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Abstract—For next-era optical interconnects in data centers,
development of compact, energy-efficient, low-cost, and
high-speed optical transceivers are required, for which
high-performance external modulators in silicon photonics will be
key components. We present a silicon photonic crystal waveguide
slow light Mach-Zehnder modulator suitable for this purpose.
The enhancement in the modulation efficiency via the slow light
effect reduces the halfwave voltage-length product ViL,
maintaining a wide working spectrum over 15 nm. The frequency
response of the slow light modulator is constricted by an
electrooptic phase mismatch between slow light and RF signals. In
this study, this was dramatically improved by matching the phase
using meanderline electrodes that delay RF signals. The cutoff
frequency was experimentally evaluated to be 32-38 GHz. Using
this device, we demonstrated high-speed modulation, including
64-Gbps on-off keying, 100-Gbps pulse amplitude modulation,
and 50-Gbps/ch wavelength division multiplexing in 170-200-pm-
long devices.

Index Terms—Si photonics, modulator, slow light, photonic
crystal, wavelength-division multiplexing (WDM)

I. INTRODUCTION

ata centers have become the main point of infrastructure

for information and communication technology (ICT)
services, for example, cloud storage, social networking, and
video streaming. However, the growth of data centers has led to
increasing load on three key resources. The first one is the
increasing power consumption, where each data center can
consume several megawatts [1]. The second one is increasing
data traffic; Cisco estimated global data centers to reach 19.5
Zbytes/year by the end of 2021, while only 6.0 Zbytes/year in
2016 [2]. The third one is the physical upscaling of data centers,
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with the need for “hyperscale datacenters” to support heavy
amounts of data traffic. Optical interconnects that eliminate
energy loss and limited bandwidth problems of metal wiring
have become commonly used this decade, with their potential
for high capacity at low-cost well investigated.

A 400G Ethernet standard for optical interconnects was
approved as IEEE 802.3bs in 2017 [3]. In this standard, the
bitrate per channel (symbol rate/lane x bits per symbol) reaches
as high as 100 Gbps. In addition, long-reach standards over 2
km are anticipated to be frequently in use due to data center
upscaling. Such high speeds and long distances are considered
to require low-dispersion single-mode fibers and external
electrooptic (EO) modulators as alternatives to current
multimode fibers and direct modulation of vertical cavity
surface emission lasers. Therefore, high-speed and low power
consumption external modulators will be key components.
Furthermore, the multi-source agreement (MSA) group
standardized the form factor of pluggable transceiver modules
for equipment [4]. The form factor of 400G lambda MSA can
have a module area per lane of less 225 mm?, and is estimated
to become smaller in future standards as the optical transceivers
shift to mid-board and on-board optics from the current
pluggable modules, due to denser connection and shorter
electrical transmission lines. Therefore, external modulators
also require smaller footprints, not only to reduce power
consumption (which is almost proportional to device length),
but also to improve the degree of freedom in layout. In addition,
feasibility for low-cost mass production is needed to supply
increasing demand. Silicon (Si) photonics provides an
attractive platform for such next-era optical interconnects
because of the capability for dense photonic integration and
low-cost mass production.

Si external modulators under current development, based on
carrier plasma dispersion (CPD), are classified into microring
modulators (MRMs) [5-8] and Mach-Zehnder modulators
(MZMs) [9-15]. MRMs which exploit optical resonance are
very compact; the radius of the microring is usually < 10 pm
and consumes a low bit energy of order 10 fJ. However,
because the working spectrum is as narrow as several tens of
picometers, MRMs need a precise temperature controller for
stable operation [8], leading to increased total power
consumption and implementation cost. In contrast, MZMs
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Fig. 1 (a) Schematic of Si PCW MZM. (b) Principle of slow light enhancement.

operate stably over a wide spectrum, and high speeds have been
demonstrated; 90-Gbps on-off keying (OOK) and 128-Gbps
pulse amplitude modulation (PAM) in a substrate-removed Si
modulator were reported recently with a halfwave
voltage-length product VzL of 1.4 V-cm [15]. As understood
from this value of VxL, Si MZMs still need several millimeter
phase shifters for operation under complementary-metal-oxide-
semiconductor (CMOS) compatible voltage. Recently, hybrid
modulators on Si, for instance, Si-organic [16] and ITI-V/Si [17]
were studied for a reduction in VzL. While hybrid integration
showed the potential for VzL < 0.1 V-cm owing to its superb
material properties, we can assume a long developing period
will be necessary to establish cost-effective fabrication and
verify reliability. Therefore, a pure CMOS-compatible Si
compact modulator with a wide working spectrum is desirable
for the next working standard.

