispersion wavelength of a fiber has a significant impact on
the signal gain bandwidth, and thus affects the time delay. The
gain bandwidth becomes narrower with increasing the wavelength separation, which leads to larger time delay, as shown in
Fig. 2(a). When the pump wavelength is 1590 nm, the 3-dB gain
bandwidth is 0.45 nm, and the maximal time delay at 1588.9 nm
is 33.6 ps. For a FOPA, lower dispersion slope leads to a broader
gain bandwidth based on the phase-matching condition. However, for a FOPA-based slow-light delay line, a narrow gain
bandwidth is required, so the fiber with a high dispersion slope
is preferred. Usually, large area NZDSF has a higher dispersion
slope than DSF does. The variation of the time delay with the
pump and signal wavelengths in a NZDSF is shown in Fig. 2(b).
The NZDSF has an effective mode area of 72 m , and a dispersion slope of 0.12 ps nm km at the zero dispersion wavelength of 1520 nm [8]. Due to the larger effective mode area,
the nonlinear coefficient of the fiber is smaller, which leads to
less signal gain for the same amount of pump power; however,
the higher dispersion slope also plays a role and maintains the
large time delay. Such a NZDSF-based slow-light delay line
can delay shorter wavelength signals in the telecommunication
window. In Fig. 2(b), when the pump wavelength is 1552 nm,
the 3-dB gain bandwidth is 0.3 nm, and the maximal time delay
at 1551.27 nm is 35 ps.
III. EXPERIMENT

(2)
where
(3)
and

(4)
.
where
Equation (2) indicates that the time delay depends on the
signal gain, the fiber dispersion coefficient, the fiber nonlinear
coefficient, and the pump power. Based on the above equations, simulations were performed to investigate the time delay
induced by a FOPA. The 5-km DSF in the numerical model
has these characteristics: dispersion slope 0.08 ps nm km ,
zero-dispersion wavelength 1560 nm, and effective mode area
54.76 m . The pump wavelength is 1564.1 nm and the power
is 0.56 W.
In Fig. 1(a), it is clearly seen that the maximum time delay of
12.1 ps occurs at the signal wavelength of 1560.34 nm. For the
signal wavelength of 1567.88 nm, the time delay is 12.1 ps,
corresponding to fast light. Steeper slope of the gain curve

Based on the preceding analysis and simulations, an experiment was performed to demonstrate the time delay induced by
the parametric process. In this experiment, a DSF was used for
its availability. The experimental setup is shown in Fig. 3. Two
tunable laser sources (TLSs) serve as the parametric pump and
the signal source, respectively. The pump is sent to an intensity modulator (IM) driven by an electrical pulse source with
1.28-ns pulse width and 10% duty cycle. The modulated pump
is preamplified by an erbium-doped fiber amplifier (EDFA) and
subsequently boosted by a second high-power EDFA. A tunable filter (TF) is inserted after EDFA2 for removing the strong
amplification spontaneous emission (ASE). The signal is intensity-modulated by a 10-GHz clock and a 10-Gb/s NRZ data pattern to generate a 10-Gb/s RZ data packet. The data packet is a
fixed pattern “10111” followed by 123 “0”-bits and all the “1”
bits fall within the pump pulse duration through synchronization
between the pump and signal pulses. The insets in Fig. 3 are the
waveforms of the pump and the signal, respectively. They are
combined by a 95/5 coupler and then sent into a spool of 5-km
DSF, whose parameters are the same as those used in the simulations. The signal is then separated from the pump power by
TF2 after being amplified and delayed in the DSF. A variable
optical attenuator (VOA) is used to control the amplified signal
power. Finally, the signal is split four ways and simultaneously
measured/monitored by a power meter (PM), an optical spectrum analyzer (OSA), an oscilloscope, and a bit-error-rate tester
(BERT).
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Fig. 3. Experimental setup.

