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A pulse-width-tunable 10 GHz flattop pulse (FTP) train is generated based on the combined action of
active mode locking and nonlinear polarization rotation pulse shaping. Although the setup was previ-
ously used for other applications, the mechanism of FTP generation based on it is first analyzed and
confirmed in the experiment. An FTP with pulse width tunable from 12 to 20 ps by changing polarization
controllers is generated within the wavelength tuning range of 20 nm. The generated pulse reveals good
stability, with the side mode suppression ratio of 65 dB, timing jitter of 92 fs, and amplitude fluctuation of
0.36%. © 2014 Optical Society of America
OCIS codes: (320.5540) Pulse shaping; (140.3600) Lasers, tunable; (190.4370) Nonlinear optics,

fibers.
http://dx.doi.org/10.1364/AO.53.000902

1. Introduction

Optical demultiplexing of a high bit rate pulse train
is sensitive to the timing jitter of the pulse train used
for demultiplexing. The tolerance to the timing jitter
of the pulse train can be improved by using flattop
pulses (FTPs) for the demultiplexing [1–3]. There
are some methods for flattop or square pulse shap-
ing. Weiner group has reported that spectral
line-by-line pulse shaping can generate optical pulse
with arbitrary waveform. This method uses grating
combined liquid crystal modulator where intensity
and phase of each spectral line can be tuned accord-
ing to requirement. However, the spectral linewidth
for each line should be as narrow as possible (2.6 GHz
reported recently is not enough) to obtain the desired

waveform [4–6]. Another drawback is the bulk struc-
ture bringing high insertion loss, big volume, and not
compatible with fiber. An FTP generated based on
walk-off effect in the nonlinear loop mirror needs a
high-power pulse source and a cw optical source
[7]. There are other reports of simple all-fiber FTP
reshaping schemes that use either a superstructured
fiber Bragg grating (SFBG) [1–3] or a differential
long period grating (DLPG) [8] as a filter to obtain
a square or FTP train. For the SFBG-based method,
sinc-like spectral transfer function is designed. This
pulse strategy is thus based on the proper manipu-
lation of the spectral domain features of the input
optical pulse in order to obtain the spectral profile
that corresponds to the desired temporal profile. This
so-called Fourier-domain approach has been exten-
sively used in conventional optical pulse shapers
based on bulk diffraction gratings [4]. Precise control
of the refractive index modulation along the grating

1559-128X/14/050902-05$15.00/0
© 2014 Optical Society of America

902 APPLIED OPTICS / Vol. 53, No. 5 / 10 February 2014

http://dx.doi.org/10.1364/AO.53.000902


length is needed, and because it is not easy to fabri-
cate wide bandwidth fiber Bragg grating (FBG), tem-
poral waveform less than a few tens of picoseconds is
not easy to be synthesized (the minimum pulse width
reported by use of this method is 5 ps) [3]. For the
DLPG-based method, an FTP is generated by use
of a temporal differentiator of uniform long period
grating (LPG) when it is fabricated on full coupling
from core mode to cladding mode, and FTP is syn-
thesized by input pulse fills the energy valley of
two differential output Gaussian pulses when there
is a proper detune between the center wavelength of
the input pulse and resonance frequency of the LPG.
Due to the wide transmission spectrum valley, sub-
picoseconds narrow pulse can be obtained [8]. The
drawback of this method is that a chirp-free symmet-
rical Gaussian input pulse is required to obtain FTP
output; another problem is the big loss for the output
pulse because synthesization occurs on the transmis-
sion spectral valley of the LPG.

For all these methods, pulse shaping occurs on the
optical signal, special shaping scheme needs to be
designed for each signal with different central wave-
length and pulse width. In this paper, we present
direct generation of an FTP clock source based on
the combined action of active mode locking and non-
linear polarization rotation (NPR) pulse shaping,
which can be used for demultiplexing signal with dif-
ferent wavelength and pulse width. The laser cavity
consists of two parts: one part is a commonly used
actively mode-locked fiber laser, which is made up
of a 10 GHz modulator, a bandpass filter, and a high-
power erbium-doped fiber amplifier (EDFA). The
other part is for NPR-based pulse shaping, which
is composed of two polarization controllers (PCs) be-
tween which a high nonlinear fiber (HNLF) is in-
serted, and an in-line polarizer is inserted into the
cavity to control the pulse shape. Although the setup
is used as other applications of supermode suppres-
sion in erbium-doped actively mode-locked fiber la-
sers [9] and rational harmonic active mode locking
[10,11], the mechanism of FTP generation is first
analyzed and confirmed in the experiment. An FTP
with the pulse width tunable from 12 to 19 ps by
changing the PCs is generated, and the generated
FTP is wavelength tunable within the wavelength
tunable range of 20 nm. The generated pulse train
also reveals good stability, with the measured side
mode suppression ratio (SMSR) of 65 dB and very
low timing jitter of 92 fs. The system can be used
as a clock source for demultiplexing schemes.