We have studied Si photonic crystal waveguide (PCW)
MZMs [18-21], illustrated in Fig. 1(a); the PCW generates
slow light, which enhances the modulation efficiency in a short
L of several hundred microns, maintaining a sufficient working
spectrum. In this paper, after outlining the fundamental concept
and fabrication process of this device, we present the latest
results, i.e., an improved frequency response, 64-Gbps OOK
and 100-Gbps PAM modulations, and 50-Gbps/ch in a
wavelength division multiplexing (WDM) circuit.

II. PHOTONIC CRYSTAL MODULATOR
Slow light in the PCW has a small group velocity v, and

correspondingly large group index ng. The CPD-induced phase
shift A in a phase shifter of the Si PCW MZM is expressed as

Meq doy,

Ab= AL =k Xaep ¢ 1
¢_ - ong n Q b C_y— ()

eq o, dng

where Ak is the shift of the wavenumber, k& is the wavenumber
in vacuum, 7nq is the modal equivalent index, Angq is the change
of n¢q by the modulation, and oy is the angular frequency of
light. Eq. (1) shows that A¢ is proportional to 7., and this effect
is further explained in Fig. 1(b). Aneq shifts the photonic band
and thus changes £ at op. In the fast-light regime with a low g,
the gradient of the photonic band dw/dk is large, resulting in a
small Ak. In the slow light regime with a large ng, the gradient is
small, resulting in a large Ak. This large Ak allows for a short L
and corresponding small footprint and low power consumption
for the same Aneq. We experimentally observed the slow light
enhancement in proportion to ng with an estimated VzL of 0.18
V-cm for ng = 57 [20]. The typical length L we employed was
200 pm.

Furthermore, photonic band engineering via structural tuning
allows the band to become straight so that group velocity
dispersion is suppressed. Our group reported low-dispersion
(LD) slow light with n, = 20 and bandwidth AL = 16 nm
generated in a third-row lattice-shifted PCWs (LSPCWs) [22,
23]. By using this structure, the wavelength range was
confirmed in the modulator [20] with a wide temperature
tolerance of 19°C—124°C also demonstrated [18].

III. EO PHASE MATCHING

Previously, the bitrate of the PCW MZM was limited to up to
32 Gbps, although the RC time constant of the phase shifter was
improved by optimizing the p-n doping [19]; the EO phase
mismatch affected the frequency response [20, 21]. Because of
the high ng > 20 of slow light, the PCW MZM behaves as a
traveling-wave modulator [20-23] even for L < 200 pm, and
therefore the large difference in n, between slow light and ~4
for RF signals causes EO phase mismatch and degrades the
frequency response. To solve this problem, we introduced
meanderline electrodes at the center of the phase shifters, as
shown in Fig. 2, which delay the RF signals in the length L4 and
compensate for the phase mismatch. In the first half section of
the phase shifter, the slow light and RF signals copropagate
while displacement increases gradually, as shown in Fig. 2(a).
In the second half, the RF signal copropagates with slow light
after a delay, as shown in Fig. 2(b). A similar EO phase
matching scheme was reported for a III-V compound
semiconductor MZM [26]. In comparison to this, our slow light
MZM requires a much longer Lq of around 1 mm.

IV. DESIGN, FABRICATION, AND OPERATION

Fig. 3(a) shows a device fabricated by a CMOS process
using a KrF excimer laser at A = 248 nm for stepper exposure
on 200-mm-diameter silicon-on-insulator (SOI). With this
matured process, the yield of the device described below was
almost 100%, although the operating wavelength had a
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Fig. 2 EO phase matching via meanderline electrode. Copropagating slow light
and RF signals in (a) the first half section of the phase shifter, and (b) the
second section.

