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Buffer Based on Self-Phase-Modulation-Induced

Spectral Broadening
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Abstract—We propose a novel optical delay control mechanism
to realize variable all-optical packet buffering, in which the amount
of optical delay is controlled by the input signal power level. It con-
sists of a passive fiber delay loop followed by an optical power
dependent filter, which is realized by means of two stages of self-
phase-modulation-induced spectral broadening and offset filter-
ing. The feasibility of the proposed optical packet buffer has been
investigated through numerical simulations and experiments. No
polarization control and additional laser source are needed.

Index Terms—Fibers, fiber optics communications, nonlinear
optics.

I. INTRODUCTION

IN FUTURE optical packet switching (OPS) systems, data
buffering is essential to resolve possible packet contention

and it is considered as one of the greatest challenges in op-
tical implementation. Although electronic buffer technology
has been greatly improved recently, optical buffering is still
an ideal candidate for future ultrahigh-speed transparent op-
tical networks, as it does not require optical-electrical-optical
(O-E-O) conversion and supports ultrafast data rates. In addi-
tion to data rate transparency, the absence of O-E-O conversion
leads to much better power saving and reduced implementation
cost. There are different categories of optical delay lines, in-
cluding continuously tunable ones or discretely variable ones.
They have found applications in optical coherence tomography,
optical control of phased array antennas for radio frequency
communication, bit-level synchronization for interleaving, de-
multiplexing, and switching, tapped delay lines for equalization,
filtering, and chromatic dispersion compensation, etc. Neverthe-
less, the possible data packet buffering required for contention
resolution in OPS systems might require relatively long fiber
or an expensive wavelength converter with large tunable wave-
length range, when it was implemented by wavelength con-
version followed by a dispersive medium with group velocity
dispersion [1], [2]. One interesting example is to convert the
wavelength of the incoming data packet before being fed into a
wavelength dependent delay element, where the signals at differ-
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Fig. 1. Structure of an optical recirculating delay loop.

ent wavelengths would experience different amount of temporal
delays [3]. Another kind of optical delay lines was based on slow
light induced by stimulated Brillouin scattering [4], [5]. Never-
theless, their applications might be limited by the small amount
of induced delay and the possible severe signal degradation at
increased delay values.

Fig. 1 shows a common way to implement optical buffers
based on an optical recirculating loop, which required all-optical
switches [6], optical switching via semiconductor optical ampli-
fiers (SOAs) [7], [8], or through nonlinear polarization rotation
inside the SOA [9], to control the number of circulations for the
optical packet. However, it required synchronization between
the switching time and the cycle of the packet propagation.
In [10], an optical recirculating loop with an optical threshold-
ing function was used to control the propagation of low-priority
signal inside the loop, via wavelength conversion, so as to re-
solve the contention. In [11], the signal’s wavelength was shifted
by a certain amount after each cycle of circulation in an optical
recirculating loop; thus, the output wavelength could be varied
and controlled. In this paper, we propose an all-fiber variable
optical packet buffer, in which the amount of delay is controlled
by the input signal power level. The delay control is based on
self-cloning the input optical signal, followed by optical power
dependent filtering. The suggested optical subsystem imple-
mentation comprises a passive optical delay loop circuit and
two stages of self-phase modulation (SPM) in highly nonlinear
fiber (HNLF), followed by offset filtering. Due to the intrinsic
nature of SPM, it does not require polarization control and no
additional laser source is required.

This paper is organized as follows. Section II illustrates the
proposed optical delay control mechanism for the variable op-
tical packet buffer. Its operation principle and a feasible optical
implementation will be discussed. Sections III and IV present
the numerical simulation results as well as the experimental
demonstration, respectively. Section V provides some discus-
sions on the proposed optical packet buffer structure. Finally,
Section VI summarizes this paper.
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Fig. 2. Illustration on the delay control mechanism of the proposed optical packet buffer structure.

Fig. 3. Optical implementation of the proposed optical buffer.

