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Flat electro-optical frequency combs play an important role in a wide range of applications, such as metrology,
spectroscopy, or microwave photonics. As a key technology for the integration of optical circuits, silicon pho-
tonics could benefit from on-chip, tunable, flat frequency comb generators. In this article, two different
architectures based on silicon modulators are studied for this purpose. They rely on a time to frequency
conversion principle to shape the comb envelope. Using a numerical model of the silicon traveling-wave phase
modulators, their driving schemes are optimized before their performances are simulated and compared. A total
of nine lines could be obtained within a 2 dB flatness, with a line-spacing ranging from 0.1 to 7 GHz.
Since this tunability is a major asset of electro-optical frequency combs, the effect of segmenting the phase mod-
ulators is finally investigated, showing that the flat lines spacing could be extended up to 39 GHz by this

method. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.431282

1. INTRODUCTION

An optical frequency comb (O-FC) consists of a set of optical
lines, regularly spaced in the spectrum, and characterized by
their mutual coherence. They are an essential technology for
a wide range of applications [1], covering metrology [2—4],
telecommunications [5], spectroscopy [6,7], LIDAR [8], mi-
crowave photonics [9—11], convolution processing, and neuro-
morphic photonics [12,13]. Each of these domains has specific
requirements in the comb line spacing, bandwidth, power, and
overall tunability. For most applications, however, a frequency
comb with a flat top envelope is preferred or needed.

Comparing the different techniques employed to generate
O-FCs, electro-optical (EO) modulation appears as the most
adaptive, bringing the strong flexibility of electronic systems
to the optical frequency domain. One key aspect of EO-FCs
lies in their line-spacing tunability, achieved by tuning the fre-
quency of the applied electrical signal.

An important requirement is the EO-FC flatness, i.e., the
necessity to distribute equitably the power in the different
comb lines. Different strategies for achieving a flat EO fre-
quency comb can be found in the literature, classified into three
main categories [14]: (1) equalizing the lines of a nonflat
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EO-FC by adding harmonics to the driving signals [15-22]
or by passive spectral filtering [23,24]; (2) nonlinear flattening
of an EO-FC by formation of dispersive shock waves [25-27];
(3) wave-shaping of a phase modulated optical signal, usually in
a time-to-frequency (T'TF) conversion fashion [9,15,28-36].
The first strategy is the most straightforward but involving
higher harmonics in the driving signals complicates the elec-
tronics, and on-chip passive filtering elements strongly limit
the system tunability. The second strategy requires high input
power, specific materials, and waveguide geometries to allow
the nonlinear process as well as dispersive elements to tailor
the phase and waveform of the input pulses. Finally, the third
strategy is achieved with cascaded or parallel EO modulators,
without pre- or post-processing of the EO-FC.

In terms of photonics platform, silicon is a material of choice
for the integration of complex photonic circuits, capable of ad-
vanced functions and applications. Along with its compatibility
with CMOS manufacturing techniques, recent progress has
been made in its co-packaging with electronics [37] and in the
post-fabrication process for configurable circuits [38]. Large
bandwidth EO modulators have been demonstrated, thus pre-
senting a major advantage for tunable large bandwidth EO-FC
[39,40]. Furthermore, it has been shown that segmenting the
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modulators into multiple elements can be an efficient way to
further improve their bandwidths [41].

Several demonstrations of EO-FC generation have been ac-
complished with silicon ring modulators [18,24,42-44], phase
modulators (PMs) [23,45], Mach—Zehnder modulators
(MZMs) [19,39,46], and cascaded MZMs or ring modulators
[16,17,22,43]. Yet, all attempts to obtain flact EO-FCs in this
platform have relied on spectral filtering or driving harmonics
methods. The wave-shaping of a phase-modulated optical sig-
nal with silicon modulators is investigated in detail in this work.
As a main advantage, with this technique, it is possible to ob-
tain a tunable flat EO-FC on a chip using a single modulation
frequency and a single laser with low optical power.

