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Abstract—Compact and integrated microwave pulse generation
can benefit various applications in integrated microwave photonics.
We demonstrate high-quality microwave pulse generation with
multiple pulse shapes based on an integrated silicon dual-parallel
Mach–Zehnder modulator. Three typical microwave pulses, in-
cluding sinc-shaped Nyquist pulses, triangular pulses, and Gaus-
sian pulses, are successfully generated. The device is capable of
multi-wavelength operation with a tunable repetition rate. All the
generated pulses show a root mean square error below 4%. The
comparison with the results based on LiNbO3 modulators and
other silicon modulators is also provided to confirm the high quality
of generated pulses. Our article demonstrates the high tunability
of microwave pulse generation with silicon modulators and shows
the potential of an integrated silicon chip to generate high-speed
photonic and microwave pulse trains demanded in optical commu-
nications and integrated microwave photonics.

Index Terms—Pulse generation, silicon dual-parallel modulator,
silicon photonics.

I. INTRODUCTION

M ICROWAVE pulse generation has important applications
in optical communication and signal processing [1], [2].

Compared to the electronic methods, photonic microwave pulse
generation has attracted great attention for its large bandwidth
and high flexibility [3], [4]. Microwave pulses, such as sinc-
shaped Nyquist pulses and triangular pulses, can find applica-
tions in optical communications. In the frequency domain, sinc-
shaped Nyquist pulses have a rectangular spectrum, and thus
data can be transmitted with high spectral efficiency [5]. In the
time domain, sinc-shaped Nyquist pulses satisfy the Nyquist cri-
terion of zero inter-symbol inference (ISI), allowing overlapping
pulses transmitted without ISI. Nyquist optical time-division
multiplexing (OTDM) is a promising method to increase the
capacity of optical fibers [6]. In Nyquist OTDM systems, over-
lapping Nyquist pulses are multiplexed in the time domain,
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leading to high spectral efficiency. Triangular pulses have been
used as a pump signal to perform time-to-frequency mapping of
multiplexed signals [7]. The transmission of triangular pulse
in fiber has also been reported [8]. Therefore, a microwave
pulse generator with tailorable waveforms, tunable repetition
rates, and multi-wavelength operation is highly desired because
it provides more system flexibility in optical communication
systems.

In addition to their applications in optical communication
systems, microwave pulse trains are also used in signal pro-
cessing. For example, sinc-shaped Nyquist pulses are highly
desired as a sampling source in photonic analog-to-digital con-
version (ADC) [9] and as a microwave filtering [10]. Triangular
pulses have applications in pulse doubling [11] and wavelength
conversion [12].

Microwave pulses can be generated by many methods. For
example, Nyquist pulses can be generated by modulators [5],
[13]–[16], Nyquist laser [17], parametric amplification [18] and
so on. Other microwave pulses, such as triangular pulses and
Gaussian pulses, can be realized by space-to-time mapping [19],
frequency-to-time mapping [20], finite impulse response (FIR)
filter [21], [22], time-domain synthesis based on modulators [1],
[23], [24] and so on. Among all the methods, microwave pulse
generators based on modulators can generate microwave pulses
with tunable waveforms, which have the advantages of high
stability, simple configuration, tunability of the wavelength and
the repetition rate, and potential integration with other photonic
components. However, most of these methods are based on
commercial LiNbO3 modulators with bulky size [5], [13]–[16],
and an integrated solution is superior due to its compact size, low
cost, high power efficiency and flexibility [4]. Microwave pulse
generation based on integrated FIR filters has been reported
[21], [22]. But the repetition rate is not tunable and complex
waveforms such as sinc-shaped Nyquist pulses require an FIR
structure with a lot of taps.

