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Pulse generation and compression using an asymmetrical porous
silicon-based Mach–Zehnder interferometer configuration
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Abstract. We propose an asymmetrical Mach–Zehnder interferometer (MZI) for efficient pulse generation and
compression using porous silicon (PS) waveguide, fibre delay line and couplers. We show a pulse compression of
about 0.4 ns at the output port with third-order super-Gaussian input pulse in ∼2 ns time duration and ∼40.3 W
peak power level. Also, we show the possibility of obtaining compressed single- or double-pulse with judicious
choice of various parameters like input peak power, delay time and input pulse width.
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1. Introduction

Recently, silicon waveguides (SW) have attracted con-
siderable attention owing to their potential applications
in integrated optoelectronics. Using SWs, many optical
functions, such as laser modulation [1], amplification
[2], wavelength conversion [3], signal generation [4],
soliton switching [5], and slow light [6], have been
presented and demonstrated. All these functions are
possible through the judicious exploitation of linear
and nonlinear effects such as two-photon absorption
(TPA), free carrier absorption (FCA), free carrier dis-
persion (FCD), self-phase modulation (SPM), cross-
phase modulation (XPM), and Raman scattering (RS)
exhibited by crystalline silicon. Silicon-on-insulator
(SOI) technique is often adopted in various silicon-
based elements. In SOI, a silica cladding surrounds the
silicon waveguide having a core with high refractive
index generally on the order of 3.5. As a result, the
transmitted light can be tightly confined into a small
chip region with micrometre dimension and higher
optical intensity can be easily obtained even for low
input optical power. On the other hand, this results in
strong nonlinear process in crystalline silicon. It has
been observed that porous silicon (PS) exhibits sig-
nificant free carrier related nonlinear effects compared
to the conventional crystalline silicon. PS has much

short free carrier recovery time and enhanced FCA and
FCD [7]. In addition, both TPA and Kerr coefficients
in PS are slightly lower than those in crystalline sili-
con. Utilizing these prominent properties in this work,
we propose a PS-based pulse generation and compres-
sion method as PS is one of the essential components
in optical telecommunication systems.

2. Device and operation principle

The schematic diagram is illustrated in figure 1, where
the device consists of two Y fibre couplers, a PS
waveguide, and a fibre delay line. A third-order super-
Gaussian pulse is introduced into the two arms of the
MZI through a 50:50 Y coupler. Half of the initial
energy is launched into the PS waveguide and the other
half passes through the optical delay line. In the PS
waveguide, amplitude and phase of the signal is non-
linearly modulated by nonlinear processes including
TPA, FCA, FCD, and SPM. Due to weak nonlinearity,
in the short fibre delay line, the amplitude and phase of
the pulse do not change. Thus, significant phase differ-
ence occurs between the two output beams from the
PS and the delay line. These beams are recombined
again by a Y 50:50 coupler. Owing to their strong
phase difference, effective interference behaviour can
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Figure 1. Schematic diagram of the proposed device for pulse generation and compression.

be achieved within proper delay time between the two
output pulses. As a result, one can generate shorter
single- or double-pulse by detuning the time delay,
incident power, and pulse duration. Here, the coupled
equations in the PS waveguide are given by [7]
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where A is the slowly varying envelope, z is the dis-
tance, α is the linear attenuation coefficient, γ is the
Kerr nonlinear parameter, λ is the central wavelength
of the input pulse, and Aeff is the effective area. βT is
the two-photon absorption coefficient, σFCA is the free
carrier absorption cross-section, kFCD is the free car-
rier dispersion coefficient, N is the free carrier density,
and τc is the free carrier lifetime. The waveguide length

L = 3 mm, the central wavelength of the initial pulse
λ = 1550 nm, n2 = 2.3 × 10−14 cm2/W, Aeff =
19.3 μm2, βT = 0.8 cm/GW, σFCA = 100 × 10−17 cm2,
kFCD = 90 × 10−21 cm3, α = 9 dB/cm, τc = 0.2 ns.

3. Results and discussion

A third-order super-Gaussian pulse as input beam
is adopted in simulation, which has ∼40.3 W peak
and 15.56 dB on-off ratio (10 log 10(logic 1/logic 0)),
respectively. T0, that is the time duration of half width
at 1/e intensity point of the peak without considering
pedestal energy is 1 ns. It is well known that, as the
third-order super-Gaussian pulse is propagating along
the PS waveguide, leading edge of the pulse experi-
ences fast TPA process that results in a great deal of
free carrier, and then the generated free carrier induced
by TPA will absorb the photon of trailing edge of the
pulse. As a result, the output pulse from the PS waveg-
uide exhibits a long trailing edge [7]. Hence, the output
pulse from the PS waveguide has very strong phase
shift due to nonlinear effects of the waveguide. In addi-
tion, because, in the fibre delay line, the influences of
linear and nonlinear effects on the pulse are ignored,
the output pulse from the delay line does not have
any change in phase and amplitude profiles. While two
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Figure 2. (a) Output single pulse with −235 ps delay and (b) output double-pulse with 235 ps delay.
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Figure 3. (a) Output pulse with various delay when T0 = 1 ns and ∼40.3 W input peak and (b) output pulse with various
initial pulse width when the delay is −0.2T0 and the input peak is ∼40.3 W.

output pulses from delay line and PS waveguide are
recombined at the output port of MZI, they have sig-
nificant interference behaviour as a result of the strong
phase difference so that one can achieve various output
signals by judiciously detuning their delay time.

