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Abstract—Optical frequency combs (OFCs) play a key role in a 

variety of applications and have been implemented primarily 

using mode-locked lasers, Kerr resonators, and electro-optic (EO) 

modulation. EO modulation-based OFC generation may not yield 

as many comb lines nor span as broad a bandwidth as mode-

locked lasers or Kerr resonators; however, it offers a high degree 

of tunability in central frequency and comb spacing.  Integrated 

solutions are of interest as they significantly reduce device 

footprint and enable large scale system integration. In this paper, 

we demonstrate flexible on-chip OFC generation using two 

cascaded EO Mach-Zehnder modulators in silicon photonics.  We 

demonstrate quasi-rectangular OFCs with 9 lines and a comb 

spacing of up to 10 GHz with an amplitude variation (comb 

flatness) within 6.5 dB. The corresponding time-domain 

waveforms have a good fit with sinc-shaped Nyquist pulses having 

a full-width at half maximum duration as short as 11.4 ps. 

 
Index Terms—Optical frequency comb generation, electro-optic 

Mach-Zehnder modulators, silicon photonics.  

 

I. INTRODUCTION 

PTICAL frequency combs (OFCs), which consist of a series 

of equidistant spectral lines with correlated phase [1], have 

been used extensively in a diverse range of applications 

including spectroscopy [2, 3], optical frequency metrology [4], 

precision distance measurement [5], optical and microwave 

waveform synthesis [6-9], astronomical spectrograph 

calibration [10, 11], and optical communications [12]. 

Techniques for OFC generation include, amongst others, the 

use of mode-lock lasers assisted by an internal or external 

reference [13-20], Kerr resonators [21-30], and electro-optic 

(EO) modulation [31-37].  The properties of mode-locked 

lasers, such as repetition rate, amplitude noise, linewidth, and 

frequency stability determine the characteristics of the OFC and 

need to be considered carefully for different applications [18]. 

By exploiting parametric four-wave mixing, OFC generation 

based on Kerr resonators may offer octave-spanning, ultrawide 

bandwidth from a single continuous wave (CW) input, as well 
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as high frequency and timing stability, which are desirable for 

telecommunications, spectroscopy, low-noise microwave 

waveform synthesis, and distance ranging [27]. EO modulation-

based OFC generation offers the flexibility to tune readily the 

center frequency and comb spacing simply by adjusting the 

input CW wavelength as well as frequency, power, and phase 

of the RF signal(s) applied to the EO modulators. Cascading a 

larger number of modulators (e.g., ≥ 3) is often used to increase 

the number of comb lines and obtain a broadband comb [8], 

though it may not yield as many comb lines or span as broad a 

bandwidth as mode-locked lasers or Kerr resonators.  In some 

applications, e.g., the generation of sinc-shaped Nyquist pulses 

for Nyquist orthogonal time-division multiplexed transmission, 

the shape of the comb spectrum is more important than 

obtaining a large number of comb lines. In [35], two modulators 

are cascaded to produce a rectangular shaped, phase-locked 

comb with 9 to 10 spectral lines occupying more than 100 GHz 

bandwidth and corresponding high quality Nyquist optical 

pulses.   

For still other applications in optical communications and 

microwave photonics, a high degree of system level integration 

may be more desirable over a large number of comb lines.  To 

date, integrated OFC generators have been reported using 

various technology platforms such as silica [21, 22], Hydex 

glass [23], silicon nitride (SiN) [24-27], III-V semiconductors 

[28, 29], silicon-organic hybrids [36], and silicon-on-insulator 

(SOI) [32, 37, 38]. Exploiting recent advances in developing 

high-performance EO modulators in SOI has the potential to 

yield a highly-tunable integrated comb source.   

    In this paper, we demonstrate the generation of an EO 

modulation-based OFC using integrated cascaded push-pull 

traveling-wave Mach-Zehnder modulators (MZMs) in SOI. By 

precisely controlling the amplitude and phase of the driving RF 

signals as well as the bias and thermal heating voltages, a quasi-

rectangular OFC with 9 lines, flatness within 6.5 dB, and 

bandwidths up to 90 GHz have been obtained; the 

corresponding sinc-shaped Nyquist pulses have a full-width at 
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half-maximum (FWHM) duration as short as 11.4 ps. 