The modulation linearity has a significant impact on the
modulation-based microwave pulse generation [25]. The silicon
modulators are known to have worse modulation linearity than
LiNbO3 modulators due to the carrier dispersion mechanism.
Our previous work has investigated the nonlinearity of silicon
modulators on optical frequency comb and Nyquist pulse gen-
eration [25]. However, it is still unknown whether silicon mod-
ulators are able to generate high-quality microwave pulses with
various pulse shapes, which are important for many applications
as mentioned above. In this work, we focus on demonstrating
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Fig. 1. (a) Schematic drawing of the DP-MZM for microwave pulse gen-
eration. The inset shows the cross-sectional view of active arms in the two
child MZMs. (b) PN junction captured by the scanning capacitance microscopy
(SCM). (c) Optical microscope image of the DP-MZM.

microwave pulse generation including sinc-shaped Nyquist
pulse, triangular pulse, and Gaussian pulse, by using an in-
tegrated single silicon dual-parallel Mach-Zehnder modulator
(DP-MZM). The 2.5-mm-long PN junctions embedded in the
DP-MZM arms are designed to be L-shaped to achieve a half-
wave voltage as low as 3.6 V (corresponding to a Vπ·L of ∼0.9
V·cm), which allows lower microwave driving power as well as
better thermal stability because of the lower power dissipation.
Sinc-shaped Nyquist pulses with root mean square (rms) error
below 4% are generated at five different central wavelengths
(1540 nm, 1545 nm, 1550 nm, 1555 nm, and 1560 nm) in
the C-band and three different repetition rates (5 GHz, 8 GHz,
and 10 GHz). Triangular and Gaussian pulses at 5 GHz and
1550 nm wavelength are also generated with an rms error of
1.6% and 2.0%, respectively. The rms errors are comparable to
that of the microwave pulses generated by LiNbO3 DP-MZMs
[8], [26]. The experimental results indicate the potential of sili-
con technology to generate multi-wavelength microwave pulses
with a tunable repetition rate and multiple waveforms, which
would benefit optical communication and integrated microwave
photonics.

II. DEVICE AND EXPERIMENTAL SETUP

The microwave pulse generation is based on a silicon DP-
MZM modulated by microwave signals. The device was fabri-
cated with a CMOS compatible process. Fig. 1(a) shows the
schematic structure of the DP-MZM. The two arms of the
DP-MZM are balanced and each arm is embedded with a child
Mach-Zehnder modulator (MZM). The two child MZMs are
identical and are based on single-drive push-pull modulation.
The PN junctions are designed to work in the carrier-depletion

Fig. 2. (a) Optical transmission spectra at 0 and 3.6 V reverse biases.
(b) EO response (S21) of the modulator at −5 V bias of PN junctions.

mode. The inset shows the cross-section of the MZMs. With
L-shaped PN junctions, the half-wave voltage of the MZMs is
reduced [27] and the modulation efficiency is improved. The
ridge waveguide has a width of 500 nm and a height of 220 nm
with a slab height of 90 nm. The 2.5-mm-long PN junctions are
embedded in ridge waveguides. The net doping concentrations
are 4 × 1017 cm−3 for the p-type region and 8 × 1017 cm−3 for
the n-type region. Fig. 1(b) shows the cross-sectional image of
the L-shaped PN junction measured by the scanning capacitance
microscopy (SCM). Five 50-μm-long thermo-optic (TO) phase
shifters are embedded in the MZMs to set the modulation
bias point, as shown in Fig. 1(a). Passive components such as
inverse tapers and multimode interferometers are made of strip
waveguides with a height of 220 nm and a width of 550 nm. The
optical microscope image of the fabricated DP-MZM is shown
in Fig. 1(c). Another MZM, which has identical parameters with
the two child MZMs other than different arm lengths, is used to
measure the half-wave voltage more precisely. Fig. 2(a) shows
that the measured half-wave voltage is 3.6 V (corresponding to
a Vπ·L of ∼0.9 V·cm) and the measured EO 3-dB bandwidth
is 16.6 GHz at −5 V bias of PN junctions. It should be noted
that the low Vπ allows lower microwave power in the microwave
pulse generation as well as better stability due to lower power
dissipation. The PN junctions of the MZMs are designed to be
L-shaped to achieve a low half-wave voltage. The L-shaped
PN junctions have a larger junction area compared to lateral
or vertical PN junctions, thus the capacitance of L-shaped PN
junctions is larger than that of normal PN junctions at the
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Fig. 3. Experimental setup for pulse generation.

