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Abstract—Compact and integrated optical pulse generation with
a high repetition rate and a small duty cycle can benefit various ap-
plications such as integrated microwave photonics. In this work, a
method to generate a repetition-frequency-doubled narrow optical
pulse train based on two cascaded silicon Mach–Zehnder mod-
ulators is proposed and demonstrated. The generated frequency
comb has even-order sidebands with linear phase and suppressed
odd-order sidebands, which results in the transform-limited pulses
in the time domain. The tunability of the repetition rate from
4.0 to 6.6 GHz and the duty cycle from 10.6% to 14.0% has
been achieved. An analytic model that considers the non-ideal
properties of the silicon modulators is also established and is
able to reproduce the key features in the experiment. Our work
shows the potential of an integrated silicon chip to generate high-
speed optical pulse trains with tunable duty cycles demanded in
integrated microwave photonics and integrated photonic signal
processing.

Index Terms—Optical pulse generation, silicon modulator,
silicon photonics.

I. INTRODUCTION

INTEGRATED optical pulse generation with narrow width
and high repetition rate has important applications in optical

communications, microwave photonics and signal processing
[1]–[3]. Integrated optical pulses can be generated by mode-
locked III-V semiconductor lasers, mode-locked Erbium-doped
waveguide lasers, frequency comb based on high-Q resonator
and frequency comb based on modulation. For mode-locked
III-V semiconductor lasers [3]–[8], the repetition rate can be as
high as a few tens of gigahertz, but the timing jitter is typically
greater than 1 ps due to the short upper-state lifetime and the
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repetition rate is hard to tune. For mode-locked Erbium-doped
waveguide lasers [9]–[13], the bandwidth of the Erbium lasers
can be up to tens of nanometers and the timing jitter is below
100 fs. However, the finite gain of the Erbium-doped waveguide
and integrated saturable absorber limit the repetition rate to
below 1 GHz, and the repetition rate is also very hard to tune
once the device is fabricated. For frequency combs based on
high-Q resonator [14]–[17], the soliton outputs typically have a
repetition rate of hundreds of gigahertz, which is also hard to
tune. A very broadband spectrum of more than 100 nm can be
obtained and the timing jitter is also estimated to be lower than
100 fs [18]. For optical pulse generation based on modulators,
the repetition rate is determined by the microwave sources
applied to the modulators and typically can cover 1∼40 GHz
[19]–[22]. The timing jitter of the generated signal is determined
by the applied microwave signals and thus can be below 100 fs
[19], [23].

Optical pulse train based on modulation is widely studied
because of its high repetition rate, high tunability, and low
timing jitter, as discussed above [24]–[27]. Integrated optical
pulse generation has the advantages of compact size, low cost,
high flexibility, and compatibility with CMOS technologies,
and has been intensively researched in recent years [1], [2],
[23], [28]–[30]. For a generated frequency comb with a cer-
tain shape, the full-width at half-maximum (FWHM) duration
and the duty cycle of its corresponding pulses in time domain
becomes the smallest when the comb lines have linear phases,
and the pulse is known as transform-limited pulse. Generation of
Nyquist pulse, which is one type of the transform-limited pulses,
based on modulators has been widely reported [22], [24], [31].
However, in current modulation based Nyquist pulse generation,
the maximum repetition frequency is limited to one-third of the
modulator bandwidth for a fm and 3fm (fm and 3fm are the
frequencies of the two applied microwave signals) modulation
scheme [24]. Moreoever, the high-order sidebands other than
the central 9 comb lines are not fully utilized which typically
have higher power in a silicon modulator scheme than a LiNO3

modulator scheme.
In this work, we propose and demonstrate a method to gener-

ate a repetition-frequency-doubled transform-limited pulse with
tunable pulse durations, duty cycles, and repetition rates by
exploring the contribution of high-order sidebands. The method
is based on the direct generation of a phase-locked frequency
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Fig. 1. (a) Schematic drawing of the cascaded MZMs for repetition-frequency-
doubled transform-limited pulse generation. The inset shows the cross-sectional
view of active arms in the MZMs. (b) Analytical model of the two cascaded
MZMs.

comb with suppression of odd-order sidebands. The experi-
ment is based on two cascaded silicon Mach-Zehnder modula-
tors (MZMs). Repetition-frequency-doubled transform-limited
pulses with different repetition rates (4.0 GHz and 6.6 GHz) and
duty cycles (10.6%, 12.0%, 12.1% and 14.0%) are obtained.
A detailed analytic model that considers the various non-ideal
properties of the silicon modulators has been established and
can well reproduce the experimental results. Compared with
our previous investigation [23], this work indicates that when
the requirement of the Nyquist pulse with a rectangular optical
spectrum is relaxed, more design flexibility is allowed and pulse
trains with a wider spectrum and smaller duty cycle can be
achieved. Therefore, our work may pave the way for high-
performance integrated pulse generation for photonic signal
processing and microwave photonic applications.

II. ANALYTIC MODEL

The theoretical analysis of our device is first performed in
this section. Fig. 1(a) shows the schematic structure of two
cascaded silicon MZMs with unbalanced arms. The inset in the
red frame shows the cross-section of the MZMs. The MZMs used
in our device have push-pull driving electrodes. The analytical
model of the two cascaded MZMs is shown in Fig. 1(b). There
are totally 4 multi-mode interferometers (MMIs, ‘MMI1’ ∼
‘MMI4’), and 4 PN junctions (‘PN1’ ∼ ‘PN4’).