2. Experimental Setup and Operation Principle

Figure 1 shows the experimental setup for FTP gen-
eration based on the combined action of active mode
locking and NPR pulse shaping. On the left side of
the dotted line in Fig. 1 is a common active mode
locking section, which includes a Mach–Zehnder-
type intensity modulator (MOD) biased at −3.4 mV
and driven by a 10 GHz and 3 dBm radio-frequency
(RF) sinusoidal electrical signal. A PC (PC3) is put in

front of the polarization-sensitive MOD. A bandpass
filter (BPF) with a 3 dB bandwidth of 6 nm is used to
suppress supermode noise of the actively mode-
locked laser. A variable optical delay line (VODL)
is used to vary the length of the ring cavity, the delay
range of the VODL is 0–330 ps, and the readout scale
resolution is 0.05 mm. The EDFA used here has the
maximum output power of 340 mW. On the right side
of the dotted line is the NPR mechanism adopted for
FTP generation, which includes two PCs (PC1 and
PC2), a 1.9 m long bismuth oxide-based highly non-
linear fiber (Bi-HNLF), which has a nonlinear coef-
ficient of 1000 �Wkm�−1, and total loss of 9 dB, and
an in-line polarizer.

The transmission principle of the NPRmechanism
is shown in Fig. 2 [11]. The input signal with electric
vector E comes to the NPR part, where there exists
birefringence in the Bi-HNLF, the x axis represents
the fast axis of the HNLF, and the y axis the slow
axis. α1 is the angle between the polarization direc-
tion of input pulse (the direction of electric vector E)
and the x axis, and α2 is the angle between the x axis
and polarization direction of the polarizer. The trans-
mission introduced by NPR can be expressed as [11]

T � cos2 α1 cos2 α2 � sin2 α1 sin2 α2

� 1
2
sin 2α1 sin 2α2 cos�ΔϕL � ΔϕNL�; (1)

Fig. 1. Experimental setup for the FTP generation based on the
combined action of active-mode-locking and NPR.

Fig. 2. Transmission principle of NPR (E, electric vector of input
signal; x, fast axis of HNLF; y, slow axis of HNLF).
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where ΔϕL � �nx − ny�βL,ΔϕNL � �1∕3�γPL cos α2,
and L, nx, ny, γ, P are the length of HNLF, linear bi-
refringence coefficient of fast axis and slow axis, non-
linear coefficient of HNLF, and instantaneous power
of input signal, respectively. β � 2π∕λ, ΔϕL can be
looked as initial phase in the cosine term in Eq. (1).

Figure 3(a) shows the principle of FTP generation
in the NPR mechanism. When the actively mode-
locked pulses at 10 GHz go through the NPR mecha-
nism, they experience pulse shaping. When the peak
power of pulse is higher than Pp, the power for peak
transmission, the pulse will only experience pulse
compression,which is shown inFig. 3(a) (output pulse
frompointB, dashed line).However, for thepulsewith
peak power higher thanPp, the pulse shaping process
is divided into two parts. For the part of the pulsewith
instantaneous power exceeding Pp, the transmission
will be reduced and a flattop will then be formed,
while for the other part of the pulse with instantane-
ous power less than Pp, the higher instantaneous
power will lead to higher transmission, which will
steepen the edges of the pulse. Finally, an FTP will
be generated after NPR [Fig. 3(a), output pulse from
point B, solid line]. When the peak power of the input
pulse is further increased, the transmission of peak
power of the pulse is reduced too much to form a flat-
top, a dip appears on the pulse after the NPR mecha-
nism, which is shown in Fig. 3(a) (output pulse from
point B, dotted line).

Tuning PC1 and PC2 properly to change the values
of α1 and α2, and transmission curve is then changed
according to Eq. (1), which results in the shape and
pulse width of the output FTP being changed.

Figure 3(b) shows principle of the FTP pulse width
changed with the transmission curve. Two transmis-
sion curves (solid line and dotted line) correspond to
two sets of α1 and α2, and the two output FTPs (solid
line and dotted line) correspond to two transmission
curves, respectively.

3. Results and Discussion

Carefully tuning three PCs in the setup to make the
laser cavity work in the FTP output state, then
changing the pump power of the EDFA step by step,
the evolution of waveform can be observed. Figure 4
shows the evolution of the waveform by increasing
the pump power of the EDFA from (a) 50 mW,
(b) 120 mW, (c) 190 mW, and (d) 250 mW. The pulse
is measured by optical sampling oscilloscope (OSO)
(ANDO AQ7750), with ultrawide bandwidth of
700 GHz and very fast time response; the rise time
of the OSO is just 100 fs. From Fig. 4(a) we can see
that when the pump power is 50 mW, the pulse train
only experiences compression in the NPR section and
sech-like pulse is observed. This is because the peak
power of the pulse train after EDFA is less than the
power for maximum transmission Pp. When the
pump power reaches to 120 mW, the peak power
higher than Pp, FTPs can be observed, which are
shown in Fig. 4(b). Further increasing pump power
to 190 mW, dips on the pulse train are formed after
NPR section, which is because the peak powers of the
pulse train are so much higher than Pp that their
transmission is reduced too much to form flattop
[Fig. 4(c)], which was explained and shown in Fig. 3.
When the pump power reaches to 250 mW, the dips
become much deeper, which is shown in Fig. 4(d).