same doping concentrations and length. This leads to a higher
modulation efficiency (∼0.9 V·cm for our modulator) at the
cost of a lower 3-dB EO bandwidth [28]. Its measured 3-dB EO
bandwidth of the modulator is 14 GHz at 5 V reverse bias and
the measured half-wave voltage is 2.7 V. The measured on-chip
insertion loss of the DP-MZM is 20.1 dB, including 6.0 dB fiber
coupling loss and 14.1 dB modulator loss.

Fig. 3 shows the experimental setup. The light from a
wavelength-tunable laser is set to the transverse electrical (TE)
polarization by using a polarization controller (PC) before it
is coupled to the chip through a lensed fiber. To generate sinc-
shaped Nyquist pulses and Gaussian pulses, only one microwave
signal is necessary (VRF1 or VRF2). To generate triangular
pulses, two microwave signals are both applied and one of
them is connected with a microwave phase shifter to adjust
the relative phase between the two microwave signals. The
microwave signals are applied to the two child MZMs separately
by using a GSGSG microwave probe. Two direct current (DC)
bias voltages (Vbias1 and Vbias2) are applied to the two child
MZMs to make the PN junctions work in the depletion region.
Five DC voltages Vi (i = 1, 2, 3, 4, 5) are applied to the five
TO phase shifters to set the bias conditions of the MZMs. All
the DC pads are wire-bonded to a printed circuit board (PCB) to
apply DC voltages. The output power from the chip is amplified
by an erbium-doped fiber amplifier (EDFA) and then divided
by a 90:10 coupler. 10% of the output signal is monitored by a
high-resolution optical spectrum analyzer (APEX, AP2040A)
for optical frequency-domain analysis. 90% of the signal is
detected by a 50-GHz PD (u2t, XPDV2120R) and monitored
by a 70-GHz sampling oscilloscope (Agilent DCA-X, 86100D)
for time-domain analysis and by a 26.5-GHz electrical spec-
trum analyzer (KEYSIGHT, N9000B) for electrical spectrum
analysis.

III. EXPERIMENT

A. Sinc-Shaped Nyquist Pulse

The optical spectrum of sinc-shaped Nyquist pulses has a rect-
angular optical frequency comb (OFC) envelope, which means
the OFC lines all have equal power. The phases of the OFC lines
are equal or linearly related in order to obtain transform-limited
pulses (sinc-shaped Nyquist pulses in our case) in the time
domain. Theoretically, sinc-shaped Nyquist pulses are described

by [5]:

I(t) = |E(t)|2 = E2
0

sin2(πNfmt)

N2sin2(πfmt)
(1)

where N is the number of comb lines and fm is the comb
frequency spacing. The full-width at half-maximum (FWHM)
duration of the pulse is approximately given by 0.89/(N·fm).
The repetition rate of the pulses is determined by the comb
frequency spacing. By adjusting the frequency of the applied
microwave signals, the FWHM duration and the repetition rate
of the sinc-shaped Nyquist pulses can be tuned.

