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Abstract—A picosecond flat-top pulse shaper using an abrupt
taper interferometer is proposed and experimentally demon-
strated. A theoretical model based on coupled mode equations
is also derived to simulate the propagation of picosecond pulses
through the abrupt taper interferometer. Through properly
designing the abrupt taper interferometer, a 3.8-ps flat-top pulse
with less than 4% ripple is successfully generated from a 2.2-ps
Gaussian pulse. The proposed technique can also be used in the
sub-picosecond regime.

Index Terms—Abrupt taper interferometer, flat-top pulse gener-
ation, pulse shaping.

I. INTRODUCTION

T ECHNIQUES for manipulating the temporal shape of
ultra short pulses with pulse widths in the picosecond

and sub-picosecond regimes have attracted much research
interest, since they play an important role in ultra-high speed
communications [1]–[6]. In particular, picosecond and sub-pi-
cosecond flat-top pulses are used intensively in high speed
optical switching and demultiplexing applications to improve
the timing jitter tolerance [3], [5], [6] and to avoid pulse break
up [1].

Various methods have been reported to generate flat-top
pulses [7]–[14]. Among these techniques, the most commonly
used is Fourier domain pulse shaping [7]–[9], in which the
frequency components of an input pulse are dispersed and
their amplitudes and phases are manipulated in order to obtain
the required pulse shape. Although this technique can provide
significant flexibility in synthesizing arbitrary waveforms,
its requirement for bulk-optics devices (diffraction gratings,
phase masks, liquid-crystal spatial light modulators (LCMs),
acousto-optical modulators (AOMs), etc.) makes it compli-
cated and expensive to implement. Recently, fiber gratings,
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including long period fiber gratings (LPFGs) [11], fiber Bragg
gratings (FBGs) [12] and super-structured fiber Bragg gratings
(SSFBGs) [10], have been adopted as flat-top pulse shapers.
The fiber grating based flat-top pulse synthesizers offer simple
structure, design flexibility and inherent compatibility with
fiber based communication systems. However, the fabrication
of the fiber gratings involves lasers, phase masks, bulky optical
systems and stringent photolithographic procedures, increasing
the overall cost.

Abrupt fiber taper interferometers have previously been pro-
posed and used as refractive-index sensors [15], [16]. An abrupt
fiber taper interferometer is realized by simply concatenating
two single-mode fiber tapers with a middle section of stripped
single-mode fiber in between [15]. The abrupt fiber tapers, like
LPFGs, couple power from the fundamental mode into cladding
modes. In abrupt fiber taper interferometers, the optical power in
the fundamental core mode is coupled into a series of cladding
modes as it propagates along the first taper. The stripped middle
section then acts as a phase shifter for different modes with neg-
ligible attenuation [15]. Finally, after the second taper, a portion
of the power of the cladding modes is coupled back into the
core mode. Recently, we demonstrated that flat-top pulses can
be generated using an abrupt taper based MachZehnder interfer-
ometer [17]. We showed that by carefully designing the tapers
and the length of the middle section, the abrupt fiber taper in-
terferometer can be used as a flat-top pulse shaper. The fiber
taper interferometer based flat-top pulse shaper offers distinct
advantage over the fiber grating based counterparts: unlike fiber
gratings, only a fusion splicer is needed in the fabrication of the
abrupt fiber taper interferometers, making it easy and cheap to
implement. In this paper, we investigate in detail the picosecond
and sub-picosecond flat-top pulse generation using this abrupt
taper interferometer. We first derive the theoretical model of the
abrupt fiber taper interferometers based on coupled mode equa-
tions. We then simulate the pulse propagation along different
abrupt fiber taper interferometers to get an optimum flat-top
pulse output. Finally, we demonstrate that a 3.8-ps flat-top pulse
is successfully generated from a 2.2-ps Gaussian input pulse,
using the fabricated abrupt fiber taper interferometer with the
parameters obtained from the simulation. We find that the sim-
ulations show a good agreement with the experimental results.