II. DEVICE DESIGN 

Figures 1 (a) and (b) show a schematic of the two cascaded 

EO MZMs in SOI and a photo of the fabricated device.  The 

modulators are based on the series push-pull design described 

in [39]; some of the parameters are reviewed here. The devices 

are fabricated on a 220 nm SOI wafer with a 750 Ω − 𝑐𝑚 

silicon substrate using a CMOS-compatible foundry process 

available at IME A*STAR. Rib waveguides are doped using 

three doping levels to form diode waveguides; their cross-

sections are shown in Fig. 1(c). The waveguides sit on top of a 

3 𝜇𝑚 thick oxide (BOX) and are covered by a 2 𝜇𝑚 thick index 

matched oxide cladding. The waveguide cross-sections and 

doping parameters are given in Table 1.  

Each modulator has a path imbalance of 130  𝜇𝑚 , which 

introduces an additional phase shift in the lower arm of the MZ 

interferometer and creates a periodic spectral response.  This 

path imbalance is used to measure the phase shifts associated 

with bias and thermal tuning, as described below.  An n++ 

doped heater with a length of 215 𝜇𝑚 is overlaid on the upper 

arm for fine-tuning the phase. The length of each modulator is 

4.55 mm and the net p-n junction loading is 4.2 mm. The two 

modulators are connected in series using 2×2 MMI couplers 

[40] and in order to characterize each modulator separately, 

additional taps are used.  Vertical grating couplers (VGCs) 

designed for TE mode operation over the C band [41] serve for 

input and output coupling and testing. The total size of the 

device is 1.49 mm × 5.3 mm. 

 

 
 

Fig. 1. Integrated OFC generator in SOI:  (a) device schematic, (b) photo of 

fabricated device, and (c) cross-section of push-pull MZM.  

TABLE I 

PARAMETERS OF THE PUSH-PULL EO MZMS IN SOI  

 

h1 220 𝑛𝑚 

h2 90 𝑛𝑚 

h3 2 𝜇𝑚 

W 500 𝑛𝑚 

WN++ 5.2 𝜇𝑚 
WN+ 0.81 𝜇𝑚 
WN 0.39 𝜇𝑚 

WP++ 28 𝜇𝑚 
WP+ 0.83 𝜇𝑚 
WP 0.37 𝜇𝑚 

 

III. EXPERIMENTS AND RESULTS 

A. Characterization of the MZMs 

    First, we characterize each MZM separately. Figure 2(a) 

shows the transmission spectra of MZM 1 and MZM 2 as a 

function of reverse (DC) bias voltage. The fiber-to-fiber loss 

(i.e., static loss in the absence of any applied RF signal) depends 

on operating wavelength and bias/heating voltages.  When 

measuring the loss of each MZM, we use a wavelength that 

matches with a peak in the corresponding spectral response 

without applied voltages.  MZM 1 has a fiber-to-fiber insertion 

loss (i.e., from VGC2 to VGC3) of 18 dB at a wavelength of 

1548 nm; this comprises 11 dB coupling loss, 4 dB loss from 

the MMI, and 3 dB loss from the MZM structure itself.  MZM 

2 also has a fiber-to-fiber insertion loss (i.e., from VGC4 to 

VGC1) of 18 dB, but at a wavelength of 1550 nm. The total 

fiber-to-fiber insertion loss of the cascaded MZMs (i.e., from 

VGC2 to VGC1) is 24 dB at a wavelength of 1550 nm.  When 

no bias voltage is applied, the extinction ratios at a wavelength 

of 1550 nm for MZM 1 and MZM 2 are 30 dB and 19.5 dB, 

respectively. By increasing the bias voltage, the difference in 

carrier concentration between the two arms of the MZM 

increases, which induces a higher optical loss imbalance and the 

degradation in extinction ratio. Both MZMs have a free spectral 

range of 4.4 nm, which corresponds to the designed path 

imbalance of 130 𝜇𝑚.  The half-wave voltages of both MZMs 

are 𝑉𝜋 = 10 𝑉 , indicating 𝑉𝜋𝐿 = 4.2 𝑉 − 𝑐𝑚 . The travelling-

wave MZM design results in a relatively high value of 𝑉𝜋; in 

order to reduce 𝑉𝜋, the doping length must be longer, which will 

increase the propagation loss and reduce bandwidth.  Figure 

2(b) shows the transmission spectrum of MZM 1 and MZM 2 

as a function of heating voltage (i.e., voltage applied to heater 

1 or heater 2). In this case, both MZMs attain a 𝜋 shift for a 

heating voltage of 2.5 V.  Therefore, we can use the heating 

voltage and DC bias for coarse and fine phase tuning of the 

modulator operation.  

 

 
 

Fig. 2. Measured transmission spectra of MZM 1 and MZM 2 for various (a) 

reverse bias voltages and (b) heating voltages. 
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   Figure 3 shows the measured S parameters of both MZMs. 