The input laser is set to 1550 nm. A sinusoidal microwave
signal of 5 GHz is applied to one of the child MZMs. VRF2 and
Vbias2 are set to 0. The DC bias voltage Vbias1 = 6V is applied
to the upper child MZM to inversely bias the PN junctions. Two
DC voltages V1 and V2 are applied to the TO phase shifters PS1
and PS2. By setting V1 = 3.5 V, V2 = 6.1 V, and VRF1 = 4.0V,
an OFC with 5 comb lines can be obtained and ±1st, ±2nd order
comb lines have the same power and phase. Then DC voltages
V3 = 1.0 V, V4 = 4.1 V, and V5 = 4.3 V are applied to the phase
shifters PS3, PS4, and PS5, respectively. The optical phase of the
carrier is tuned to be the same as the other four comb lines [26].
If the power of the microwave signal and the DC voltages are not
adjusted properly, the generated OFC lines may have different
amplitudes and nonlinear phase, which will lead to a distorted
Nyquist pulse train. As a result, a 5-line flat-top OFC is obtained
and the corresponding time-domain pulse is a transform-limited
Nyquist pulse. The output signal from the on-chip device is then
amplified by an EDFA before entering a 90:10 coupler. 10%
of the signal is monitored by an OSA and 90% of the signal
is received by a high-speed PD and measured by a sampling
oscilloscope.

Fig. 4(a) shows the generated 5-line OFC. The 5-line OFC
has a flatness of 1.94 dB and a spacing of 5 GHz. A power ratio
of more than 45 dB between the OFC lines and the background
noise floor is achieved. Fig. 4(b) shows the sinc-shaped Nyquist
pulses in the time domain. The measured pulse train has a period
of 200.0 ps and an FWHM duration of 39.1 ps. The details of
the generated pulses are shown in Fig. 4(c). The experiment
data is represented by the red solid line and the theoretical sinc-
shaped Nyquist pulse train, which is described by Eq. (1), is
represented by the black dashed line. According to Eq. (1), the
theoretical FWHM duration and the period of the sinc-shaped
Nyquist pulses with five OFC lines at 5 GHz repetition rate are
35.6 ps and 200.0 ps, respectively. The maximum normalized
amplitude of the non-ideal zero-crossing points is 0.031. The
rms error between the measured pulse and the theoretical one is
4.0%. Fig. 4(d) shows the measured electrical spectrum of the
Nyquist pulses. The theoretical power difference between the ith

(i = 2, 3, 4, 5) order and the first order of the electrical spectrum
is 2.7 dB, 6.4 dB, 13.1 dB, and 29.6 dB respectively. The largest
mismatch between theoretical power difference and measured
one is 0.6 dB.

The detection system, which includes a high-speed PD, a
microwave cable and a sampling oscilloscope, has an effective
bandwidth of ∼30 GHz which is large enough to suppress
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Fig. 4. (a) Measured optical spectrum of the 5-line OFC. (b) Measured Nyquist
pulses in the time domain. (c) Comparison of the measured single Nyquist
pulse (red solid line) with the calculated theoretical pulse (black dashed line).
(d) Measured electrical spectrum.

the distortion during the conversion from optical pulses to mi-
crowave pulses. More detailed analysis of the detection system
has been performed in our previous work [25].

The OFC and Nyquist pulse generation based on two cascaded
MZMs in our previous work [25] has the benefit of having more
OFC lines (9 lines) and smaller duty cycle (∼11%). However, the
experimental setup is more complex. Firstly, two phase-locked
microwave signals are necessary. A microwave phase shifter
should be applied to one of the two microwave signals to
adjust the relative phase between the two signals. Secondly, the
frequency of one microwave signal is triple of the other, which
means the repetition rate of the pulses is limited to 1/3 of the
EO bandwidth of the modulators. The OFC and Nyquist pulse
generation based on a DP-MZM do not have the two limitations
mentioned above. Only one microwave signal is applied and
the experimental setup is simpler. The repetition rate of the
pulses is limited only by the EO bandwidth, thus, pulses with
higher repetition rate are generated in this manuscript. However,
the OFC has only five lines and the duty cycle of the pulses
(∼17.8%) is also larger.