The optical fields in the cascaded MZMs can be modeled
as follows. The input optical field is denoted as Ein. Then
the optical fields at several critical positions are given by (also
denoted in Fig. 1(b)):

a) Optical fields after MMI1:{
E11 =

√
s1Ein

E12 =
√
1− s1Ein

(1)

b) Optical fields after PN junctions in the first MZM (PN1
and PN2): {

E ′
11 = exp(jϕPN1 + jϕ1)E11

E ′
12 = exp(jϕPN2)E12

(2)

c) Optical fields after MMI2:

E2 =
√
s2E

′
11 +

√
1− s2E

′
12 (3)

d) Optical fields after MMI3:{
E21 =

√
s3E2

E22 =
√
1− s3E2

(4)

e) Optical fields after PN junctions in the second MZM (PN3
and PN4): {

E ′
21 = exp(jϕPN3 + jϕ2)E11

E ′
22 = exp(jϕPN4)E12

(5)

f) Optical fields after MMI4, and also the final output optical
filed:

Eout =
√
s4E

′
21 +

√
1− s4E

′
22 (6)

where the splitting ratio of MMIi is denoted as si(i = 1 ∼
4), the phase shift caused by the unbalanced arms and the
direct current (DC) voltage applied to one of the two PN
junctions (PN1 and PN3) of an MZM is denoted as ϕi (i =
1 or 2), and the modulation phase shift caused by the PN
junction PNi is denoted as ϕPNi (i = 1∼4). Substituting
Eq. (1) and Eq. (2) into Eq. (3), the output optical field of
the first MZM is given by:

E2 =

[√
s1s2 exp(jϕPN1 + jϕ1)

+
√
(1− s1)(1− s2) exp(jϕPN2)

]
Ein

= [a1 exp(jϕPN1 + jϕ1) + a2 exp(jϕPN2)]Ein

(7)

where a1 =
√
s1s2 and a2 =

√
(1− s1)(1− s2). Substi-

tuting Eq. (1)∼ Eq. (5) into Eq. (6), the final output optical
field is given by:

Eout =

[√
s3s4 exp(jϕPN3 + jϕ2)

+
√
(1− s3)(1− s4) exp(jϕPN4)

]
E2

=
[a1 exp(jϕPN1 + jϕ1) + a2 exp(jϕPN2)]

×[a3 exp(jϕPN3 + jϕ2) + a4 exp(jϕPN4)]Ein

(8)

where a3 =
√
s3s4 and a4 =

√
(1− s3)(1− s4). Sup-

pose that all the PN junctions have linear electro-optic (EO)
effects, the modulation phase shift ϕPNi (i = 1∼4) can be
expressed as:

ϕPNi = π
VRFi

Vπ
cos(2πfmit) = mi cos(2πfmit) (9)

where VRFi = Vicos(2πfmit) is the microwave signal
applied to PNi, fmi and Vi are the frequency and the
amplitude of the applied microwave signal, V π is the
half-wave voltage, and mi is also known as modulation
index.

In this section, we only discuss the ideal case, i.e., assume all
the components are ideal, to clearly illustrate the principle of the
device. The influence of non-ideal components will be analyzed
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in detail in Section IV Error analysis after the experimental
results are provided.

When all the PN junctions embedded in the push-pull MZMs
have identical linear EO effects and all the MMIs have equal
split ratios, we have VRF1 = −VRF2, VRF3 = −VRF4, m1 =
−m2, m3 = −m4, fm1 = fm2, fm3 = fm4, and si = ai = 0.5
for i = 1∼4. Equation (7) can be rewritten as:

E2 = [0.5 exp(jϕPN1 + jϕ1) + 0.5 exp(jϕPN2)]Ein

= 0.5 exp
(
j
ϕ1

2

)[exp (jm1 cos(2πfmt) + j ϕ1

2

)
+exp

(−jm1 cos(2πfmt)− j ϕ1

2

)
]
Ein

= exp
(
j
ϕ1

2

)
cos(m1 cos

(
2πfmt) +

ϕ1

2

)
Ein

= exp
(
j
ϕ1

2

)[
cos(ϕ1

2 ) cos(m1 cos(2πfm1t))

− sin
(
ϕ1

2

)
sin(m1 cos(2πfm1t))

]
Ein

(10)

where fm1 = fm2 = fm. By tuning the DC voltage applied to
PN1, ϕ1 can be set to 0, and Eq. (10) can be further simplified
and expanded based on Jacobi-Anger expansion as:

E2 = cos(m1 cos(2πfmt))Ein

=

[
J0(m1) + 2

+∞∑
n=1

(−1)nJ2n(m1) cos(2n× 2πfmt)

]
Ein

=

[
J0(m1) cos(0π) + 2

+∞∑
n=1

J2n(m1)

cos(n× 2π(2fm)t+ nπ)

]
Ein

=

+∞∑
n=−∞

J2n(m1) exp [jn× 2π(2fm)t+ nπ]Ein (11)

From Eq. (11), it can be seen that: (1) the odd-order sidebands
are suppressed, and only the even-order sidebands are left, as
illustrated in Fig. 2(a). The frequency spacing of the generated
frequency comb lines is 2fm (twice of the frequency of the
applied microwave signal); (2) the phase of the (2n)th sideband
can be written as nπ, thus all the sidebands have linear phases and
the generated frequency comb is phase-locked, as illustrated in
Fig. 2(b). To briefly summarize, the comb lines in the spectrum
have a frequency spacing of 2fm and linear phases, thus the
corresponding pulses in the time domain are both repetition-
frequency-doubled and transform-limited. The shape and the
frequency spacing of the even-order sidebands can be tuned by
changing the power and frequency of the applied microwave
signal, thus the pulse duration and the repetition rate of the pulses
are also tunable.

Similarly, after setting ϕ2 = 0, and fm3 = fm4 = 3fm (the
chosen frequency of 3fm is explained in Appendix section),

Fig. 2. Schematic illustration of (a) frequency spectrum and (b) phase of the
comb lines generated by one MZM. (c) Schematic illustration of the spectrum
generated by two cascaded modulators.