nonuniformity of £0.2% over the wafer, which corresponds to
wavelength shifts of +3 nm at the telecom wavelengths. The
nonuniformity between wafers in the same lot was comparable,
but that at different lots was as large as 1%. It might be caused
by the fluctuations in the diameter of holes of the PCW and in
the thickness of the Si slab, which should be suppressed in
future studies. In the following, we describe the wafers of two
different lots: Lot #1 with Si slab thicknesses # = 210 nm and
Lot #2 with #5; = 205 nm. The devices in Lot #1 and #2 were
used in the experiments in Section V-VII and Section VIII,
respectively. For the stepper exposure, phase shift masks were
particularly used for the Si and photonic crystal layers to
enhance the resolution to < 130 nm. The Si PCWs consisted of
a line defect in triangular-lattice arrays of holes with lattice
constant a and diameter 27 buried in the SiO; cladding, as
shown in the insets of Fig. 3(a). We set L =200 um, a =400 nm
and 2r=190 nm in Lot #1 and L = 170 um, a = 404 and 407 nm,
and 27 = 224 nm in Lot #2. Note that these L included 32-um
undoped interval region between the first and second half
sections. Therefore, the effective phase shifter length was 168
um and 138 um for the devices in Lot #1 and #2, respectively.
In this study, we omitted third-raw lattice shifts to obtain a
gradually increasing n, with increase in A. The linear p-n
junction with an accepter concentration Na = 1.05 x 10'® cm™3
and donor concentration Np = 6.2 x 10'7 cm= was incorporated
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Fig. 3 (a) Fabricated meanderline device with Ly = 1168 um. Insets show a
magnified view and schematic of PCW. (b) Optical transmission and #n, spectra
measured for a device in Lot #1. (¢) Normalized optical transmission for
heating power when Ve was changed. (d) A¢ for —Vpc.

in the PCW phase shifters. Each width of the p- and n-doped
regions was 2 um. The heavily p- and n-doped regions of Na* =
Np"=1.9 x 10" cm™ were prepared outside of the p-n junction
for the ohmic contact, which was placed 4 um apart to avoid
strong free-carrier absorption (FCA). A coplanar waveguide
(CPW) structure was employed for the RF electrodes; the width
of the signal (S) electrodes sandwiched by ground (G)
electrodes was 10 um and the S-G gap was 7 um. The delay
length Ly was set at 0 (a normal electrode), 422, 804, 1186, and
1568 pm in Lot #1 and 370 um in Lot #2, which were
determined in the calculation based on a traveling-wave
modulator model [21]. The CPW electrodes were terminated by
TiN load resisters Ry = 20, 30, 45, 50, and 100 Q. The value of
Ry determines the RF reflectivity I't expressed as
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where Zj is the characteristic impedance of the phase shifter. I'L
takes a negative value when Ry < Z. In the calculation, we
estimated that a negative 't emphasizes the response at > 20
GHz and f34s reached 56 GHz at I't, = —0.5.

Transverse-electric polarized light from a tunable laser was
coupled in the device through a polarization maintaining fiber
(PMF) with a lens module and a spot size converter (SSC) on
the chip. Output light was extracted through another SSC and
PMF. Fig. 3(b) shows the optical transmission and 7, spectra
measured for =210 nm, L =200 um, @ =400 nm, 27 =190 nm,
Lg=1186 um, and R = 30 Q. The n, increased gradually with
increase in A; the device exhibited n, = 12 and 81 at A = 1535
nm and 1559 nm, respectively. The shortest A corresponds to a
cross point between the photonic band of the slow light mode
and SiO; light line, and the longest A corresponds to the band
edge of the mode. We changed n, by shifting A and set ng = 20,
30, and 40 at A = 1545, 1552, and 1556 nm, respectively. The
on-chip optical insertion loss was 6 dB at A = 1547.4 nm for n,
= 24; this loss was composed of (i) coupling losses between the
PCW and Si wire input/output waveguides of ~1.5 dB in total,
(i1) excess losses at the 1 x 2 multimode interference splitter
and combiner of < 0.5 dB in total, (iii) propagation loss in the
PCW of ~4 dB for ng = 24. This propagation loss was 1 dB
larger than a previously reported value for n, = 20 [20] because
of the slightly higher n,. The loss increased at shorter A because
the mode penetrated more deeply into the photonic crystal in
which the FCA absorption in heavy-doped regions increased.
The loss increased at longer A also due to the increased
scattering and FCA losses by the higher ng. The latter can be
suppressed by employing LSPCW which generates LD slow
light.