B. Triangular Pulse

The Fourier series expansion of a triangular pulse train is
given by:

I(t) = DC +

+∞∑

k=1,3,5···

1

k2
cos(kωmt)

= DC + cos(ωmt) +
1

9
cos(3ωmt) + · · · (2)

where ωm = 2πfm and fm is the repetition rate of the triangu-
lar pulse train. The even-order sidebands are suppressed. The
amplitude of the third-order harmonic frequency tone is 1/9 of
the amplitude of the first-order one, corresponding to a power
difference of ∼19 dB in the electrical spectrum.

The output field of the DP-MZM can be expressed as

Eout(t) =
Ein(t)√

2

×

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

exp [jm1 cos(ωmt)] exp(jm1)

+ exp [−jm1 cos(ωmt)] exp(jm2)

+ exp [jm2 cos(ωmt+Δφ)] exp(jm3 + jm5)

+ exp [−jm2 cos(ωmt+Δφ)] exp(jm4 + jm5)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(3)

where m1 = π VRF1

2Vπ
,m2 = π VRF2

2Vπ
are defined as the modula-

tion indexes, mi = ϕi(Vi) (i = 1, 2, 3, 4, 5) is the phase shift
caused by phase shifter PSi shown in Fig. 3. According to [24],
to generate triangular pulses, three requirements should be satis-
fied, they are: (1) the applied DC voltages Vi (I = 1, 2, 3, 4, 5)
should be tuned to satisfy that m1 = π

2 ,m3 = 3π
2 ,m2 = m4 =

m5 = 0, (2) the power ofVRF1 andVRF2 should be set to satisfy
that m1 = m2 = 0.755, (3) the microwave phase shifter applied
to one of the microwave signals should be tuned to make the
phase difference between the two signals to be π

2 . With the three
requirements satisfied, and after detecting by the high-speed PD,
the output signal can be further expanded based on Jacobi-Anger
expansion as [24]

Iout(t) ∝ |Eout(t)|2 = DC + cos
(
ωmt+

π

4

)

+
1

9
cos
[
3
(
ωmt+

π

4

)]
(4)

In our experiment, the wavelength and power of the light
source are set to 1550 nm and 0 dBm, respectively. The DC
bias voltages Vbias1 = Vbias2 = 6V are applied to the two child
MZMs to reversely bias the PN junctions. Two phase-locked
5-GHz microwave signals of VRF1 = 3.0V, VRF2 = 3.2V and
DC voltages of V1 = 5.9 V, V2 = 6.5 V, V3 = 7.5 V, V4 = 0
V, V5 = 2.0 V are applied to the TO phase shifters to meet the
requirements above. A microwave phase shifter is also used to
tune the phase difference between the two microwave signals.
If the power of the microwave signals and the DC voltages
are not adjusted properly, the three requirements mentioned
above cannot be satisfied. The first- and third-order sidebands
of the electrical spectrum will not have a power difference of
19 dB and the same phase, and the even-order sidebands will
not be suppressed well. Thus, the generated triangular pulses
will be distorted.The output signal from the chip is amplified by
the EDFA, and then detected by the PD and monitored by the
sampling oscilloscope and the ESA.

Fig. 5 shows the measured triangular pulse train and its
electrical spectrum. The measured power difference between the
first-order frequency tone at 5 GHz and the third-order harmonic
frequency tone at 15 GHz is 19.4 dB, which is very close to
the theoretical power difference. The power difference between
the first-order frequency tone at 5 GHz and the second-order
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Fig. 5. (a) Measured triangular pulses. (b) Comparison of measured pulse and theoretical pulse. (c) Measured electrical spectrum.

harmonic frequency tone at 10 GHz is about 30 dB, indicating a
high suppression ratio of the second-order frequency tone. The
rms error between the measured and theoretical pulses is 1.6%.
Equation (4) is the Fourier expansion of triangular pulses with
harmonic components higher than third order ignored. Thus,
the measured triangular pulses are not exactly like the theoretic
ones.

C. Gaussian Pulse

Modulation based Gaussian pulse generation has been re-
ported by [29] based on LiNbO3 modulators. However, an
analytical model for Gaussian pulse generation has not been
performed yet. In this part, we present the detailed discussion on
modulation based Gaussian pulse generation as well as measured
Gaussian pulses based on a silicon DP-MZM.