Figures 5(a)–5(c) show the output FTP waveform
with FWHM of 12.3, 15.6, and 19.1 ps, respectively
(the pulses are averaged twice), and Figs. 5(d)–5(f)
give the spectra corresponding to Figs. 5(a), 5(b),
and 5(c), respectively. The pulse width is tunable
by varying the two PCs to change the values of α1

Fig. 3. (a) Principle of FTP generation and (b) principle of FTP
pulse width changed with transmission curve.

Fig. 4. Evolution of waveform by increasing pump power of EDFA
from (a) 50 mW, (b) 120 mW, (c) 190 mW, and (d) 250 mW.
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and α2, which in fact shifts the transmission curve of
the NPR mechanism according to Eq. (1) [11].

The ratios between the pulse width at 90% and
10% of the peak power of the FTP for Figs. 5(a),
5(b), and 5(c) are 48%, 45%, and 38%, respectively.
For comparison, the 90%–10% pulse width ratio for
an unchirped Gaussian pulse, is only 21%, which in-

dicates the process of pulse compression in the NPR
section largely increases the steepness of the edges of
FTPs. The ratio can be further optimized by chang-
ing PC1 and PC2, choosing a proper bias current and
RF driving current of the modulator, or, best of all,
increasing the length of the HNLF according to
Eq. (1). From Figs. 5(d), 5(e), and 5(f), the bandwidth
of the three different FTPs are 0.629, 0.396, and
0.209 nm, respectively. For the output FTPs, we
determine the pulse chirp by comparing the spectral
bandwidth of the Fourier transform of the intensity
profile of the FTP with that of the measured spec-
trum. From Figs. 5(c) and 5(f), the calculated trans-
form-limited and the measured time-bandwidth
product are 0.2 and 0.499, respectively. The large
chirp comes from the large nonlinear effect. Although
the pulse generated by the proposed method contains
a large chirp, the generated FTP can still be used as
the optical clock source for demultiplexing schemes
based on cross-gain modulation.

Tuning theBPF to change the filteringwavelength,
and VODL, FTP also can be obtained at any other
wavelength of gain bandwidth of EDFA. Figure 6
shows the spectra of generated FTPs at different
wavelengths of (a) 1545.05 nm, (b) 1553.97 nm, and
(c) 1563.79 nm, and corresponding waveforms of
(d)–(f), respectively.

Figure 7(a) shows the measured SMSR is 65 dB,
which indicates the supermode noise being very well
suppressed. The reason for the supermode noise

Fig. 5. (a)–(c) Output FTP trains at different polarization
state and (d)–(f) the spectrum corresponding to (a), (b), and (c),
respectively.

Fig. 6. Spectra of generated FTPs at different wavelengths of
(a) 1545.05 nm, (b) 1553.97 nm, (c) 1563.79 nm, and (d)–(f) the
waveforms corresponding to (a)–(c), respectively.

Fig. 7. Measured (a) SMSR and (b) phase noise for the output
FTP.
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suppression is because the NPR section acts as a
“high-power pass filter,” which means the lower in-
tensity supermodes compared with the higher inten-
sity of beat frequency at 10 GHz will experience
lower transmission after the NPR section. As a re-
sult, supermode noise is suppressed very well.
Figure 7(b) shows the measured phase noise curve.
Through integrating operation in the RF spectrum
analyzer over the entire frequency range shown in
Fig. 7(b), the root mean square (RMS) phase noise
ΔφRMS is obtained to be 0.0058 rad. Then the RMS
timing jitter can be calculated according to the
following Eqs. [12,13]:

ΔtRMS � ΔφRMS

2π
T; (2)

where T is the period of the FTP. The RMS timing
jitter ΔtRMS is calculated to be 92 fs. And we calcu-
lated that the amplitude fluctuation is about
0.36% [13]. The very high phase and amplitude sta-
bility are quite remarkable although the fiber laser is
mode locked at a high harmonic.

4. Conclusion

We have proposed the generation of a 10 GHz FTP
based on the combined action of active mode locking
and NPR pulse shaping. The pulse width is tunable
from 12 to 19 ps by changing PCs, and the FTP can be
obtained within the wavelength range of 20 nm. The
range of pulse width tunability is expected to be
wider by carefully tuning PC1 and PC2. The gener-
ated FTPs reveal good stability with the measured
SMSR of 65 dB, the timing jitter of 92 and amplitude
fluctuation of 0.36%, which can be used as the clock
source for the demultiplexing signal with different
wavelength and repetition rate.
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