An output signal is indicated by the blue solid line
in figure 2a, in which the delay time is −235 ps. Here,
it should be pointed out that the negative delay time
denotes that the output pulse from the fibre delay line
reaches early the output coupler compared to the case
of another output pulse from the PS waveguide. The
full width at half maximum (FWHM) of the output
pulse is compressed to ∼0.4 ns, which is about
one-fifth of the time duration of the input pulse.
This significant result is attributed to the interference
effect between the two output pulses from the PS
waveguide and fibre delay line. The maximum phase
shift on top of the output pulse from the PS waveguide
is around π that induces sufficient destructive interfer-
ence with the result that the photon in the pulse trailing
edge is strongly suppressed, and a compressed pulse
shown in figure 2a is achieved. In contrast, if the delay

time is tuned to 235 ps, a surprising phenomenon that
displays double-pulse shape is observed in figure 2b,
in which the positive delay time indicates that the out-
put pulse from the delay line delays the output pulse
from the PS waveguide when they reach the output
port. Of course, the generated double-pulse is still a
result of interference between two output pulses from
MZI, whose time separation in the shape shown in
figure 2b is about 2.043 ns, their time durations are as
low as ∼0.34 ns (left pulse) and ∼0.40 ns (right pulse),
respectively, and their peak heights are nearly equal. It
is obvious that the delay time has important influence
on the output pulse displayed in figure 3a, in which
both single and double-pulse can be switched by tuning
the delay time, −0.8 ns (red-dashed line), −0.2 ns (blue
solid line), 0.2 ns (green dash–dot line), and 0.8 ns
(black-dotted line). To discuss the influence of initial
pulse width on the output signal, figure 3b shows the
plots of the output pulse as the initial pulse width, T0,
varies from 0.1 ns to 5 ns. When T0 = 0.1 ns, the out-
put pulse takes on long tail owing to the free carrier
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Figure 4. Pulse evolution against various input peak power for a delay of (a) 235 ps and (b) −235 ps.
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absorption so that the output pulse exhibits strongly
asymmetrical waveform, and its FWHM is shortened
to ∼83.4 ps that is still less than T0. However, while T0
is extended to 0.5 ns, 1 ns, and 5 ns, some significant
behaviours in the output pulses are observed owing to
the broadened initial pulse width that is longer than the
carrier lifetime, i.e., about five-fold compression pulse
is generated compared to FWHM of the initial input
pulse, and FWHM of the generated pulse is shortened
to ∼0.23 ns, ∼0.48 ns, and ∼1.73 ns, respectively.
With the increase in the initial pulse width, the pulse
energy is increased under a fixed input peak power
level, which will produce a great deal of excess carrier
by two-photon absorption. Therefore, by the combined
effects of two-photon absorption, free carrier related
effects, and self-phase modulation, the propagation
pulse will obtain enough phase shift in the PS wave-
guide so that both time duration and peak of the output
pulse are significantly compressed due to the strong
destructive interference and nonlinear absorption.

Obviously, the input peak power level directly results
in nonlinear processes related to phase shift on the
propagation beam in the PS waveguide. The output
pulse evolution against various input peak is, respec-
tively, displayed with delay of −235 ps and 235 ps in
figures 4a and 4b, with ∼2 ns FWHM for the input
pulse. If the input peak power is less than ∼25 W,
the output pulse from the PS waveguide will not have
enough phase shift. Therefore, the generated pulse is
not effectively compressed, and double-pulse cannot be
achieved. On the other hand, in the case of high input
peak power (greater than ∼50 W), the correspond-
ing maximum phase shift obviously overruns the value
of π with the result that pedestal energy is remark-
ably enhanced due to interference effect. As a result,
while the input peak power varies from ∼25 W to
∼50 W, high-quality single or double-pulse with short
pulse width and suppressed pedestal energy is easily
generated by selecting proper delay time.

4. Conclusions

A PS waveguide-based asymmetrical Mach–Zehnder
interferometer has been presented in this work, in which
a switching single- and double-pulse generation tech-
nique is presented and discussed. Time duration in the
generated pulse is significantly compressed compared
to that of the initial pulse. By introducing proper input
peak power level and judiciously controlling the delay
time between the two recombined pulses, one can eas-
ily switch the single-pulse or double-pulse output. It
should be pointed out that, if the PS waveguide is
replaced by other highly nonlinear waveguides, simi-
lar results can be obtained based on the configuration
presented here.
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