The Fourier expansion for Gaussian pulses with a standard
deviation of σ is given by

g(t) =

+∞∑

k=−∞
ak exp(jkωmt)

=

√
2πσ

T
+

2
√
2πσ

T

+∞∑

k=1

exp

(
−k2σ2ω2

m

2

)
cos(kωmt)

(5)

where ak =
√
2πσ
T exp(−σ2ω2

mk2

2 ), T is the period of the Gaus-
sian pulses, and ωm = 2π

T .
With only one microwave signal applied to the MZM in the

upper arm of the DP-MZM (VRF2 set to 0), the output field for
the DP-MZM (as shown in Fig. 3) can be expressed as:

Eout(t) =
Ein(t)√

2
{exp [jm̄ cos(ωmt)] exp(jm1)

+ exp [−jm̄ cos(ωmt)] exp(jm2)

+ [exp(jm3) + exp(jm4)] exp(jm5)}
(6)

where m = π VRF1

2Vπ
is defined as the modulation index, mi =

ϕi(Vi) (i= 1, 2, 3, 4, 5) is the phase shift caused by phase shifter
PSi shown in Fig. 3. By tuning the applied DC voltages Vi (i =
1, 2, 3, 4, 5), we can set m3 = m4,m5 = 0 and after detecting

by the high-speed PD, the output signal can be expressed as:

Iout(t) ∝ |Eout(t)|2

= |Ein(t)|2
⎧
⎪⎨

⎪⎩

3 + cos [2m cos(ωmt) +m1 −m2]

+ 2 cos [m cos(ωmt) +m1 −m3]

+ 2 cos [m cos(ωmt)−m2 +m3]

⎫
⎪⎬

⎪⎭
(7)

The output optical intensity signal can be further expanded
based on Jacobi-Anger expansion:

Iout(t) ∝ 3+ cos(m1 −m2)

×
[
J0(2m) + 2

+∞∑

n=1

(−1)nJ2n(2m) cos(2nωmt)

]

+ 2 [cos(m1 −m3) + cos(m2 −m3)]

×
[
J0(m) + 2

+∞∑

n=1

(−1)nJ2n(m) cos(2nωmt)

]

− sin(m1 −m2)

[
2

+∞∑

n=1

(−1)nJ2n−1(2m) cos((2n− 1)ωmt)

]

− 2 [sin(m1 −m3)− sin(m2 −m3)]

×
[
2

+∞∑

n=1

(−1)nJ2n−1(m) cos((2n− 1)ωmt)

]
(8)

Jn(·) represents the nth Bessel function. Thus the sidebands can
be expressed as

I1 ∝ {− sin (m1 −m2) J1(2m)

− 2 [sin (m1 −m3)− sin (m2 −m3)] J1(m)}
I2 ∝ {− cos (m1 −m2) J2(2m)

− 2 [cos (m1 −m3) + cos (m2 −m3)] J2(m)}
I3 ∝ {sin (m1 −m2) J3(2m)

+ 2 [sin (m1 −m3)− sin (m2 −m3)] J3(m)}
I4 ∝ {cos (m1 −m2) J4(2m)

+ 2 [cos (m1 −m3) + cos (m2 −m3)] J1(m)} (9)
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Fig. 6. (a) Measured Gaussian pulse. (b) Comparison of measured pulse and theoretical pulse. (c) Measured electrical spectrum.