II. INPUT SIGNAL POWER DEPENDENT DELAY

Having considered the pros and cons of the previously re-
ported schemes for the implementations of variable optical
buffer, we propose a novel all-fiber variable optical packet buffer
architecture, which is based on a passive optical delay loop to
provide long and discretely variable optical delay. The amount
of optical delay induced is varied by controlling the input signal
power level. Hence, simple optical data packet buffering in an
OPS system can be realized.

Fig. 2 illustrates the principle of the delay control technique
for the proposed optical packet buffer. The incoming optical
packet with power Pi , first passes through a passive optical
delay loop circuit to generate copies of the packets, temporally
spaced by a fixed time interval τ . The power of each delayed
packet copy is designed to be 3 dB lower than its previous
one, and this is to create a mapping between different time
delays and different input signal power levels. Therefore, optical
packets having powers at P1 , P2 , P3 , . . . , will appear at time
instances of 0, τ , 2τ , . . . , respectively, as illustrated in Fig. 2.
As a 3-dB power coupler is employed, P2 = P1 /2, P3 = P1 /4,
and so on. The generated optical packet train then undergoes
optical power-dependent filtering operation. As a result, only
the optical packet copy at the specified power level (e. g., P2)
with the desired respective time delay (e. g., τ ) remains at the
output, while other packet copies are dropped or suppressed. The
optical power-dependent filter should be designed to have good
power contrast between the transmission peak and floor, that is
P ′

o � Po , as in Fig. 2, so as to achieve good extinction ratio
in the output signal. Hence, such optical subsystem transforms
different input signal power levels into different amount of time
delays. The control of the time delay is achieved by altering the
input signal power Pi such that the packet copy with the desired
time delay and optical power level falls into the passband of the
optical power dependent filter. Increasing the input signal power
by 3 dB effectively induces an additional delay of τ . Ideally, the
optical power of the output packet should be the same while the
amount of delay varies.

Fig. 3 depicts a feasible implementation of the proposed op-
tical packet buffer. It comprises a passive optical delay loop cir-
cuit, as described earlier, and an optical power-dependent filter,
where two stages of SPM in HNLF with offset filtering are em-
ployed. The technique of employing SPM in HNLF with offset
filtering has been widely studied in optical 2R signal regener-
ation [12]–[15] and was recognized as Mamyshev regenerator.
It offers simple structure to perform noise suppression at zero
level, in addition to amplitude equalization.

The input optical data packets are assumed to be modulated
in return-to-zero pulsed format. In the first stage of SPM and
offset filtering, spectral broadening of the optical pulses induced
by SPM in HNLF creates multiple lobes in the spectrum [16],
where the outermost lobes, located farther away from the center
wavelength, contribute to higher signal power. In addition, the
width of the broadened spectrum is increased with the input sig-
nal power. Any further increase in input signal power would lead
to supercontinuum generation, where the output signal power is
dispersed across a wide wavelength range. By optimal setting
of the optical bandpass filter (OBPF) so as to filter out the out-
ermost spectral lobes of the signal at the specified input signal
power, only the optical packet copy with pulses at the same
specified power level and the respective desired time delay re-
mains at the output, while other packet copies are dropped or
suppressed. Thus, the input signal power-dependent filtering op-
eration is realized. The second stage of SPM and offset filtering
performs optical power thresholding function so as to further
enhance the extinction ratio between the output packet and the
dropped packet copies.

III. NUMERICAL SIMULATION STUDIES

In this section, the feasibility of this scheme has been inves-
tigated and characterized through numerical simulations. The
simulation setup is shown in Fig. 4. The output from a 10-
GHz mode-locked laser with 2.5-ps pulse width at 1547.38 nm
was first modulated by an optical intensity modulator, gener-
ating an input optical packet with 20-bit pulse pattern. Then,
it was fed into a passive optical power splitter connected with
different fiber delay lines and attenuation values in order to sim-
ulate the output of the passive delay loop circuit, in the form
of multiple copies of the input signal. Each subsequent delayed
copy experienced an additional time delay of 3.5 ns and its
power was relatively reduced by 3 dB, accordingly. The gen-
erated packet train then passed through two stages of SPM in
HNLF and offset filtering to perform optical power-dependent
filtering and power thresholding operations. In the first stage,
a piece of 1-km dispersion-flattened highly nonlinear fiber
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Fig. 4. Simulation setup (ML laser: mode-locked laser, IM: intensity modulator, OBPF: optical band pass filter).