II. THEORY

Conventional coupled mode theory is used here to model the
pulse propagation through the abrupt fiber taper interferometers
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Fig. 1. Illustration of the cross-section of a typical abrupt fiber taper
interferometer.

[18], [21]. The structure of a typical abrupt fiber taper interfer-
ometer is shown in Fig. 1. The taper function used in this sim-
ulation is given by

(1)

where is the fiber core diameter, is the taper waist diam-
eter, and is the length of the taper region. Taper 1 and taper 2
shown in Fig. 1 are assumed to be the same in this simulation.

According to coupled mode theory, the propagation of the
electrical field in the abrupt fiber taper is described as a com-
bination of a series of local modes

(2)

where and represent the amplitudes, the electrical
field, and the propagation constants of the th local mode, re-
spectively. The coupling between the local modes is given by
[18]

(3)

where the amplitude coupling coefficient can be calculated by
computing the overlap integral of the th and th local mode

(4)

is the coupling coefficient between the th and th local
modes. The integration range extends over the transverse section
of the waveguide at position .

Although the coupled-mode equations are derived in the con-
text of a continuous wave source with monochromatic wave-
length, for linear pulse propagation, the response can be ob-
tained by calculating the response of each spectral component
separately and then integrating over the spectrum of the input
pulse [19]. Once the spectral response of the input pulse
is obtained, the temporal output can be calculated using
the inverse Fourier transform

(5)

The general solutions of (3) can be rewritten in the form of a
transmission matrix as [20]

...

...

...
...

...
...

...

...
...

...
...

...

...

...

(6)

where is the input amplitude at the coordinate
is the output amplitude, and is the transfer

function. The coefficient and represent the numbers of input
and output modes, respectively.

In the fiber tapers the coupling occurs between modes of the
same symmetry [20], e.g., mode only couples with
modes. When the single mode fiber based abrupt taper interfer-
ometer is considered, only the fundamental core mode is
excited by the pulse launched into the pulse shaper (see Fig. 1).
Assuming that the amplitude of the input mode
is normalized to unity. The transmission matrix at can
be expressed as

(7)

Equations (2) and (6) can then be rewritten as

(8)

where is the amplitude coupling coefficient between
mode and mode, is the phase delay of

mode with respect to mode, and is the number of modes
excited after taper 1 (see Fig. 1). These modes then undergo dif-
ferent phase shifts after propagating through the stripped middle
section with negligible attenuation. Although local modes are
excited by taper 1, only the fundamental core mode can
be transmitted in the single mode fiber after taper 2. There-
fore, only the mode and its corresponding transfer func-
tion should be considered at the output .

Authorized licensed use limited to: Zhejiang University. Downloaded on March 13,2010 at 00:57:19 EST from IEEE Xplore.  Restrictions apply. 



878 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 6, MARCH 15, 2010

Assuming that the coupling between mode and the
mode is symmetric, i.e., ,
and the two fiber tapers shown in Fig. 1 are identical so that

. The output after the second taper
can then be obtained from (2), (7) and (8) (note that is
normalized to unity.)

(9)

where

(10)

(11)

is the conjugate of the modal field of is the elec-
trical field when (see Fig. 1), is the phase shift of
mode after propagating through the middle section, is the
center frequency, and are the effective refrac-
tive indices at frequency and , respectively, is the group
delay of , and is the length of the middle section. Using
(9)–(11), the response at spectral component can be obtained.
The spectral response of the abrupt fiber taper interferometer
can then be calculated by integrating the response over the spec-
trum of the input pulse. Assuming that the temporal input pulse
is , the temporal response can thus be calculated by

(12)

where is the Fourier transform of the input pulse .
Note that since only coupling between and mode is
considered, is used instead of afterwards.