To generate a Gaussian pulse train, Ik ∝ cak (c is a constant
and k = 1, 2, 3, 4 . . .) should be satisfied. For example, when
m ≈ 0.855 and m1 = 1.6π, m2 = 1.2π, m3 = m4 = 0.5π,
m5 = 0, Gaussian pulses with a σ ≈ 21.5 × 10−12 can be
generated. In our experiment, by setting VRF1 = 3.2 V, V1 =
8.0 V, V2 = 0.5 V, V3 = 4.5 V, V4 = 0 V, and V5 = 4.3 V,
the requirements mentioned above are satisfied. If the power
of the applied microwave signal and the DC voltages are not
appropriately set, the amplitude and the phase of the sidebands
cannot be generated as required, and the generated Gaussian
pulses will be distorted. The experimentally generated Gaussian
pulses are shown in Fig. 6(a). The wavelength and power of the
light source are set to 1550 nm and 0 dBm, respectively. Only
one 5-GHz sinusoidal microwave signal is applied to the upper
child MZM.

The Gaussian pulse has a repetition rate of 5 GHz and an
FWHM duration of 41.7 ps. The rms error between the measured
and theoretical pulses is 2.0%. The Fourier transform of the
Gaussian pulse also has a Gaussian profile. The ESA monitors
the power (in dBm) of the harmonic components. The power of
the frequency component at ωm is

Im =

√
2πσ

T
exp

(
−k2σ2ω2

m

2

)
(10)

Thus, the power in the unit of dBm is given by

Im(dBm) = 10 log10(Im/10−3)

= 10 log10

[√
2πσ

T
exp

(
−k2σ2ω2

m

2

)/
10−3

]

= c− 2.1715k2σ2ω2
m

c = 10 log10

(√
2πσ

T

)
− 30 (11)

The electrical spectrum measured by the ESA in log scale
should meet a quadratic envelope, as shown in Fig. 6(c) in black
dash line.

D. Demonstration of Multi-Wavelength Operation

The operation bandwidth is mainly determined by the band-
width of the MMIs in the modulator because the MMIs are
wavelength-sensitive. For our device, the target operation wave-
length is C-band (1530 nm to 1560 nm) and the maximum
wavelength range for operation is C-band.

To demonstrate the multi-wavelength operation of our device,
OFC lines and sinc-shaped Nyquist pulses at four other different
central wavelengths (1540 nm, 1545 nm, 1555nm, and 1560
nm) are generated. Apart from the wavelength of the input light
source, the experimental setup remains the same as described
in Section A. Fig. 7 summarizes the measured optical spectra
and pulses in the time domain. All the generated OFC lines and
sinc-shaped Nyquist pulses at different wavelengths have similar
properties, which is summarized in Table I. The suppression (in
dB) in Table I is defined as the ratio of the highest power of
OFC lines to the highest power of the undesired sidebands.
The flatness in Table I represents the flatness of the OFC
lines.

E. Demonstration of Pulse Repetition Rate Tunability

To demonstrate the tunability of the pulse repetition rate,
we generate Sinc-shaped Nyquist pulses at two additional fre-
quencies of 8 GHz and 10 GHz. The experimental setup is
exactly the same as the setup described in Section 3.1, except
that the frequency of the applied microwave signal is changed.
The wavelength of the light source is set to 1550 nm. Ac-
cording to (1), the FWHM duration, approximately given by
0.89/(N · fm), is decided by the number of OFC lines and
the modulation frequency applied to the child MZM. For our
DP-MZM, the maximum number of OFC lines with an equal
phase is fixed to five [26]. The repetition rate of the pulses is only
tunable by changing the frequency of the applied microwave
signals. For the sinc-shaped Nyquist pulses at 8 GHz and 10 GHz
frequencies, the theoretical FWHM durations are 22.3 ps and
17.8 ps respectively, and the periods are 125.0 ps and 100.0 ps
respectively.

Fig. 8 shows the measured OFCs and pulses with repetition
rates of 8 GHz and 10 GHz. Table II summarizes the key
properties, which are similar for different repetition rates.
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Fig. 7. Measured OFC lines and sinc-shaped Nyquist pulses with four central wavelengths of (a) to (c) 1540 nm, (d) to (f) 1545 nm, (g) to (i) 1555 nm, and (j)
to (l) 1560 nm. In (c), (f), (i), and (l), the experimental data are represented by solid line and theoretical pulses are represented by black dashed lines.