Different structures are analyzed and compared in terms of
tunability and bandwidth. These structures are based either on
a dual-drive MZM or on the cascade of a PM with a push—pull
MZM. First, the different structures for EO-FC generation as
well as the figures of merits are introduced. Then, the numeri-
cal model for the plasma-dispersion-based silicon high-speed
modulator is detailed. Next, a guideline for choosing the system
input parameters, to optimize the comb flatness at any modu-
lation frequency, is proposed. Finally, the last part provides a
comparison between the structure performances and shows
how segmenting the phase modulators can enhance the comb
tunability.

2. TTF CONVERSION TECHNIQUE

Sinusoidal phase modulation of an optical continuous wave
(CW) generates new frequencies, and the distribution of the
power in the generated lines is given by the Bessel functions
of the first kind. Hence, the power differences in the different
generated lines along the spectrum are detrimental for most
applications of EO-FCs. Two different modulator architectures
have been designed to overcome this issue: the cascade of a PM
with a push—pull MZM (PM-MZM structure), and the dual-
drive MZM (DD-MZM structure). In the following section,
their operating principle is detailed, and the specific driving
conditions to achieve flat EO-FCs in each case are given.

A. PM-MZM Structure
By cascading an intensity modulator (push—pull MZM set in
quadrature) to a PM [Fig. 1(a)], it is possible to cancel the
phase-modulated signal at specific moments, such that the
spectral power fluctuations vanish. The principle is detailed in
Refs. [9,28]. While a CW beam undergoes quadratic phase
modulation, its instantaneous frequency evolves linearly with re-
spect to time. During that time interval, any waveform that is
carved onto the optical power will be imaged to the frequency
domain. Notably, a flat-top pulse waveform can be used to spread
the optical power homogeneously in the spectrum. If the process
is repeated over time at a rate f,,, such a waveform is imaged to
the envelope of a frequency comb with a line spacing [, .
More explicitly, let Epy(2) = Eqy exp{i[2avyt + m(2)]} be
the electric field of an optical beam with a frequency v, phase-
modulated by a radiofrequency (RF) signal m(z). When
m(t) = my cos(2xf,,t), where my is the phase modulation in-
dex and f,, the modulation frequency, the optical instantane-
ous frequency is
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Fig. 1. Schematic of (a) the PM-MZM and (b) the DD-MZM
structures. Under specific phase modulation indices and static optical
phase shifts, these structures produce tunable flat EO-FCs. (PM, phase
modulator.)

Vinst(t) =V - mOfm sin(anmt). (1)

Near t=+k/f, ,, where k is an integer, v, (?)~
vy -mgyf,,(t-*k/f,). Thus, if the optical transmission is set
to 1 near t = k/f,, and to 0 near r = (2k + 1)/(2f,,), or
inversely, the optical power gets evenly distributed in the spec-
trum around v, and a flat EO-FC is obtained. Usually, this
on—off-keying modulation (or flat top pulse generation) is per-
formed by using a push—pull MZM, cascaded to the PM. By
applying opposite electrical signals on both MZM arms, ensur-
ing that the phase of the electromagnetic field after propagation
on one arm can be written as (7/4) cos(2z f,,z), while it is
—(n/4) cos(2zf ) on the second arm, and applying a static
optical phase-shift £7/2 between both arms, the optical power
transmission is expressed as

T(t) = %{1 =+ sin B cos(2ﬂfmt)} } (2

This expression is indeed the signature of a flat-top pulse
train, taking a value of 1 near r=+4/f,, and 0 near
t= (2k+1)/(2f,), or inversely.

B. DD-MZM Structure

The second structure for flat EO-FC generation relies on the
use of a DD-MZM. Using the asymptotic formalism of the
Bessel functions, it was found in Ref. [47] that, under specific
imbalance driving and biasing of a DD-MZM [Fig. 1(b)], the
combs produced by each PM would combine into a flat
EO-FC.