Fig. 5. Simulated power transfer curves of Stage 1 output and Stage 2 output
of the proposed optical packet buffer.

(DF-HNLF) was used as the nonlinear medium and its non-
linear coefficient, zero-dispersion wavelength, and dispersion
slope were 10.8 W−1 ·km−1 , 1550 nm, and 0.007 ps/(nm2 ·km),
respectively. The spectrally broadened signal was then filtered
at 1541 nm, via a 0.8-nm bandwidth OBPF to realize power-
dependent filtering. After being amplified via an erbium-doped
fiber amplifier (EDFA), the output signal was then fed into
the second stage of SPM and offset filtering to perform power
thresholding. In this stage, a piece of 2-km dispersion-shifted-
HNLF was employed and its nonlinear coefficient, zero disper-
sion wavelength, and dispersion slope were 11.9 W−1 ·km−1 ,
1544 nm, and 0.018 ps/(nm2 ·km), respectively. The output sig-
nal is then filtered by another 0.8-nm OBPF at the wavelength
of 1535.5 nm.

First, the power transfer characteristics of the proposed optical
packet buffer were studied using an unmodulated optical pulse
train, as the input signal. Fig. 5 shows the output power of the two
stages of SPM followed by offset filtering when optical pulses
at different power levels were inputted to the proposed optical
packet buffer. The power filtering effect was observed at the
Stage 1 output (measured at point B in Fig. 4), which exhibited
a maximum output when the input signal power was at about
15 dBm, while power thresholding operation was observed at
the Stage 2 output (measured at point C in Fig. 4), which further
enhanced the power contrast between the peak output power
and its adjacent power trough in the power transfer curve. Fig. 6
shows the optical spectra measured at the output of Stage 1
at different input signal power levels, where the input power

Fig. 6. Simulated optical spectra of the input pulse train at the output of Stage 1
with different input signal power levels into the HNLF.

level was subsequently increased by 3 dB, so as to realize the
same condition as in the multiple delayed copies at the output
of the passive optical delay loop circuit. The insets in Fig. 6
show the enlarged diagram of the respective optical spectra.
At low-input signal power, more power was observed to be
concentrated at the outer spectral sidelobes, while at high-input
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Fig. 7. Simulated power contrast between the peak output power and its
adjacent power trough of Stage 1 outputs with different filter wavelength offset
values with respect to the input signal wavelength. The insets show the power
transfer curves when the filter wavelength offsets were set at (a) −10 nm,
(b) −8 nm, and (c) +7.5 nm, respectively.

signal power, supercontinuum generation occurred. The position
of the offset filter at Stage 1 output was marked as the dotted
line (at 1541 nm) in Fig. 6. When the input pulse train was at
the optimum power, say 14.88 dBm, for example, one of the
outer spectral sidelobes fell into the passband of the offset filter
and thus its filter output gave a maximum power level. The
other input pulse trains having lower input power levels did not
get sufficient spectral broadening from SPM; thus, their filter
outputs were at very low power level.

On the other hand, the input pulse train with power higher
than the optimum level would give low power at the filter output,
since the excess power had led to subsequent spectral broaden-
ing induced by the mixed effects of SPM, four-wave-mixing
(FWM), and stimulated Raman scattering, and thus resulted in
supercontinuum generation. Hence, the power of the input sig-
nal would get dispersed across a wide wavelength range and led
to lower power level at filter output.