Eq. (8) can be further simplified and expanded as:

Eout = cos(m1 cos(2πfmt)) cos(m3 cos(3× 2πfmt))Ein

=

+∞∑
n=−∞

J2n(m1) exp [jn× 2π(2fm)t+ nπ]

×
+∞∑

n=−∞
J2n(m3) exp [jn× 2π(3× 2fm)t+ nπ]Ein

(12)

Figure 2(c) shows the schematic illustration of the generated
even-order sidebands described by Eq. (12). The microwave
signal with a frequency of fm applied to the first modulator
generates several even-order frequency comb lines with linear
phases. The odd-order sidebands are suppressed. Therefore, the
comb lines have a frequency spacing of 2fm. Similarly, another
microwave signal with a frequency of 3fm (phase-locked to
the first microwave signal) applied to the second modulator
also generates several even-order comb lines with linear phases.
The odd-order sidebands are suppressed. The comb lines of the
spectrum generated by the second MZM alone have a frequency
spacing of 6fm. When these two modulators are cascaded, the
comb lines generated by the first modulator are re-modulated by
the second modulator. Finally, by properly adjusting the relative
phase between the two microwave signals, all comb lines can
have linear phases and a frequency spacing of 2fm. Thus, a
repetition-frequency-doubled transform-limited pulse train with
a repetition rate of 2fm is generated in the time domain. This
is equivalent to the spectral convolution process between two
comb lines with 2fm spacing and 6fm spacing, as shown in
Fig. 2(c).

The FWHM duration of the pulse train is determined by the
shape of the spectrum. Compared to the spectrum generated
by a single MZM, the spectrum generated by two cascaded
MZMs have more frequency components with the same fre-
quency spacing (as shown in Fig. 2(c)), and the comb lines also
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Fig. 3. (a) Optical microscope image of the cascaded MZMs. (b) PN junction
captured by the scanning capacitance microscopy (SCM).

have linear phases and are phase-locked. Therefore, the pulse
train generated by two cascaded MZMs has a smaller FWHM
duration and a smaller duty cycle. The shape of the spectrum
is determined by the power of the applied microwave signals.
With the increase of microwave modulation power, the comb
lines will have higher amplitudes and the generated pulse will
become narrower.

Compared with the method to generate Nyquist pulse in [24],
the experiment setups are similar both in [24] and this work. The
difference lies in the following two aspects: (1) We investigate
the doubling of repetition frequency whereas [24] investigated
standard fm and 3fm modulation without repetition frequency
doubling. Therefore, the maximum achievable repetition fre-
quency is 2fBW/3 for our work and fBW/3 for [24] for a given
modulator bandwidth of fBW. (2) We remove the requirement of
a rectangular spectrum and no longer require the pulse shape to
be strictly Nyquist. This change allows us to explore the use
of high-order sidebands in the spectrum which are found to
cause Nyquist pulse distortion [23] and should be suppressed in
the previous understanding. As a result, for the given repetition
rate of fm, we can achieve narrower pulse width compared with
standard Nyquist pulse. Moreover, all the comb lines still have
linear phase relationship and the time-domain pulse is transform
limited and free from dispersion compensation.

III. DEVICE AND EXPERIMENT

In this section, we demonstrate the generation of the
repetition-frequency-doubled transform-limited pulse discussed
in Section II experimentally based on two cascaded silicon
MZMs. The optical microscope image of the fabricated cascaded
MZMs is shown in Fig. 3(a). The MZMs consist of passive
components, such as MMIs, and active components, such as PN
junctions. The passive components are made of strip waveguides
with a height of 220 nm and a width of 550 nm. The active
components are made of ridge waveguides with a slab height of
90 nm, a rib height of 220 nm, and a rib width of 500 nm.
The modulators are based on Mach-Zehnder interferometers
with a single-drive push-pull modulation scheme. The push-pull
scheme together with a high-speed traveling wave electrode
(TWE) allows single-port microwave input while maintaining

Fig. 4. (a) Optical transmission spectra at 0 V and 3 V reverse biases. (b) EO
response (S21) of the modulator at −3 V bias of PN junctions.

a high modulation speed. The inset in the red frame shows
the cross-section of the MZMs. An L-shaped PN junction is
designed to improve the modulation efficiency and reduce the
half-wave voltage. Figure 3(b) shows the cross-sectional image
of the L-shaped PN junction measured by the scanning capac-
itance microscopy (SCM). The L-shaped PN junction can be
clearly observed. The net doping concentrations are 4 × 1017

cm−3 for the p-type region and 8 × 1017 cm−3 for the n-type
region. The length of the PN junction is 3 mm. Two modulators
are put side-by-side so that they can share a single GSGSG
microwave probe when applying microwave signals. The device
was fabricated with a CMOS compatible process.

The modulation properties of the MZMs are characterized.
Figure 4(a) shows that the measured half-wave voltage (Vπ) is
∼3 V. The measured electro-optic (EO) bandwidth is∼13.5 GHz
at −3 V bias of PN junctions (Vd1 = Vd2 = 0, V1 = 3 V or
V2 = 3 V), as shown in Fig. 4(b). The L-shaped PN junctions
have a larger junction area and larger capacitance compared to
lateral or vertical PN junctions. This leads to a higher modulation
efficiency (∼0.9 V·cm for our modulator) at the cost of a lower
3-dB EO bandwidth [32]. The measured on-chip insertion loss
of our device is ∼20 dB including 6 dB fiber coupling loss and
14 dB modulator on-chip loss. The loss is measured without any
DC voltage applied (Vd1 = Vd2 = V1 = V2 = 0).