Let the phase of the electric field be m(#) + Am(z) at the
output of the first arm and m(z) - Am(z) at the output of the
second arm, where Am(z) = Amy cos(2zf ), while static
optical phase-shifts A and -A# are applied to the first and
second arm, respectively. The electric field at the output of the
structure can be written as £(z) = E, exp{i[2avyt + m(r)]}x
cos{Am(t) + AB}.
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Reference [47] reveals that the condition to obtain a flat
comb is Amy £ A@ = /2. Under this condition, the instan-
taneous frequency of the output field can be expressed as

Vine(£) = vo = my f, sinQ2zf 1), 3

and the transmission is
1
T(t) = 5{1 - cos[2Amy cos(2n f,,t) £ 2Amp]}.  (4)

We see that the flat comb condition forces the transmission
to be null when r=4/f,, while the transmission is
[1 - cos(4Amy)]/2, when t = (2k+ 1)/(2f,,), or inversely.
The authors in Ref. [47] also pointed out that the conversion
efficiency is maximized for Amy = /4. Under this condition,
the transmission simplifies to

T(t) = %{1 =+ sin B cos(27rfmt)} } (5)

We see here that the power and instantaneous frequency of the
output signal share the same expression as for the PM-MZM
structure, showing that both architectures actually perform the
same operation.

To properly characterize flat EO-FCs, a common definition
for the flatness is the maximum power ratio between /Vadjacent
comb lines, in dB, noted as 8y [33]. It is interesting to note
that, with both structures, for large values of 7z, the generated
EO-FC bandwidth scales proportionally to 2m, f,, [14,47,48].
It corresponds to the range covered by the instantaneous fre-
quency, and the number of lines in a given bandwidth is there-
fore proportional to 27,. We also define the mean conversion
efficiency 17,y as the ratio of N lines mean power with respect to
the input CW power.

3. SILICON MODULATORS

In this section, a model of a silicon plasma dispersion-based PM
is introduced and compared with experimental results. This
model will be used in the following to investigate the perfor-
mances of the EO-FC generators.

A. Static Effects

The PM consists in a silicon waveguide, doped to form a
PN junction (Fig. 2). The waveguide width is 400 nm and
its height is 300 nm. It is doped with a 225 nm wide P
region (targeted doping concentration: 4.5 x 10!7 cm™) and
a 175 nm wide N region (targeted doping concentration:
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5.3 x 10" cm™). The 50 nm thick slab part has a higher
doping concentration of 1.25 x 10'® cm™ starting from the
waveguide edges. Finally, a 2.6 x 10! cm™ concentration
was used, starting at 300 nm from the waveguide edge, closer
to the travelling wave electrodes (TWEs), to reduce the access
resistance. Under the application of a reverse bias voltage, the
change in free carrier density and its overlap with the optical
mode are responsible for a nonlinear variation of the effective
index and for a change in the optical propagation losses. For
given doping concentrations and waveguide geometry, this ef-
fect can be evaluated numerically using an electrical charge den-
sity solver, an optical mode solver, and Soref empirical
relationships [49]. As mentioned in Section 2, to achieve an
EO-FC with a large number of lines, a large modulation index
is required. For a given modulator geometry, the modulation
index depends only on the phase modulator length and the ap-
plied voltage. Thus, a high driving voltage is usually used. If not
limited by the electronics, the maximum voltage that could be
applied to the junction would be ultimately limited by the di-
ode breakdown and forward bias thresholds. The effective in-
dex modulation and corresponding losses considered in the
following modeling are reported in Fig. 3. These curves come
from electro-optical simulation and have been successfully
compared with the experimental characterization of silicon
PM fabricated on the STMicroelectronics 300 mm SOI tech-
nological platform [50]. Figure 3 is also used for comparison in
the case of an ideal linear and lossless phase modulator. In the
following, an applied reverse voltage tuned from 0 to 14 V will
be considered.