The frequency of the applied microwave signal determines the
frequency spacing of the OFC and the corresponding repetition
rate of the generated pulses. The maximum repetition rate of the
sinc-shaped Nyquist pulses is limited by the EO bandwidth of
the silicon DP-MZM and the bandwidth of the detection system.
If the frequency of the microwave signal is larger than the 3-
dB EO bandwidth of the modulator, to make up for the power
dissipation, a microwave signal with larger power is necessary

to generate the OFC and pulses. However, a larger power may
lead to worse thermal stability. Besides, if the bandwidth of
the OFC is larger than the bandwidth of the detection system,
a distorted pulse train will be generated because detection is
no longer linear in that frequency range. Since the 3-dB EO
bandwidth of our silicon modulator is 16.6 GHz, and the PD we
used has a 3-dB bandwidth of 50 GHz, the maximum repetition
rate is 10 GHz in our experiment. But theoretically, Nyquist
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TABLE I
COMPARISON OF OFCS AND NYQUIST PULSES AT DIFFERENT CENTRAL WAVELENGTHS

Fig. 8. Measured OFC lines and sinc-shaped Nyquist pulses with two repetition rate of (a) to (c) 8 GHz, (d) to (f) 10 GHz, the experimental data are represented
by solid line and theoretical pulses are represented by black dashed lines.

TABLE II
COMPARISON OF OFCS AND NYQUIST PULSES AT DIFFERENT REPETITION RATES

pulses with a repetition rate up to 15 GHz can be generated by
our chip if the detection system is up to 75 GHz, corresponding
to an FWHM duration of 11.9 ps and a period of 66.7 ps.

IV. DISCUSSION

A. Comparison of RMS Errors Among Microwave Pulses
Generated by Different Modulators

Table III compares the rms errors of microwave pulses gen-
erated by different DP-MZMs. It can be seen that the quality of

microwave pulses generated by our silicon DP-MZM is compa-
rable to that of the pulses generated by LiNbO3 DP-MZMs, as
the rms errors are quite close.

B. Comparison Among Silicon Modulator Based OFC/Pulse
Generation Works

Table IV compares our device and other reported silicon
modulators that generate OFCs. In our work, we demonstrate the
generation of multiple microwave waveforms as well as Nyquist
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TABLE III
COMPARISON OF RMS ERROR AMONG PULSES GENERATED BY DIFFERENT DP-MZMS

TABLE IV
COMPARISON OF OFCS AND PULSE GENERATORS BASED ON SILICON MODULATORS

N.A. = not available.
RRM = ring resonator modulator.
∗Although the frequency spacing of the OFCs in these works is tunable, time-domain waveforms in these works are not reported and the repetition rate tunability
and multiple waveform operation of pulse train are thus meaningless here.

pulses with a wide-range tunable repetition rate and broadband
multi-wavelength operation.

V. CONCLUSION

In this paper, we have demonstrated the generation of multi-
ple microwave pulses (sinc-shaped Nyquist pulses, triangular
pulses, and Gaussian pulses) based on a silicon DP-MZM.
Sinc-shaped Nyquist pulses with rms errors below 4% are
demonstrated at five different central wavelengths (1540 nm,
1545 nm, 1550 nm, 1555 nm, and 1560 nm) in the C-band
and three different repetition rates (5 GHz, 8GHz, 10 GHz).
Triangular pulses and Gaussian pulses with rms errors below
2% were also demonstrated. The rms errors are comparable to
the works using LiNbO3 modulators. Our work demonstrates the
reconfigurable high-quality microwave pulse generation based
on integrated silicon modulators. Our device would pave the way
for its applications in optical communications and integrated mi-
crowave photonics as a highly flexible integrated pulsed source
with tunability in pulse temporal shape, central wavelength and
repetition rate.
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