Fig. 4. Measured ASE spectra with 0.2-nm resolution. (a) ASE spectra at
22-dBm average pump power and variable pump wavelengths. (b) ASE spectra
at 1564.1-nm pump wavelength and variable pump powers.

To achieve considerable time delay, high gain and narrow gain
bandwidth in the FOPA are necessary. In the experiment we
measured the ASE spectrum to indicate the signal gain spectrum of the FOPA, as there is a linear relationship between the
ASE and the gain for a lossless FOPA. First, we measured the
ASE spectra employing a fixed average pump power of 22 dBm
at different pump wavelengths, as depicted in Fig. 4(a). When
the pump wavelength is larger than the zero-dispersion wavelength of the DSF, the parametric process produces two gain
peaks on each side of the pump wavelength. As the pump wavelength increases, the two gain peaks become narrower and closer
to the pump wavelength, and the peak gain becomes higher.
Signals falling into the shorter wavelength gain peaks experience the time delay. We choose 1564.1 nm as the pump wavelength because of the relatively narrow signal gain spectrum and
the shorter wavelength gain peak being close to ITU-T CH 40
(1561.419 nm). In the following experiments, the signal wavelength was set at 1561.4 nm. We then measured the ASE spectra
at different pump powers, shown in Fig. 4(b), to study the impact
of the pump power on the gain spectra. Once the pump power
exceeds 23 dBm, the gain bandwidth is rapidly broadened because of the strong nonlinearity resulting from the high pump
power. To achieve good delay performance, it is necessary to
balance between the peak gain and the gain bandwidth.
We then investigated the impact of the pump power on
the delay time, the waveforms, and the BER of the signal at
1561.4 nm, respectively, as shown in Fig. 5. When the pump
power is 21 dBm, corresponding to a 20-dB gain, the delay of
the pulse is 10 ps. No pulse distortion is observed, and BER
measurement indicates a 0.3-dB sensitivity penalty. When the
pump power is increased to 23 dBm and the corresponding gain
goes to 37 dB, the delay is enhanced to 15 ps, and the sensitivity
penalty is 0.6 dB. Meanwhile, no noticeable distortion of the
signal pulses is observed. However, once the pump power
exceeds 23 dBm, the gain bandwidth is significantly broadened
as shown in Fig. 4(b), resulting in a shorter delay time even
though the gain is a little bit enhanced. A 24-dBm pump power
leads to a 12-ps delay; however the pulses are broadened and
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Fig. 5. Delay time, waveform, and BER of the signal versus the pump power.
(a) P = 0, G = 0. (b) P = 21 dBm, G = 20 dBm. (c) P = 23 dBm, G =
37 dBm. (d) P = 24 dBm, G = 40 dBm. (e) P = 24:5 dBm, G = 40 dBm.

distorted because of the parametric-gain saturation. If the pump
power is further increased, the signal pulses are drastically
distorted, and the sensitivity penalty is as high as 3 dB.
In this experiment, the maximal delay of the signal at
1561.4 nm is limited to 15 ps due to a tradeoff between the
desired high gain and narrow gain bandwidth. Larger delays of
the longer wavelength signals could be achieved by increasing
the pump wavelength, as shown in the simulation, but the close
spacing between the gain peak and the pump wavelength would
make it difficult to separate the pump from the signal.
In this demonstration, tunable time delay is achieved for
10-Gb/s RZ data packets in a FOPA-based slow-light delay
line, which could be applied to traffic synchronization. Higher
speed data would be delayed in such a delay line, as the gain
bandwidth is broad enough and the parametric process is
transparent to data rates.
IV. CONCLUSION
We have theoretically analyzed and numerically simulated a
tunable slow-light delay line based on fiber parametric process
in the 1.55- m telecommunication window, and performed
system testing of delayed 10-Gb/s RZ data packets in DSF.
The measured maximal delay is 15 ps at a pumping level of
23 dBm, and the sensitivity penalty is only 0.6 dB, with no
significant pulse distortion observed. The potential for higher
bit rates is implied.
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