The experimental setup is shown in Fig. 5. The input CW light
is adjusted to the transverse electrical (TE) polarization mode by
a polarization controller (PC) and coupled to the chip through
a lensed fiber. The MZMs are designed to work under the TE
mode. A 2.0-GHz sinusoidal microwave signal is applied to the
first MZM and a 6.0-GHz microwave signal is applied to the
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Fig. 5. Experimental setup for pulse generation. OSA: optical spectrum
analyzer; PD: photodiode; EDFA: erbium-doped fiber amplifier.

second MZM by a GSGSG microwave probe. There are two DC
bias voltages for each modulator (V1 and Vd1 for the first MZM
and V2 and Vd2 for the second MZM). V1 and V2 are applied
onto the chip by using DC probes. Vd1 and Vd2 are combined
with the microwave signals via Bias-Tees and applied onto the
MZMs by the GSGSG microwave probe. As illustrated in Fig. 5,
Vi(i = 1, 2) determines the bias condition of the PN junction
in the lower arm, while Vi and Vdi together determine the bias
condition of the PN junction in the upper arm. The different bias
condition for the two arms causes a phase difference between
them, which can be tuned by setting Vd1 and Vd2 to satisfy the
certain phase shift discussed in Section II (ϕi = 0, i = 1, 2). The
two microwave signals are phase-locked and a phase shifter is
added to the 6-GHz microwave source to adjust the relative phase
between the two microwave signals. By tuning the power and
frequency of the two microwave signals, the FWHM duration
and the period of the generated repetition-frequency-doubled
transform-limited pulse can be tuned, respectively. The output
power from the chip is then divided by a 90:10 coupler. 10%
of the output signal is monitored by an optical spectrum ana-
lyzer (APEX, AP2040A) for frequency-domain analysis. 90%
of the signal is amplified by an erbium-doped fiber amplifier
(EDFA) and then monitored by a 70-GHz sampling oscilloscope
(Agilent DCA-X, 86100D) with a 50-GHz photodetector (u2t,
XPDV2120R) for time-domain analysis.

Figures 6(a) and 6(b) show a typical repetition-frequency-
doubled transform-limited pulse and its optical spectrum. The
input CW light is set at 1551.0 nm and 0-dBm output power.
The output power of the on-chip device is −27 dBm. Before the
generated comb lines are sent into the photodetector, they are
amplified by the EDFA to 0 dBm. The powers of the applied
microwave signals are ∼24.0 dBm for the 2.0-GHz signal and
∼23.5 dBm for the 6.0-GHz signal. The comb lines have a
frequency spacing of 4 GHz. Figures 6(c) and 6(d) show the
simulated optical spectrum and pulse generated by an ideal
modulator, which has a linear EO effect, identical PN junctions,
ideal MMIs, and so on. The modulation indexes used in the
simulation are m1 = 1.85, m3 = 1.79.

The suppression of the odd-order sidebands in Fig. 6(a) is
limited compared to the simulated suppression in Fig. 6(c). The
shape of the optical spectrum is also different from the simulated
one. The period of the measured and simulated repetition-
frequency-doubled transform-limited pulses is 250.0 ps. It

Fig. 6. (a) Measured optical spectrum with odd-order sidebands suppressed.
(b) Measured repetition-frequency-doubled transform-limited pulses. (c) and (d)
Simulated optical spectrum and repetition-frequency-doubled transform-limited
pulses based on the ideal modulator model.

can also be observed that the generated repetition-frequency-
doubled pulses have an amplitude fluctuation of 2.2% (amplitude
fluctuation is defined as the relative pulse peak variation of a
normalized pulse train). The FWHM duration of the generated
pulse is 26.4 ps. Compared to the simulated pulse train with an
FWHM duration of 22.8 ps, the generated pulse is broadened.
The duty cycles for the generated and simulated pulses are
10.6% and 9.1%, respectively. Compared with simulated pulses
in Fig. 6(d), measured ones in Fig. 6(b) have asymmetric pulse
shape, amplitude fluctuation, and broadened FWHM duration.
The broadened pulse duration is caused by the limited bandwidth
of the detection system (including a 50-GHz high-speed PD, a
microwave cable, and a 70-GHz sampling oscilloscope). The
bandwidth of the detection system is measured to be ∼30 GHz
in our previous work [23]. The bandwidth of the frequency comb
is larger than that of the detection system, therefore, the duration
of the measured pulses is broadened. It can also be observed that
the odd-order sidebands are not completely suppressed in the
measured optical spectrum. Besides, the shape of the spectrum
is not asymmetric as the simulated spectrum shown in Fig. 6(c).
All the discrepancies described above can be explained by the
nonlinear EO effect of the PN junctions, the non-ideal split ratio
of the MMIs, and an additional microwave phase difference
between two arms. The error analysis will be performed in
Section IV.

The difference between repetition-frequency-doubled pulse
and Nyquist pulse is clearly shown in Fig. 7. Figure 7(a) shows
the simulated spectrum when the high-order sidebands con-
tribute and the corresponding FWHM pulse width is 22.8 ps as
shown in the solid line in Fig. 7(c). Fig. 7(b) shows the simulated
spectrum for a nearly rectangular spectrum with high-order
sidebands suppressed. The corresponding Nyquist pulse width
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Fig. 7. Simulated optical spectra of (a) frequency-double transform-limited
pulse and (b) Nyquist pulse. (c) Comparison of repetition-frequency-doubled
transform-limited pulse and Nyquist pulse.

is 25.4 ps as shown in the dashed line in Fig. 7(c). The pulse
width reduction is ∼10%. The sidelobes in the time domain are
also improved.

The shape of the optical spectrum can be tuned by changing
the power of the applied microwave signals and the FWHM
duration of the pulses is also changed accordingly. The range of
the duty cycle is discussed in Appendix section. The measured
and simulated repetition-frequency-doubled transform-limited
pulses with two different FWHM durations and their optical
spectra are shown in Fig. 8. The powers of the applied microwave
signals in Figs. 8(a) and 8(b) are ∼23.5 dBm for the 2.0-GHz
signal and ∼20.0 dBm for the 6.0-GHz signal. The modulation
indexes used in the simulation are m1 = 1.82, m3 = 1.62.
The period of the measured and simulated repetition-frequency-
doubled transform-limited pulses is 250.0 ps. The generated
repetition-frequency-doubled pulses have an amplitude fluc-
tuation of 4.9%. The FWHM durations of the measured and
the simulated pulses are 30.0 ps and 25.4 ps, corresponding
to duty cycles of 12.0% and 10.2% respectively. The powers
of the applied microwave signals in Figs. 8(e) and 8(f) are
∼22.0 dBm for the 2-GHz signal and ∼16.5 dBm for the 6-GHz
signal. The modulation indexes used in the simulation are m1

= 1.75, m3 = 1.38. The period of the measured and simu-
lated repetition-frequency-doubled transform-limited pulses is
250.0 ps. The generated repetition-frequency-doubled pulses
have an amplitude fluctuation of 3.3%. The FWHM duration of
the measured and the simulated pulses are 35.1 ps and 29.6 ps,
corresponding to duty cycles of 14.0% and 11.8%, respectively.