B. Dynamic Effects

The modulation length is a critical parameter for the modula-
tion index. However, a long phase modulator (>a few milli-
meters) can suffer from EO-bandwidth limitations, which
have to be modeled properly to evaluate the EO-FC generator
properties. TWEs are usually employed as electrical access for
long PMs at high frequencies (Fig. 2). Several phenomena oc-
cur by this scheme and are responsible for a limitation in the
modulators’ EO bandwidth [51,52]. The impedance mismatch
among the driver, TWEs, and line termination causes fre-
quency-dependent reflections of the RF signal. The RF wave
also gets attenuated along its propagation, increasingly with
the frequency, due to ohmic dissipation in the doped regions
of silicon and skin effect in TWEs. The mismatch between
the optical and the electrical velocities causes the effective

400 nm
—

[ |SiO2
D Metal

[]P-doped si

N-doped Si

Fig. 2. Schematic cross section of the phase modulator. A PN junction is created in the waveguide to leverage the free-carrier plasma dispersion
effect in the depletion regime. Higher doping concentration is used near the metallic contacts in order to reduce the access resistance. The electrical

signal travels through metallic travelling wave electrodes (TWEs).
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Fig. 3. Variation of the effective index and propagation loss in a

silicon waveguide (blue), as a function of the applied reverse voltage,
compared with a linear lossless modulator example (red).

modulation to be reduced at high frequencies. Finally, the PN
junction, under reverse bias, is equivalent to an electrical RC
low-pass filter.

In the present numerical model, TWEs are taken into ac-
count as RF propagation lines, loaded by the PN junction, over
which the electrical signal is guided in copropagation with the
optical wave. For a given frequency, an electrical wave is simu-
lated, taking account of its frequency-dependent complex
propagation constant as well as reflection coefficients at the
TWE input and output interfaces. An effective voltage applied
to the PN junction is then calculated by integrating multiple
reflections of the electrical wave, over the modulator length,
and considering the optical group velocity and RF phase veloc-
ity mismatch. Finally, the RC filter transfer function is applied
to the effective voltage. Employing the static model of silicon
PMs, the voltage can then be converted to corresponding op-
tical phase and intensity modulations over time. Figure 4 shows
the simulated EO transfer function that is obtained for PMs of
different length, embedded in one arm of a Mach—Zehnder
interferometer, for a modulation frequency ranging from 0.1
to 20 GHz. The 3 dB bandwidth of a 10 mm long PM is
12.5 GHz, while it is above 20 GHz for a 2 mm long PM,

EO transfer function (dB)

-10 f|——10 mm PM
—2mmPM
-12 . . .
0 5 10 15 20
Frequency (GHz)

Fig. 4. Normalized simulated EO transfer function of a 10 mm
(blue) and a 2 mm (red) traveling wave silicon PM, respectively, em-
bedded in one of the arms of a Mach—Zehnder interferometer.

showing here a limitation that is mainly due to the EO veloc-
ities mismatch.

C. Experimental Validation

After an experimental characterization of an isolated 5 mm long
silicon PM, the TWE properties are extracted, and all the afore-
mentioned dynamic effects are implemented. To validate the
numerical model, a frequency comb is simulated, considering
both the dynamic and static effects. It is then compared with
a frequency comb generated experimentally and measured by
a heterodyne detection method described in Ref. [46]. Each
comb line beats with the input laser, with an acousto-optically
shifted frequency, and the beat notes are measured with a
40 GHz electrical spectrum analyzer (ESA). This technique
provides a good signal-to-noise ratio and overcomes the reso-
lution limitation of common optical spectrum analyzers.
Furthermore, the beat notes” power is proportional to the op-
tical comb lines power. They can then be measured while scan-
ning the modulation frequency and compared with the results
from the numerical model (Fig. 5). Experimentally measured
beat notes are depicted with different colors for different comb
line orders, while the black curves correspond to the simulated
beat notes. At a given frequency, the different line levels essen-
tially depend on the modulation strength and nonlinearities.
As the modulation frequency increases, the power of each side-
band line decreases, due to the dynamic limitations of the PM.
At high frequency, the effective modulation index is reduced,
and the generated lines become less powerful. It can be noted
that the Nth order EO-FC lines produce beat notes at around
N x f,,where f is the modulation frequency or line spacing,
and can only be detected up to f,, ~40/N GHz because of
the bandwidth of the ESA. Furthermore, the measured electri-
cal driving power was imported to the numerical model, which
explains the power fluctuations in the simulated curves. Finally,
the agreement between the simulated and measured beat note
levels proves the accuracy of the static response model, while
their evolution with increasing modulation frequency validates
the dynamical response model.