III. SIMULATIONS

The output electrical field , the modal field , the
modal index , and the power overlap integral are solved
using a commercial software of OptiBPM v9.0. The following
values are used for various parameters: ( m),

( m), ( m), , and
. The ratio of the core radius and the cladding radius is as-

sumed to remain unchanged along the taper. The waist diameter
of the taper is tuned from 16 um to 50 um to get a set of different
coupling coefficients , and thus different spectral responses.
Fig. 2(a) shows the power overlap integral of the mode
and the output field versus the taper waist diameter
at m (after the first taper shown in Fig. 1). Three
cases, A, B and C with respective waist diameters of 27 m, 40

m, and 50 m, are chosen to calculate the spectral response,
since their power overlap integrals after taper 1 (see Fig. 1)
go from the smallest to the largest. Fig. 2(b) shows the overall
local-mode power after taper 1 with respect to the input power.

Fig. 2. (a) Power overlap integral of �� after the first taper of Fig. 1.
(b) Overall local-mode power after the first taper of Fig. 1. The taper waist
diameters in cases A, B, C are 27 �m, 40 �m, and 50 �m, respectively.

Fig. 3. The power overlap integrals of the first ten local modes ��� � �
�� � � of cases A, B, and C.

As can be seen, the radiation from the cladding is negligible, in-
dicating that the coupled mode equations with only local modes
are valid [22].

Fig. 3 shows the power overlap integrals of the first ten local
modes of cases A, B, and C. The overall power
of the first ten modes is about 98% of the incident power. There-
fore, we only consider these ten modes from now on. Figs. 5 and
7 show the temporal responses and their corresponding spectral
responses of the interferometers to a transform-limited Gaussian
input pulse shown in Fig. 4. The full width at half-maximum
(FWHM) of the Gaussian pulse is 2.2 ps, which is chosen to
match the experimental conditions. The center wavelength of
the Gaussian pulse is around 1.56 m. The plots shown below
are calculated using the equations discussed in Section 2. In
both Fig. 5 and Fig. 7, calculation is conducted for three dif-
ferent waist diameters (A, B, and C). In Fig. 5, the length of the
middle section (L) is set to 205 mm in all the three cases, while
in Fig. 7, the length is set to 345 mm. In case B of Fig. 5, a nearly
flat-top pulse with a FWHM of 4.2-ps was obtained, and the cor-
responding spectrum of that pulse is a sinc-like profile. In Fig. 6,
this nearly flat-top pulse generation was further investigated by
tuning the FWHM of the input Gaussian pulses from 2.2 ps to
3.0 ps. We found that the ripple of the output pulses deceased
further when the FWHM of the input Gaussian pulses increased.
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Fig. 4. Input Gaussian pulse (left) and its spectrum (right).

Fig. 5. Temporal responses (left) and their corresponding spectral responses
(right) when the length of middle section � � ��� mm. Three different taper
waist diameters (25 �m, 40 �m, and 50 �m) are considered.

A flat-top pulse with less than 1% ripple was observed when the
FWHM of the input pulse was tuned to 3.0 ps. In case B of Fig. 7,
two consecutive symmetric pulses were calculated, showing the
potential of the application of pulse rate multiplication using
this taper based interferometer. Note that the simulated power
of the temporal pulses and spectrums shown in Fig. 4–7 are rep-
resented in normalized units.

IV. FABRICATION OF THE ABRUPT FIBER TAPER

INTERFEROMETERS AND EXPERIMENTAL RESULTS

As indicated in Section 3, a flat top pulse can be generated
when the waist diameter of both tapers is 40 m. The relative
power of the fundamental core mode after that taper is around
50% (Fig. 2), i.e., the attenuation of the fundamental core mode
power is almost 3 dB. To produce these abrupt tapers, an Eric-
sson FSU 995 FA fusion splicer was used to heat and draw a
piece of stripped single mode fiber (SMF28) until the insertion
loss measured reached 3 dB. The length of the middle section
of the abrupt taper interferometer, as the simulation indicated,
should be around 205 mm in order to get the appropriate spectral
response necessary for synthesizing the 2.2-ps Gaussian pulse.
The chemical coating along that length was removed such that
there was negligible attenuation of the modes excited in the fiber

Fig. 6. Flat-top pulses with different ripples generated when the FWHM of the
Gaussian input pulses is tuned from 2.2 ps to 3.0 ps.