We also demonstrate that the repetition rate of the pulse train is
tunable by generating a 6.6-GHz repetition-frequency-doubled
transform-limited pulse train with a 3.3-GHz microwave signal
of ∼26.0 dBm and a 9.9-GHz signal of ∼27.0 dBm. The modu-
lation indexes used in the simulation are m1 = 1.91, m3 = 1.90.

Fig. 8. Measured optical spectra and repetition-frequency-doubled pulse trains
with (a–b) m1 = 1.82, m3 = 1.62, (e–f) m1 = 1.75, m3 = 1.38. (c–d) and (g–h)
Simulation results based on the ideal modulator model corresponding to (a–b)
and (c–d), respectively.

The measured and simulated optical spectrum and pulses are
shown in Fig. 9. The comb lines have a frequency spacing of
6.6 GHz. The period of the measured and simulated repetition-
frequency-doubled transform-limited pulses is 151.5 ps. The
generated repetition-frequency-doubled pulses have an ampli-
tude fluctuation of∼3%. The FWHM durations of the generated
and simulated pulse are 18.4 ps and 13.1 ps, corresponding to
the duty cycles of 12.1% and 8.6% respectively. The broadened
measured pulse width is due to the limited detection bandwidth
of ∼ 30 GHz.

As explained in Section II, when we remove the requirement
of rectangular spectrum and Nyquiest pulse shape, the contri-
bution of high-order sidebands can be fully utilized to further
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Fig. 9. (a) Measured optical spectrum with a frequency spacing of 6.6 GHz.
(b) Measured repetition-frequency-doubled transform-limited pulses with a
period of 151.5 ps. (c) and (d) Corresponding simulated optical spectrum and
pulses of (a) and (b).

reduce the pulse width without any extra hardware cost. As can
be seen in Figs. 9(c) and (d), the FWHM width is reduced from
15.4 ps (FWHM width of 4-GHz Nyquist pulse, obtained by
simulation) to 13.1 ps (Fig. 9(d), non-Nyquist shape) at 6.6 GHz
repetition rate, corresponding to a 14.9% reduction. Moreover,
all the comb lines still have linear phase relationship and the
time-domain pulse is transform limited and free from dispersion
compensation.

We also deomstrate the generation of 9.0-GHz frequency
comb as shown in Fig. 10. Figures 10(a) and 10(b) show the
simulated optical frequency comb and pulse waveform. The
simulated pulse width can be down to 9.6 ps. Figure 10(c) shows
the measured optical spectrum. It can be seen that the measured
spectrum matches well with the simulated one. Due to the limited
bandwidth of detection system (∼30 GHz), the temporal pulse
cannot be measured.

Table I summarizes the key features of the four sets of sim-
ulated and measured repetition-frequency-doubled transform-
limited pulses. In Table I, fm represents that the frequencies
of the two applied microwave signals are fm and 3fm, P1 and
P2 represent the powers of the two applied microwave signals,
and m1 and m3 represent the modulation indexes used in the
simulation. The FWHM durations (duty cycles) of the simulated
pulses become smaller as modulation indexes become bigger.
Similarly, the FWHM durations (duty cycles) of the measured
become smaller as the power of the applied microwave signals
get higher. We demonstrate that the duty cycle can be tuned
from 10.6% to 14.0% experimentally. Repetition-frequency-
doubled transform-limited pulses with repetitions of 4.0 GHz
and 6.6 GHz are also demonstrated. In [23], we have used
the silicon cascaded MZMs to generate Nyquist pulses with

Fig. 10. (a) Simulated optical frequency comb, (b) simulated repetition-
frequency-doubled pulses and (c) measured optical frequency comb with a
repetition rate of 9.0 GHz.

TABLE I
COMPARISON OF GENERATED AND SIMULATED PULSES

a repetition rate of up to 5 GHz and duty cycles of ∼11.2%.
The device used in this work has the same design as the device
used in [23]. The key features of the Nyquist pulses are listed
in the last row in Table I. The maximum repetition rate of
the Nyquist pulse is limited to the EO bandwidth fBW (the
maximum repetition rate < fBW /3 ≈ 5 GHz) of the MZMs, as
discussed in [23]. For the repetition-frequency-doubled pulses,
the maximum repetition rate is limited to 2fBW /3 ≈ 10GHz.
Moreover, in the experiments, the measured maximum repetition
rate is also limited to the bandwidth of the detection system.
Therefore, the maximum repetition rate measured in this work is
limited to 6.6 GHz. With a detection system of higher bandwidth,
repetition-frequency-doubled pulses with a higher repetition rate
are available. The Nyquist pulse is also transform-limited as
the frequency components of its spectrum have linear phases.
Compared to the Nyquist pulses, the pulses generated in this
work have the following benefits: (1) the frequency of the pulses
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doubles the frequency of the applied microwave signal, (2) the
minimum duty cycle is smaller, (3) the duty cycle is tunable,
and (4) the maximum repetition is higher, both in theory and in
practice.