Fig. 7 shows the simulated power contrast between the peak
output power and its adjacent power trough at Stage 1 out-
put when the filter wavelength offset was varied from +10 to
−10 nm, with respect to the input signal wavelength. The in-
sets in Fig. 7 further show the power transfer curves at different
filter wavelength offset values at (a) −10 nm, (b) −8 nm, and
(c) 7.5 nm. The results show that such power contrast in the
power transfer curve at Stage 1 output increased with the fil-
ter wavelength offset value. Although higher power contrast in
the power transfer curve was more desirable for more effective
power-dependent filtering, the respective input signal power re-
quired to achieve the respective peak output power was found
to be increasing with the filter wavelength offset value, as il-
lustrated in Fig. 8. Hence, there existed a tradeoff between the
power contrast and the required input signal power in the power
transfer curve at Stage 1 output.

Besides, the effect of the zero-dispersion wavelength of the
HNLF employed in Stage 1 also imposed significant impact
to the performance of the power-dependent filtering operation.
Fig. 9 depicts the power transfer curve at Stage 1 output when

Fig. 8. Required input signal power of Stage 1 at peak output power with
different filter wavelength offset values.

Fig. 9. Simulated power transfer curves at Stage 1 output for HNLFs with
different HNLF zero-dispersion wavelengths, given that the input signal wave-
length is 1547 nm.

the zero-dispersion wavelength of the HNLF employed was
varied from 1532 to 1564 nm, given that the input signal wave-
length was chosen at 1547 nm. It is shown that when the input
signal wavelength was set in the anomalous dispersion regime
(HNLF zero-dispersion wavelengths at 1532 and 1540 nm), the
power filtering effect was quite prominent with good power con-
trast within a narrow input power range in the power transfer
curve. This could be attributed to the fact that the signal peak
power would reach a higher level, due to the pulse compres-
sion effect in the anomalous dispersion regime, and thus could
help to foster the power-dependent filtering with better power
contrast. However, due to the possible coherence degradation
of the output signal when being operated in the anomalous
dispersion regime [17]–[19], we had better operate the input
signal in the normal dispersion regime, which corresponded
to the power transfer curves with their respective HNLF zero-
dispersion wavelengths at 1548, 1556, and 1564 nm, in Fig. 9.
However, it is shown that the corresponding power-dependent
filtering effect was much weakened and exhibited a plateau
pattern over a much broader power range, as the input sig-
nal wavelength was set farther away from the zero-dispersion
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Fig. 10. Simulated outputs when the delay is controlled as three steps from
its initial timing position. (a) Input packet train copies, (b) output from Stage 1,
and (c) output from Stage 2.

wavelength value. The first power trough appeared at a much
higher input signal power value. This might be attributed to the
pulse broadening effect of the input signal in this normal dis-
persion regime and had led to reduced peak power of the input
signal. Thus, the SPM effect was much weakened. To alleviate
this, input signal pulses with much narrower pulse width might
be required. As a result, the input signal wavelength value should
be chosen not too far away from the zero-dispersion wavelength
in the normal dispersion regime [20] to assure signal coherence
as well as better power contrast in the power-dependent filtering
operation.

Fig. 10(a)–(c) shows the packet copies of the input signal, and
the output signals of Stages 1 and 2, respectively, when the input
signal pulse was delayed by three steps from its initial position.
Fig. 11 shows the output signals of the optical packet buffer
when the input signal pulses with different power levels were
inputted. It is observed that the output pulse was delayed by
one further step when the input signal power was subsequently
amplified by every 3 dB more, via the delay control EDFA, in
the setup. The input signal power at its initial timing position
was taken as 0-dB gain at the EDFA, as a reference.