For a reverse bias of 3 V, the 3 dB (6 dB) bandwidths of MZM 

1 and MZM 2 are 13.1 GHz (25 GHz) and 10.9 GHz (22.8 

GHz), respectively. Note that the 𝑆11 value is below -10 dB for 

frequencies up to 50 GHz, indicating good 50 Ω matching. 
 

 

Fig. 3. Measured S11 and S21 parameters of (a) MZM 1 and (b) MZM 2. 

(a)

(b) 

 

Fig. 4. (a) Schematic and (b) photo of experimental setup for on-chip OFC 

generation.  CWL: continuous wave laser, RF: radio frequency, DC: direct 

current, PM: power meter, EDFA: erbium-doped fiber amplifier, OSA: optical 

spectrum analyzer, DCA: digital communications analyzer.   

B. OFC generation 

Figures 4(a) and 4(b) show a schematic and photo of our 

experimental setup for on-chip OFC generation.  A CW laser at 

1550.02 nm with a power of 14.2 dBm is used as a seed carrier 

for MZM 1. By tuning the amplitude of the RF signal (RF 1), 

as well as the DC reverse bias and heater voltages of MZM 1, 

we can obtain two first-order sidebands with approximately the 

same power as the seed carrier while suppressing the higher-

order sidebands. These three spectral lines (which are separated 

by the frequency of RF 1) are then injected into MZM 2 (driven 

by a second RF signal, RF 2) as new seed carriers to generate 

additional first-order sidebands; the final result is a total of 9 

comb lines. In order to generate combs with equal frequency 

spacing, the frequency of RF 2 should be 1 3⁄  that of RF 1. 

Moreover, the two RF signals should be synchronized properly 

by tuning their phases (especially for optimizing the quality of 

the sinc-shaped Nyquist pulses). The OFC at the output of the 

chip is amplified using an EDFA and filtered using a tunable 

filter (Finisar Waveshaper) to suppress out-of-band amplified 

spontaneous emission noise. The spectra and temporal 

waveforms are measured using an optical spectrum analyzer 

(OSA) with a resolution of 10 pm and an optical sampling 

module connected to a digital sampling oscilloscope with an 

impulse response time of 6.8 ps.  The oscilloscope is operated 

in sample mode (no averaging) with a persistence time of 100 

ms. 

 

 

Fig. 5. OFC spectra at the output of the cascaded modulators (left) and 

corresponding temporal waveforms (right) for a comb spacing of (a) 5 GHz, (b) 

7.5 GHz, and (c) 10 GHz.  All temporal waveforms are obtained without 

averaging. The zero crossing pulse durations are 44.3 ps, 28.7 ps, and 25.2 ps, 

for (a), (b), and (c), respectively, and the corresponding FWHM pulse durations 

are 17.6 ps, 13.1 ps, and 11.4. 

Figure 5 shows the spectra and the corresponding temporal 

waveforms of the OFC. In the frequency domain, we can 

control the flatness of the combs by adjusting the RF power and 

tuning the heater voltages of the MZMs (in our experiments, we 

set the DC reverse bias voltages to 0 The range of the heater 

voltages used is between 2.8 V to 3.8 V. The power of the RF 

signals after amplification (i.e., RF amp 1 and RF amp 2) are ~ 

11 dBm and 14.5 dBm for RF 1 (higher frequencies) and RF 2 

(lower frequencies), respectively. Once the 9 comb lines are 

generated, the temporal waveforms are optimized further by 

tuning the phases of the RF signals. The spectra shown in Fig. 

5 are for comb spacings of 5 GHz, 7.5 GHz, and 10 GHz and 

are measured before the EDFA.  The corresponding powers at 

the output of the chip are -28.6 dBm, -26.8 dBm, and -28.5 dBm 

and the quasi-rectangular shaped combs have a flatness within 

3.8 dB, 4.7 dB, and 6.5 dB, and a sideband suppression of 12 

dB, 18 dB, and 16 dB.  Finally, the optical signal to out-of-band 

noise for the comb lines is ~ 40 dB; future work includes 

transmission system experiments so that we can assess the 

performance of our generated OFCs for Nyquist orthogonal 
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time-division multiplexed and WDM transmission. 

To obtain 3 comb lines with roughly equal power (e.g., from 

the first modulator), we need to suppress intentionally the 

power of the carrier to match that of the first-order sidebands.  