IV. ERROR ANALYSIS

In this section, we analyze the non-ideal properties of the
silicon modulator to discuss the origin of the discrepancies
between the experiments and simulations in Section III. When
building the model for the silicon modulator, three effects are
taken into consideration: (1) the nonlinear EO effect of the PN
junctions; (2) the non-ideal power split ratio of the MMIs; and
(3) the microwave phase difference in the two arms of the MZM.
It is also realized that it is very difficult to accurately extract the
parameter values of two cascaded MZMs with unbalanced arms.
The comb-like transmission spectra of the modulators seriously
affect the accuracy of the parameter extraction. Therefore, in
the following analysis, we focus on a single silicon modulator.
Readers will see that the analytical model considering these three
effects can well reproduce the key features of the experimental
results of the practical silicon modulator. Therefore, these three
effects are believed to be the main error sources causing the
discrepancies between experiment and simulation in Section III.

A. The EO Effect of the PN Junctions

The nonlinear EO effect of the PN junctions is considered.
Two PN junctions in the modulator are modeled individually
due to the existence of fabrication error. According to [33,
34], the nonlinear EO effect can be expanded into a third-order
polynomial and, the modulation phase shift ϕPNi (i = 1, 2) in
Eq. (7) can be expressed as:

ϕPN1(VRF1) = n10 + n11(VRF1) + n12(VRF1)
2

+ n13(VRF1)
3 (13)

ϕPN2(−VRF2) = n20 + n21(−VRF2) + n22(−VRF2)
2

+ n23(−VRF2)
3 (14)

where VRF1 = VRF2 = V cos(2πfmt). Given Eqs. (13) and
(14), and taking VRF1, VRF2 into Eq. (7), the output optical
field from one modulator can be expressed as:

E2 = exp

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩
j

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

a1(n10 +
n12

2 V 2) + a2(n20 +
n22

2 V 2)

+ (a1(n11V + 3
4n13V

3)

− a2(n21V + 3
4n23V

3)) cos(2πfmt)

+ (n12V
2

2 + n22V
2

2 ) cos(2π × 2fmt)

+ (n13V
3

4 − n23V
3

4 ) cos(2π × 3fmt)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎭
(15)

From Eq. (15), it can be seen that the generated frequency
comb has both the even-order sidebands and the unwanted odd-
order sidebands. The power and the suppression of the odd-order
sidebands are determined by the split ratio of the MMIs, the
amplitude of the microwave signals and the fitting parameters
of the PN junctions.

Figures 11(a) and 11(b) shows the transmission spectra of the
modulator when different reverse bias voltages are applied. The

Fig. 11. (a) and (b) Optical transmission spectra when reverse bias voltages
are applied to two arms, respectively. (c) and (d) Phase shift of the two PN
junctions versus reverse bias voltage.

TABLE II
FITTING PARAMETERS FOR THE PN JUNCTIONS

∗i = 1 for PN1 and i = 2 for PN2.

corresponding phase shifts are shown in Figs. 11(c) and 11(d).
The phase shifts are fit with a third-order polynomial, and the
fitting parameters nij (i = 1, 2, and j = 0 ∼ 3) are listed in
Table II. It is possible that the doping profile and the location
of the L-shaped PN junctions may be slightly different between
the arms. Thus, the fitting parameters for the two PN junctions
are different.

B. The Split Ratio of the MMIs

From Eq. (15), it can be seen that the suppression of the odd-
order sidebands is partly determined by the split ratios of the
MMIs. Thus, it is necessary to obtain the split ratios. In practice,
the split ratios of 1 × 2 and 2 × 1 MMIs are not exactly 0.5
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Fig. 12. The simulated frequency comb and repetition-frequency-doubled
pulses based on the silicon modulator model with nonlinear EO effect and
non-ideal MMIs.

(si �= 0.5 for i = 1, 2) due to the fabrication error. To obtain the
split ratios, no microwave or DC signal is applied. Then Eq. (7)
can be simplified as:

E2 =
[√

s1s2 exp(jϕ1(λ)) +
√
(1− s1)(1− s2)

]
Ein

= [a1 exp(jϕ1(λ)) + a2]Ein (16)

Because the MZM has unbalanced arms, there is a
wavelength-dependent phase shift between the two arms. For a
certain wavelength λ1, ϕ1(λ1) = 0, and for another wavelength
λ2, ϕ1(λ2) = π. Thus, Eq. (16) can be rewritten as:{

E2,λ1
= (a1 + a2)Ein

E2,λ2
= (−a1 + a2)Ein

(17)

The extinction ratio of the modulator can be expressed as:

ΔP (dB) = 20 log10

(
E2,λ1

E2,λ2

)
= 20 log10

(
a1 + a2
−a1 + a2

)
(18)

If the loss caused by the MMIs are negligible and s1 = s2, we
can further deduce that:{

a1 + a2 = 1

−a1 + a2 = 10−
ΔP (dB)

20

(19)

Therefore, both a1 and a2 can be calculated if the extinction
ratio is obtained.

The measured extinction ratio is∼21.4 dB, as shown in Fig. 9,
and the calculated parameters are a1 = s1 = s2 = 0.46, and a2
= 0.54 according to Eq. (19).

The simulation results of the frequency comb and pulse gen-
eration based on Eq. (15) with the calculated parameters of the
PN junctions and MMIs are shown in Fig. 12. It can be found
that the nonlinear EO effect and the non-ideal split ratio of the
MMIs lead to the generation of unwanted odd-order sidebands
and a distorted pulse shape.

C. Microwave Phase Difference

The fabrication errors in PN junctions and the TWEs lead to
an equivalent phase difference between the microwave signals
applied to PN1 and PN2 in the two arms of MZM. The phase
difference is denoted as Δϕ in our model. Thus, the practical

Fig. 13. Simulated frequency comb and pulses with the microwave phase
difference set to (a–b) 0.00π, (c–d) 0.02π, and (e–f) 0.04π.

microwave signals can be expressed as VRF1 = V cos(2πfmt),
and VRF2 = V cos(2πfmt+Δϕ). To better understand the role
of Δϕ, we suppose that the PN junctions have identical linear
EO effect, and the split ratio of the MMIs are ideal. Taking Eq.
(9) into Eq. (7), the output optical field can be expressed as:

E2 = 0.5 [exp(jm cos(2πfmt))

+ exp(−jm cos(2πfmt+Δϕ))]Ein (20)

The simulation results based on Eq. (20) are summarized in
Fig. 13. The frequency of the applied microwave signal fm is
set to 4.5 GHz, and the modulation index m is set to 1.83. The
frequency combs and the pulses are generated withΔϕ= 0.00π,
0.02π, and 0.04π, and the corresponding maximum amplitude
fluctuations are 0.0%, 2.6%, and 10.3%, respectively. It can be
found that the amplitude fluctuation is caused by the microwave
phase difference Δϕ.