IV. EXPERIMENTAL RESULTS

The proof-of-concept of the proposed optical packet buffer
has been experimentally investigated with the setup depicted in
Fig. 12. The output of the semiconductor mode-locked laser at
1544.94 nm with 10-GHz 2-ps pulse train was modulated by

Fig. 11. Simulated outputs of optical packet buffer when the input signal is
having different EDFA gains, which give different input signal power levels.

an optical intensity modulator to gate an optical pulse for ev-
ery 64 pulses. The output of the intensity modulator was then
amplified by an EDFA before being fed into the passive optical
circuit formed by a 3-dB coupler which introduced 2-ns delay
difference, and 3-dB power difference between each consecu-
tive copy. The signal was then fed into the first stage of SPM
followed by offset filtering that was made up of a piece of 1-km
DF-HNLF, having a nonlinear coefficient, zero dispersion wave-
length, and dispersion slope of 10.8 W−1 ·km−1 , 1550 nm, and
0.007 ps/(nm2 ·km), respectively. The parameters were the same
as those adopted in the numerical simulation in Section III. At
the output of the HNLF, a 0.8-nm bandwidth OBPF centered at
1541 nm was used to slice the spectrally broadened signal. The
spectrally sliced signal was then amplified before being fed into
another piece of 4-km dispersion-shifted fiber (DSF) for power
thresholding operation. At the output of the DSF, the signal
was finally filtered out by another 0.8-nm OBPF at 1535.5 nm
and was detected by a 50-GHz photodetector, followed by an
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Fig. 12. Experimental setup (PD: photodiode, LPF: low-pass filter).

Fig. 13. (ai to di) Stage 1 output at point A in Fig. 12, (aii to dii) Stage 2 output at point B in Fig. 12 with different input signal power levels at Stage 1: (a) 0.4 dBm,
(b) 3.85 dBm, (c) 6.25 dBm, (d) 8.75 dBm. (e) Power transfer curve of Stage 1 output. (f) Spectra evolution of the output pulse train at Stage 1 with different input
power levels to the nonlinear fiber. (The spectra are arranged in the graph to avoid overlapping and the dotted line denotes the filter offset position at wavelength
1541 nm.)

electrical low-pass filter, in order to observe the delayed wave-
forms on the oscilloscope. Fig. 13(a)–(d) shows the outputs of
the two stages when the input signal power level was varied. At
the output of Stage 2, it was observed that the output signal was
delayed by 0, 2, 4, and 6 ns, when their respective input signal
power levels were 0.4, 3.85, 6.25, and 8.75 dBm, in which the
power difference between each consecutive delay was roughly
3 dB. The Stage 1 output showed the signal extinction ratio of
about 3 dB while the Stage 2 output showed the improvement
of the signal extinction ratio after power thresholding opera-
tion. The results confirm the proof-of-concept of the proposed
optical packet buffer, though the experimental results can be fur-
ther improved by using HNLF of higher nonlinear coefficient to
enhance the SPM effect, as well as optimizing the system param-
eters, such as pulse width, wavelength, and power of the input
signal. Fig. 13(e) shows the power transfer curve at Stage 1,
showing the power-dependent filtering phenomenon. Fig. 13(f)
shows the measured spectral evolution of the output pulse train

at Stage 1 at different input signal power levels to the HNLF.
When starting at low-input power level, say 7 dBm, the output
spectrum comprised only one spectral lobe centering at the in-
put wavelength. Increasing the input signal power to 11.1 dBm
would give rise to two spectral lobes in the spectrally broadened
signal. Further increase in input power level to 13.85 dBm would
form three spectral lobes in the spectrally broadened signal, and
so on. Therefore, the spectral broadening increases when input
signal power is increased.

More importantly, it was observed that the outermost spectral
sidelobes contained more power than the inner spectral lobes.
The asymmetry of the broadened spectrum was attributed to
the fiber chromatic dispersion. By setting the filter wavelength
offset at 1541 nm, denoted as the dotted line in Fig. 13(f), it
was observed that the outermost spectral sidelobe fell into the
passband of the offset filter when the input signal pulse stream
was at 15.1 dBm and the outermost sidelobes were spreaded
over wider wavelength range at higher input signal power level.
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Fig. 13(e) shows the measured power transfer curve at the output
of Stage 1 where the offset filter was centered at 1541 nm. The
result confirmed that there was maximum output power when
the input signal power was around 15 dBm.