'20 T T T T T T

Carrier

18t order |

Beat notes power (dBm)

‘ 4" order
5 10 15 20 25 30 35
Modulation frequency (GHz)

Fig. 5. Beat notes of an EO-FC generated with an isolated 5 mm Si
PM in heterodyne detection. The experimental measurements are the
colored curves, where different colors correspond to different comb
line orders, while the simulated beat notes are in black.
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D. Silicon PMs for Flat EO-FC Generation
First, it is possible to discuss qualitatively how the nonlinear
static response of silicon PMs (i.e., the nonlinear effective index
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Fig. 6. (a) 1 GHz, 14Vypp sinusoidal driving voltage over time.
(b) The simulated optical instantaneous frequency offset and power
transmission of a 1 cm silicon PM under the application of this voltage.
The time intervals near t = &/ f, are highlighted in yellow, while the
time intervals near # = (2k + 1) /(2f,,) are highlighted in green. The
corresponding EO-FC is depicted in (c) for silicon PM, while (d) rep-
resents the obtained EO-FC when a linear lossless PM is used, with the
same phase modulation index.
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variation with the applied voltage) affects the generated
EO-FCs.

Figure 6(a) shows a 1 GHz sinusoidal voltage applied to a
1 cm long silicon PM, covering the full breakdown-to-forward
bias range (14Vpp). The corresponding instantaneous fre-
quency offset and power transmission of the optical signal
are simulated and depicted in Fig. 6(b), over time. Because
of the nonlinear response of the refractive index to the applied
voltage, the resulting phase and instantaneous frequency are
not following a sine wave dependency as in the equations
shown in Section 2. Instead, the instantaneous frequency alter-
nates between a strong slope and a soft slope, when the voltage
passes through 0 and -14 V, respectively. Interestingly, the
change in attenuation creates an intensity modulation, which
tends to block the transmission when the voltage passes
through 0 V. This results in a spontancously flatter EO-FC
with Si PM than with a pure phase modulation. As a matter
of comparison, the EO-FC simulated with the silicon PM
model is depicted in Fig. 6(c), while the EO-FC obtained with
a linear lossless PM is reported in Fig. 6(d), for the same modu-
lation index. This effect was also simulated for a silicon capaci-
tive PM, in Ref. [23]. However, the obtained comb is not flat
yet, and an additional intensity modulation is required.

In Section 2, we introduced two structures for the genera-
tion of a flat EO-FC, but the study relied on linear and lossless
PMs. When implementing such structures with silicon PMs,
their behavior would deviate as a consequence of the
plasma-dispersion-induced nonlinearities. By referring to
Fig. 6(a), it can be seen that choosing to maximize the trans-
mission near t = (2k + 1)/(2f,,) (green areas) would degrade
the comb flatness because the instantaneous frequency in these
intervals is not linear over time, and the loss modulation would
create a dip in the flac-top pulses. It is thus preferred to
maximize the transmission around z = £/ f,.

Indeed, finding the best operating points and driving volt-
ages for silicon PM-MZM and DD-MZM structures is not
straightforward, as compared with the case of linear lossless
PMs, and a strategy is required to evaluate the best structure
parameters for flat EO-FC generation.