D. Effect of Three Error Sources

The three mentioned parameters (the split ratio of the MMIs,
the microwave phase difference, and the fitting parameters of the
PN junctions) all have comparable contributions to the signal
distortion. Taken the three parameters into consideration, the
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Fig. 14. Simulated optical frequency combs and pulses when (a) and
(b) nonlinear PN junction, or (c) and (d) non-ideal MMI, or (e) and (f) microwave
phase difference is considered.

output of the modulator can be can be expressed as

E2 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a1 exp

⎡
⎢⎢⎣
j(n10 + n11V cos(2πfmt)

+n12(V cos(2πfmt))2

n13(V cos(2πfmt))3) + jϕ1

⎤
⎥⎥⎦

+ a2 exp

⎡
⎢⎢⎣
j(n20 + n21(−V cos(2πfmt+Δϕ))

+n22(−V cos(2πfmt+Δϕ))2

+n23(−V cos(2πfmt+Δϕ))3)

⎤
⎥⎥⎦

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

Ein

(21)
where ai (i = 1, 2) represents the split ratio of the MMIs, nij

(i = 1, 2, j = 0, 1, 2, 3) represents the fitting parameter of
the PN junctions, and Δϕ represents the microwave phase
difference. From Eq. (21), it can be seen that the effects of the
three parameters do not simply add together linearly, but are
multiplied and magnified by each other.

However, the effect of the three parameters can be analyzed
separately. If only the nonlinear PN junction is taken into con-
sideration (a1 = a2 = 0.5, nij = 0, the value of nij is listed
in Table II in the manuscript, Δϕ = 0), the simulated optical
spectrum and pulses with linear (magenta) and nonlinear (blue)
PN junctions are shown in Figs. 14(a) and (b). If only the split

Fig. 15. (a) Simulated optical spectrum and (b) simulated pulse with improved
modulator.

ratio error of the MMI is taken into consideration (a1 = 0.46,
a2 = 0.54, nij = 0, i = 1, 2, j = 0, 1, 2, 3, Δϕ = 0), the
simulated optical spectrum and pulses with ideal (magenta) and
non-ideal (blue) MMIs are shown in Figs. 14(c) and (d). It can
be seen that both the nonlinear PN junctions and the non-ideal
MMIs lead to the generation of unwanted odd-order sidebands in
the optical spectra and unequal side pulses in the time domain.
The FWHM duration is narrowed from 32.2 ps to 31.7 ps in
Fig. 14(b) and broadened from 32.2 to 33.0 ps in Fig. 14(d). If
only the microwave phase difference is taken into consideration
(a1 = a2 = 0.5,nij = 0, i= 1, 2, j= 0, 1, 2, 3,Δϕ = 0.01π), the
simulated optical spectrum and pulses with (blue) and without
(magenta) phase difference are shown in Figs. 14(e) and (f). It
can be observed that the microwave phase difference has rela-
tively week effect on odd-order sideband generation (>30 dB
suppression) but obvious effect on the amplitude fluctuation
(1.3%) of the pulses in the time domain. In conclusion, all the
three parameters mentioned above lead to non-ideal suppression
of odd-order optical sidebands and the amplitude fluctuations of
main pulses and side pulses in the time domain.

The nonlinear PN junctions, non-ideal MMIs, and the mi-
crowave phase shift can be improved with better design and
better manufacture process. If the three parameters are im-
proved (a1 = 0.51, a2 = 0.49, ni1

ni2
= 20, ni3 = 0, i = 1, 2,

Δϕ = 0.005π), the simulated optical spectrum and pulse are
shown in Fig. 15 . The FWHM duration is 30.5 ps. The powers
of the±1st order sidebands are−22.6 dBm and−25.7 d Bm with
a power difference of 3.1 dB. The amplitude fluctuation of the
pulse train is 0.3%, and the maximum normalized amplitude of
the side pulses is 0.11. Compared with the current measured
and simulated results, the suppression of the first odd-order
sidebands are improved by more than 11 dB, and the fluctuation
of the pulse train is also decreased by more than 1.2%.

For the narrowest achievable pulse width, it is noticed that a
silicon MZM with a∼50 GHz bandwidth has been reported [35].
So the potential modulation frequency can be around 17 GHz
and 51 GHz and the corresponding repetition rate can be 34 GHz
and the pulse width can be down to 2.7 ps.

E. Re-Production of Key Features in Experiment

In this part, we compare the experimental and simulation
results of a 9-GHz repetition-frequency-doubled pulse train
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Fig. 16. (a) Measured optical spectrum. (b) Simulated optical spectrum based
on the silicon modulator. (c) Measured (red line) and simulated (blue dash line)
repetition-frequency-doubled pulse train.

TABLE III
COMPARISON BETWEEN EXPERIMENTAL AND SIMULATION RESULTS

using a single MZM, as shown in Fig. 14. The applied microwave
frequency is 4.5 GHz. The parameters of PN junctions and MMIs
of the modulator have been obtained in Parts A and B. The
microwave phase difference Δϕ is 0.01π obtained by fitting in
this experiment.