Since the 3 dB bandwidths of the two MZMs are in the range of 

10.9 GHz to 13.1 GHz, it is easier to obtain 3 comb lines with 

less power variation at lower frequencies; on the other hand, 

when we increase the operating frequency, e.g., to 10 GHz 

which requires on RF signal at 30 GHz), achieving flatness over 

the 9 comb lines requires higher RF power and greater variation 

in the heater voltages.  Each of the OFC spectra shown in Fig. 

5 was optimized separately and this optimization process 

created the differences in comb flatness. The need to suppress 

the power of the carrier contributes to a higher dynamic 

insertion loss (i.e., when an RF signal is applied to the 

modulators) of ~ 43 dB (compared to the static insertion loss of 

18 dB described earlier). 

 

 

Fig. 6. Waveform shaping:  spectra (left) and temporal waveforms (right) 

when the 3 central comb lines are removed using (a) fine tuning of the heater 

voltages and (b) a ‘notch’ filter.   

The measured temporal waveforms are in excellent 

agreement with ideal sinc-shaped Nyquist pulses (assuming a 

perfect rectangular shaped OFC) and the simulated pulses 

(using the measured amplitudes of the comb lines).  The sinc-

shaped Nyquist pulses have FWHM durations of 17.6 ps, 13.1 

ps, and 11.4 ps and the corresponding rms timing jitters are 1.2 

ps, 1.7 ps, and 1.1 ps (all timing jitter measurements were made 

using the digital sampling oscilloscope with a precision time 

base and a persistence time of 100 ms).  The RF synthesizers 

used in our experiments have rms timing jitters below 300 fs.  

The system (electrical and optical components such as RF 

amplifiers and EDFA) as well as operating parameters (e.g., 

synchronization of the applied RF signals to the two MZMs) 

contribute to an increase in the rms timing jitter of the output 

Nyquist pulses. The measured rms timing jitters are 

nevertheless representative of high-quality optical signals, 

including at 10 Gb/s.  Note that due to some phase mismatching 

between the two RF signals, there is a small difference in the 

sidelobes between the measured and simulated waveforms; we 

believe that we can minimize these sidelobes with further 

optimization of the RF phases.   

We can also ‘shape’ the comb and corresponding temporal 
waveform by tuning the heater voltages or using a tunable 

optical filter.  For example, in Fig. 6, we suppress the three 

middle comb lines by adjusting the heater voltages [6(a)] or 

using the Waveshaper to implement a notch-like filter [6(b)].  

The ability to tailor the comb shape finely allows for the 

generation of more complex waveforms such as optical pulse 

bursts, triangular pulses, etc. [6, 42, 43].  

IV. SUMMARY AND DISCUSSION 

    We have demonstrated on-chip generation of quasi-

rectangular OFCs using two cascaded push-pull traveling-wave 

EO MZMs in SOI.  We obtained OFCs with a comb spacing of 

up to 10 GHz (OFC bandwidth of 90 GHz); the flatness varies 

from 3.8 dB to 6.5 dB and the sideband suppression ranges from 

12 dB to 16 dB.  The corresponding temporal sinc-shaped 

Nyquist pulses have FWHM pulse durations as short as 11.4 ps 

and with rms timing jitters below 1.7 ps.  

 While OFCs generated using cascaded LiNbO3 modulators 

(e.g., [35]) can achieve greater comb flatness (within 0.2 dB), 

higher sideband suppression (27 dB), and lower timing jitter (< 

100 fs), our results demonstrate the potential for what can be 

obtained with on-chip comb generation and further 

improvements may be possible.  For example, we can increase 

the available output power (i.e., reducing the dynamic insertion 

loss) by using VGCs with lower coupling loss [44] as well as 

having a higher MZM bandwidth and/or reducing 𝑉𝜋 (both of 

these will reduce the amount of carrier suppression required to 

equalize the carrier and sideband power levels).  MZM 

bandwidths of 41 GHz have been demonstrated [39]; thus, it 

should be possible to obtain 9 comb lines with a spacing of 15 

GHz (corresponding to a total bandwidth of 135 GHz).  While 

careful design may reduce  𝑉𝜋 further, the typical values in SOI 

are larger compared to LiNbO3 and as such, it may be difficult 

to obtain more than 9 lines.  However, the integrated OFC 

generator can be used as a source for Nyquist orthogonal time-

division multiplexed transmission [35,45,46] or flexible WDM 

transmission where flexibility in terms of comb spacing and 

modulation format is more important than a larger number of 

comb lines [37]. 

 We believe that our on-chip OFC generator can be used as a 

building block for developing more advanced integrated 

subsystems for applications in optical communications, e.g., as 

an on-chip transmitter, and microwave photonics, e.g., 

microwave photonic filters and RF channelization. 
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