V. DISCUSSION

The optical power-dependent filter of the proposed variable
optical packet buffer can be implemented via two stages of SPM
followed by offset filtering. The first stage extracts the outermost
spectral sidelobe at the desired input signal power while the
second stage performs power thresholding operation to further
enhance the extinction ratio of the signal output. In addition to
easy control of the delay by controlling the input signal power
level, this scheme offers two features that are intrinsic to the
SPM effect, namely polarization independent and no additional
laser source required. Besides, this scheme is potentially capable
of supporting much higher bit rates.

From the numerically simulated power transfer curve of the
Stage 2 output of the proposed optical packet buffer, as depicted
in Fig. 5, the output power was maximized when the input sig-
nal power level was about 15 dBm. Any 2-dB difference from
this optimum input signal power level would lead to at least
20-dB reduction in the output power with respect to the maxi-
mum output power level. Therefore, the design of the proposed
optical buffer can be further optimized in such a way that the
power of each subsequent delayed packet copy from the passive
optical delay loop circuit is 2 dB lower than its previous one.
As a result, the proposed optical packet buffer can provide a
larger number of delay steps with smaller range of input power
control.

The power requirement of the system can be lowered if highly
nonlinear optical fiber with higher nonlinear coefficient is em-
ployed. Recently, due to the advance of the development of
highly nonlinear fiber, the nonlinear coefficient of the fiber
can achieve beyond 1000 W−1 ·km−1 by using highly nonlin-
ear bismuth oxide fiber (Bi-NLF) [21] or photonic crystal fiber
(PCF) [22]. As Bi-NLF and PCF can provide much higher non-
linear coefficient, the fiber length to be used inside the system
can be much shortened, and the power requirement of the input
signal can be much relaxed.

Regarding to the realization of the optical power-dependent
filtering operation in Stage 1, there may be other feasible ap-
proaches. For example, when the input pulse width is in fem-
tosecond range and soliton self-frequency shifting (SSFS) [23]
is utilized, the red wavelength shifted signal at the desired in-
put signal power can be filtered out. The principle is similar to
the case of SPM followed by offset filtering, as the increase in
the input signal power level would lead to the increase in the
red shifted wavelength offset of the signal, via SSFS, and vice
versa. By setting the output filter at a certain strategic wave-
length, there would be output power only at the specified input
signal power and therefore realizes optical power-dependent fil-
tering operation. SSFS has been demonstrated to provide contin-
uously tunable optical delay line [24], in which SSFS introduced
input signal power-dependent wavelength shift and in turn in-
duced different time delays when the signal passed through a

dispersive medium. However, long length of dispersive medium
might be required in order to obtain larger amount of time delay.
Besides SSFS, triangular pulse or sawtooth pulse has been em-
ployed to perform all-optical wavelength conversion [25], [26].
Owing to the temporal profile of such special pulse shapes,
through SPM or cross-phase modulation, the amount of wave-
length shift would be intensity dependent, which thus can be
a potential alternative approach to perform intensity-dependent
filtering in our proposed optical packet buffer with careful set-
ting of the output filter wavelength. The generation of the tri-
angular pulses can be realized through superstructured fiber
Bragg grating technology [26] or chirped pulses propagating in
a piece of normally dispersive fiber [27]. Regarding to the re-
alization of the second stage that performs power thresholding
operation, besides employing the Mamyshev regenerator struc-
ture, extinction ratio improvement can also be achieved through
FWM [28], nonlinear amplifying optical loop mirror [29], [30],
saturable absorber [31], etc.

VI. SUMMARY

We have proposed a novel all-fiber optical packet buffer in
which the amount of induced time delay is easily controlled by
changing the input signal power level. It is realized by employing
a passive optical delay loop circuit, followed by two stages of
SPM spectral broadening effect in HNLF with offset filtering.
We have investigated and characterized the proposed variable
all-optical packet buffer both numerically and experimentally.
Packet delay is achieved that can help to resolve the packet
contention in future OPS systems.
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