In Figs. 14(a) and 14(c), a few key features caused by the
non-ideal modulator can be observed in the experiment. They
are: (1) Increased power of odd-order sidebands; (2) Asymmetric
power of ±1st order sidebands; (3) Amplitude fluctuation of
pulses in the time domain; (4) Generation of side pulses. These
features are also marked in Figs. 14(a) and 14(c). The simulation
results are shown in Figs. 14(b) and 14(c). The comparison of
four key features between experimental and simulation results
is summarized in Table III. The normalized power of ±1st order
sidebands is −13.4 dB and −10.1 dB in the experiment, and
−13.1 dB and −11.6 dB in simulation. The power difference
between +1st order and −1st order sidebands is 3.3 dB in the
experiment and 1.5 dB in simulation. The amplitude fluctuations
of pulses in the time domain are 1.5% in the experiment and 1.8%
in simulation. The normalized amplitude of side pulses is 0.14 in

the experiment and 0.15 in simulation. It can be clearly observed
that the analytic model considering the three effects, i.e., EO
effect of PN junctions, split ratio of MMIs and microwave
phase difference, can well reproduce all the key features in
the experiment generated by a non-ideal modulator. Therefore,
these three effects are believed to be the main error sources
causing the discrepancies between experiment and simulation
in Section III.

V. CONCLUSION

In this work, the generation of a repetition-frequency-doubled
transform-limited pulse train with tunable pulse duration and
repetition rates are demonstrated based on two cascaded silicon
modulators. Pulse trains with a repetition rate of 4.0 GHz and
durations of 26.4 ps, 30.0 ps, and 35.1 ps (corresponding to
duty cycles of 10.6%, 12.0%, and 14.0%) are obtained. A pulse
train with a repetition rate of 6.6 GHz and a duration of 18.3 ps
(corresponding to a duty cycle of 12.1%) is also demonstrated
experimentally. An analytic model to describe the non-ideal
silicon modulator is established and is able to well reproduce
all the key features in the experiment. This work indicates the
high flexibility of optical pulse generation based on integrated
silicon modulators and may pave the way for integrated photonic
signal processing and microwave photonic applications.

APPENDIX

A. Range of Duty Cycle

The applied modulation power is limited by the allowed value
range of the modulation index.

The output of two cascaded modulators can be expressed as

Eout = cos(m1 cos(2πfmt)) cos(m3 cos(3× 2πfmt))Ein

=

[
J0(m1) + 2

+∞∑
n=1

J2n(m1) cos(n× 2π(2fm)t+ nπ)

]

×
[
J0(m3) + 2

+∞∑
n=1

J2n(m3)

cos(n× 2π(3× 2fm)t+ nπ)

]
Ein (22)

where Jn(·) represents the nth Bessel function of the first kind,
m1 and m3 are the modulation indexes of fm and 3fm modu-
lation frequencies respectively. To ensure that all the frequency
components are phase-locked, Jn(·) should be greater than zero.
Figure 17 shows the nth Bessel function of the first kind. There-
fore maximum allowed value of modulation index mi (i = 1, 3)
is 2.4, because J0(m) < 0 when mi > 2.4. Meanwhile, it can be
seen from Fig. 18 that when mi < 1.3, both J2(m) and J4(m) are
very small compared to J0(m) (J2(m)

J0(m) < 0.30, J4(m)
J0(m) < 0.01),

which means the generated pulse is very close to a sinusoidal
pulse. Thus, we only discuss the pulse width when 1.3 <
mi < 2.4 (i = 1, 3), the corresponding microwave power is
15∼20 dBm in theory.
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Fig. 17. Bessel function of the first kind.

Fig. 18. The duty cycle of the simulated pulse under different sets of modu-
lation indexes.

The FWHM width of the simulated pulse under different sets
of modulation indexes m1 and m3 are shown in Fig. 18. When m1

= m3 = 2.3, the FWHM duration is 17.7 ps, corresponding to a
duty cycle of 7.1%. When m1 = m3 = 1.3, the FWHM duration
is 32.5 ps, corresponding to a duty cycle of 13.0%. Theoretically,
the duty cycle can be tuned from 7.1% to 13.0%.

B. Choice of Applied Frequencies

Suppose that two microwave signals with frequency fm and
afm (a = 2, 3, 4 …) are applied to the two cascaded modulators.
A single modulator applied with a microwave signal ofafm GHz
can generate pulses with a repetition rate of 2afmGHz. The
output of the cascaded modulators can be expressed as

Eout = cos(m1 cos(2πfmt)) cos(m3 cos(a× 2πfmt))Ein

=

+∞∑
n=−∞

J2n(m1) exp [jn× 2π(2fm)t+ nπ]

×
+∞∑

n=−∞
J2n(m3) exp [jn× 2π(a× 2fm)t+ nπ]Ein

(23)

In the optical spectrum, the amplitude of the sideband with
an offset frequency of 2n0fm is

E2n0
=

∞∑
ni=−∞

J2n0−2ani
(m1)J2ani

(m3)

exp[j(n0 − ani + ni)π]

Fig. 19. Simulated optical frequency comb (a), (c), (e) and repetition-
frequency-doubled pulse (b), (d), (f) when a is set to 2, 4, and 5, respectively.

=

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

exp(jn0π)
∑∞

ni=−∞ J2n0−2ani
(m1)

× J2ani
(m3), a is odd∑∞

ni=−∞ J2n0−2ani
(m1)J2ani

(m3)

× exp[j(n0 − ani + ni)π], others

(24)

When a is an odd number, the phase of the 2n0-order sideband
is n0π, thus all the frequency comb lines have linear phase.
However, when a is an even number, the phases of all the
frequency comb lines are not always linear phase. Figure 19
shows the optical spectrum and pulse simulated with a = 2,
4 and 5. Figure 6(c) and (d) correspond to a = 3. In Fig. 19,
6(c), and 6(d), the parameters are set to m1 = 1.85, m3 = 1.79,
fm = 2 GHz. In Figs. 19(a) and 19(c), the frequency compo-
nents do not have linear phase, and the pulses in Figs. 19(b) and
19(d) are not transform-limited. In Fig. 19(e), a is set to 5, and
all the frequency lines are phase-locked, thus the corresponding
pulse is transform-limited.

Considering the bandwidth of the modulator and the detection
system, in this work, a is set to 3.
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