Fig. 7. Temporal responses (left) and their corresponding spectral responses
(right) when the length of middle section � � ��� mm. Three different taper
waist diameters (25 �m, 40 �m, and 50 �m) are considered.

cladding. The measured length of the fabricated taper region
( m), and the measured waist diameter

( m). The measured length of the middle section of the fabri-
cated interferometer is 204 mm. The transmission spectrum and
the group delay of the fabricated interferometer measured using
a Luna Optical Vector Analyzer are depicted in Fig. 8(a) and
(b), respectively.

To evaluate the performance of the fabricated interferometer,
an optical pulse train with a repetition rate of 9.95328 GHz,
center wavelength of 1560 nm and 2.2-ps wide pulses was gen-
erated by a mode-locked fiber laser. An EDFA was applied to
amplify the output pulse before it was sent to an Agilent Ultra-
Wide Bandwidth Sampling Scope with an 800-GHz bandwidth.
The measured input and output pulses are shown in Fig. 9(a).
As one can see, a flat-top pulse was generated using the abrupt
taper interferometer. The measured output flat-top pulse had a
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Fig. 8. (a) Transmission spectrum and (b) group delay of the fabricated
interferometer.

Fig. 9. (a) Input (blue) and output (black) pulses measured with an Agilent
Ultra Wideband Sampling Scope. (b) Their spectrums.

FWHM of about 3.8 ps with a ripple of less than 4%. The spectra
envelope of the input and output pulse were also measured and
are shown in Fig. 9(b). For the sake of clarity, the modes of the
laser are suppressed and only the spectral envelope is shown.

As can be seen, the output spectrum does show a sinc-like spec-
trum profile. Comparing the simulation (shown in Fig. 5(B)) and
experimental results (Fig. 9(a)), one can see that there is a dis-
crepancy in the pulse width and the ripple of the output pulse
between experiment and simulation. The cause of that discrep-
ancy is as follows: (1) The input pulse used in the simulation is
transform limited, while that used in the experiment is not, as
shown in Fig. 9(b); (2) The group delay used in the simulation
is assumed to be the same along different wavelengths, while
the measured group delay shows a small fluctuation, as shown
in Fig. 8(b); (3) The parameters of the fabricated interferometer
do not strictly comply with that indicted in the simulation due to
precision restrictions of the fusion splicer, as the fabrication of
this abrupt taper interferometer requires precise control of the
length, the diameter and the profile of the tapers.

Although the pulse widths used in the simulation and ex-
periment are in the picosecond regime, one can easily apply
this technique to sub-picosecond pulse applications. For synthe-
sizing flat-top pulses of smaller pulse widths, the transmission
nulls shown in Fig. 8(a) should be farther apart. This can be
easily done by decreasing the length (L) of the middle section
of the interferometer, as is indicated by (11).

V. CONCLUSION

In this paper, we have proposed and investigated in detail a
novel and inexpensive method for synthesizing flat-top pulses
in the picosecond and sub-picosecond regime. This technique
is based on reshaping a Gaussian-like input pulse using a prop-
erly designed abrupt taper interferometer. We have simulated
the picosecond pulse propagation through the abrupt taper in-
terferometer based on coupled mode equations to obtain the pa-
rameters used for the fabrication. The fabricated interferometer
is capable of producing a 3.8-ps flat-top pulse with less than 4%
ripple from a 2.2-ps Gaussian-like input pulse. The proposed
technique is easy and cheap to implement, since only a fusion
splicer is needed to fabricate the interferometers. Although the
pulse widths used in the simulation and experiment are a few
picoseconds, this technique can be easily applied in the sub-pi-
cosecond regime by decreasing the length of the middle section
of the interferometer.
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