4. FLAT FREQUENCY COMB OPTIMIZATION

In this section, a strategy to find the best operating point and
driving voltage of the MZM for tunable flat EO-FC generation
with both structures is given, involving the previously presented
numerical model to assess the comb properties. The principle of
the optimization algorithm breaks in two parts. The first part
aims at flattening a comb within a 6,y = 2 dB flatness window
at a given modulation frequency, by increasing step by step the
number of lines (/V) in that window, until a maximum number
is reached. The second part then tracks the flat comb condition
as the modulation frequency increases, trying to maintain the
optimal number of flat lines as far as possible.

This requires first to identify what parameters will be varied
to tune the comb shape, and the ones that will be fixed by de-
sign. First, all the diodes are biased with a 7 V DC reverse volt-
age, to which the RF component is added. To maximize the
number of EO-FC lines, the modulation length and RF voltage
applied to the phase shifters should be maximized. For the DD-
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Fig. 7. Silicon (a) DD-MZM and (b) PM-MZM simulation param-
eters are the driving voltage A and the static optical phase shift Af.

MZM structure, the consequence is that each arm contains a
1 cm long phase shifter; the first arm is driven by a 14Vpp
voltage, corresponding to a phase modulation index of 2.5z
at low frequency. The RF voltage applied to the second arm
has a peak-to-peak amplitude A, and the static optical phase
difference between both arms is Aé [Fig. 7(a)]. Both A and
A@ are subject to optimization. For the PM-MZM structure,
a 14Vpp voltage is applied to a 1 cm long PM, while the RF
peak-to-peak amplitudes A/2 and the static optical phase dif-
ference A of a 5 mm long push—pull MZM are subject to
optimization [Fig. 7(b)].

Generated EO-FC are then simulated and the N-lines flat-
ness 0y is calculated for any given couple (4; Af). A gradient
descent algorithm is used to find the optimum flatness at a
given modulation frequency f,, and for a given line number /V.
A master algorithm then calls the gradient algorithm repeatedly
to find the best couples, to obtain the widest flat combs, for a
modulation frequency ranging from 0.1 to 15 GHz.

The master algorithm is explained in the following: first, 16
initial couples are defined, with four values for A, evenly
distributed between 0 and 14Vpp, and four values for A6,

5 10 15
(a) Modulation frequency (GHz)
14f ' : 2n
> in
<
0 g : 0
5 10 15
(b) Modulation frequency (GHz)

A0 (rad)

A0 (rad)

evenly distributed between 0 and 2z, while N =3 and
f,» = 0.1 GHz. After the gradient algorithm is fed with these
couples, 16 local minimums are obtained for 8. If there exists
one minimum below 2 dB, the number of considered comb
lines is increased by two (V= 5), and each local minimum
couple is fed again to the gradient algorithm. The process is
looped until no local minimum is found under 2 dB; then,
the global minimum &, and its corresponding parameter com-
bination (A4; A@) are stored. This combination is valid for
f,» = 0.1 GHz; as the modulation frequency increases, how-
ever, the effective modulation index will decrease due to the
PM bandwidth limitations detailed in Section 2, and the
plasma-dispersion nonlinearities will affect the comb envelope
in a nontrivial way. As a result, the corresponding optimum
driving conditions may drift. Therefore, another loop tracks
the global minimum while increasing the modulation fre-
quency, by feeding its (A4; A6) combination to the gradient al-
gorithm at each frequency step. Again, once 5 exceeds 2 dB, a
new global minimum has to be found with a lower /V, and the
first loop is called back to do so. If the optimum A goes beyond
the 14 Vpp range, exceeding the breakdown/forward thresholds,
the dy global minimum is changed to the next best local
minimum, to remain in the depletion regime. Finally, optimal
voltages and phase shifts are obtained for the whole fre-
quency range.

5. RESULTS AND BANDWIDTH SCALING

Figure 8 shows the obtained A and A@ for the DD-MZM
and for the PM-MZM structures. The corresponding comb
flatness dy is plotted in Fig. 8(c). Figure 8(d) represents the
mean conversion efficiency 77, It is defined as the optical power
ratio P,/ Py between a generated line and the input power,
averaged for all the lines within the 2 dB flatness window.
The jumps in the curves correspond to changes in global
minimum due to a downgrade of considered flat lines number
N or to the applied voltage in the breakdown-to-forward
bias range.

Figure 8(c) shows a 2 dB flatness can be achieved in the
whole frequency range with both structures. A mean conver-
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(c) Modulation frequency (GHz)
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Fig. 8. Optimum driving voltage peak-to-peak amplitude A (Vpp) and phase difference A@ (rad) for (a) the DD-MZM and (b) the PM-MZM

structures, against the modulation frequency. (c) Best V-line flatness for both structures, and corresponding flat-lines mean conversion efficiency

(d) against the modulation frequency.
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range with both structures.

sion efficiency between 17,y = -20 and -30 dB is obtained for a
number of lines going from NV = 3 to 13, depending on the
modulation frequency, up to 12 GHz [Fig. 8(d)]. It is interest-
ing to note that, despite a lower number of generated lines in
comparison with other platforms, a comparable mean conver-
sion efficiency is obtained [15,30,34].

In Fig. 9, the widest achievable EO-FCs at specific line spac-
ings of 2, 6, and 10 GHz are displayed for both structures,
exhibiting similar shapes. The best number of lines in a
2 dB flatness range is shown in Fig. 9(g), as a function of
the modulation frequency. A flat comb with at least nine lines
is obtained up to 7 GHz. The line-spacing tunability limitation
comes from the modulator’s bandwidth in both structures: a
1 cm long PM has a 12.5 GHz EO BW, as simulated in
Section 3 (Fig. 4). Because the PMs are long, the EO velocity
mismatch limits the induced modulation index and, thus, the
number of flat lines, as the modulation frequency increases. To
overcome this issue, one solution is to divide the PMs in multi-
ple sections, as shown in Fig. 10(a), and to feed each section
with a finely delayed replica of the driving signal. This tech-
nique reduces the influence from the velocity mismatch and
the electrical propagation loss limitations. To show the benefits
of segmenting the PMs, the optimal flat combs were simulated
for the DD-MZM structure, with its 1 cm PMs being seg-
mented into M elements of 1/M cm. For each configuration,
the applied voltage and phase shifts were optimized using the
algorithm detailed in Section 4. The resulting line number
within the 2 dB criterion is plotted in Fig. 10(b) for M going
from 1 to 5, showing a strong improvement in terms of line
spacing tunability, with segmented PMs. By splitting the
1 cm PM into five elements of 2 mm, a flat EO-FC with at
least nine lines can be obtained with up to 39 GHz line spacing,
competing with the current widest flat EO-FCs in the silicon
platform [16,17,45].

6. CONCLUSION

Silicon modulators are a technology of choice for the integra-
tion of photonics circuits. In this article, their suitability for
flac EO-FC generation was investigated. After detailing the

M segments

0 10 20 30 40
Modulation frequency (GHz)
(b)
Fig. 10. (a) DD-MZM with segmented PMs. Each arm contains M/
segments of 1/M cm (here M = 3). (b) Achievable number of comb
lines in a 2 dB flatness for a DD-MZM with M segments of 1/M cm in
each arm, for M going from 1 to 5.

operation principle of a PM-MZM and a DD-MZM structures
for this purpose, a numerical model of a silicon traveling wave
PM was presented and used to evaluate the performance of sil-
icon PMs for EO-FC generation. An algorithm was imple-
mented to optimize the driving electrical power and static
optical phase shifts in both structures. As a result, it was found
that a flat EO-FC containing nine lines can be generated, with a
line spacing being freely tunable from 0.1 to 7 GHz with both
structures. It was also shown that, by segmenting the PMs, the
tunability of a silicon-modulator-based EO-FC can be strongly
improved. With five segments of 2 mm long PMs in each arm
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of a DD-MZM, the simulation shows that a flat EO-FC with
nine lines can be tuned up to a 39 GHz line spacing. These
performances could be beneficial for on-chip dual-comb or
RF photonics applications, where the line-spacing tunability
can be advantageous.
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