We measured the DC modulation characteristics of the PCW
phase shifters in another device sample of the same design. Fig.
3(c) shows the transmission as a function of the heating power
for TiN thermo-optic (TO) phase tuners, which were formed on
both left and right arms in the MZM, as shown in Fig. 3(a).
Here, we set ng = 20 and changed the bias voltage Vpc for the
phase shifters. The sinusoidal response was obtained for the
heating power and it was shifted by Vpc. From this shift, we
estimated A¢, as shown in Fig. 3(d); A =0.17n-0.18n at Vpc =
—4.5 V. Using this value and the effective phase shifter length
of 168 um, we evaluated V=L = 0.44 V-cm on average .

V. FREQUENCY RESPONSE

We measured the EO frequency response of the devices
using a vector network analyzer (Anritsu, 37269A). This is
shown in Fig. 4(a) for R = 50 Q2 and different Lq at Vpc=-2 V.
Longer Lq improved the response for both 7, = 20 and 40, but it
was clearest at ng = 40. Fig. 4(b) summarizes the estimated
cutoff frequency f3as. For ng = 20, f3a8 was 19 GHz for Ly =0
and improved to > 30 GHz for Ly = 1186 um. Even for n, =30
and 40, f3gs was improved to ~30 GHz. We also measured the
response for different R with Lg = 1186 pum; Fig. 5(a) shows
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Fig. 4 (a) Measured EO response of 50-Q terminated devices for Vpc = -2 V
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Fig. 5 (a) Measured Si; and EO response of meanderline devices for Vpc=-2V
and different Ry. (b) fsas of the EO response as a function of 1/ Ry.

the measured Si; (RF reflection) and EO response. The
open-terminated device exhibited S;; > —10 dB over the
measured frequency range. When the device was terminated by
Ry =50 Q, Si1 was reduced to <—14 dB. It increased again for
Ry =20 Q and 30 Q, indicating that Ry was less than Zp and I'L
was a negative value. The EO response with a load resistor was
much improved compared to the open device. In particular,
improvement was remarkable for Rp = 20 Q. Fig. 5(b)
summarizes f3qg as a function of 1/R.. The measured f3¢8 was in
rough agreement with the calculated curve. Therefore, the
calculation modeled the meanderline device well. The f3qg was
improved to 38 GHz for R. = 20 Q, which was capable of
high-speed operation beyond 40 Gbps.

VI. HIGH-SPEED OOK

We performed modulation at 50, 56, and 64 Gbps in the
meanderline device with Ly = 1186 pum and Ry =20 Q using the
measurement setup in Fig. 6. The non-return-to-zero (NRZ)
pseudo-random binary sequence (PRBS) signals were
generated using a 2:1 multiplexer (MUX, SHF 601 A),
frequency doubler (SHF 1428 A), and equalizer (EQ, SHF
EQ25A) added to a pulse pattern generator (PPG, Anritsu
MP1800A). Two-channel 25-, 28-, or 32-Gbps signals of



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5

—— Optical Fiber

DC Power Supplys —— Electrical Wiring

SZ')' @ Lens

Tunable Laser

DC Power Supplys

:':'_ E] Optical
Sampling
2ch Driver Ocilloscope
Amplifier

Clock in

Frequency
Doubler

Clock Out PPG (<32 Gbps)

Fig. 6 Measurement setup for 50-, 56-, 64-Gbps OOK modulation.

Datal

V=35V
50 Gbps

Vp=52-53V
50 Gbps

ER=3.0dB, ML=18dB

56 Gbps

ER=25dB, ML=1.9dB

64 Gbps }

ER=438dB, ML = 1;2 dB
Fig. 7 Eye patterns for the modulation at 50-, 56-, 64-Gbps in 20-Q terminated
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different bit lengths were sent from the PPG to the MUX with
clock signals at a frequency fux = 12.5, 14, or 16 GHz of the
PPG after the frequency doubled. Thus, 50-, 56-, or 64-Gbps
signals were generated. They were amplified by RF amplifiers
(SHF S804 B, f'< 60 GHz, or Alnair Labs DRV-400, /< 40
GHz), and the data and data-bar signals were applied to the
GSGSG celectrodes on the device to perform push-pull drive.
Modulated light was evaluated by an asynchronous sampling
oscilloscope (Alnair Labs, EYE-1000C) after passing through
an erbium-doped fiber amplifier (EDFA) and a tunable
bandpass filter (BPF).

Fig. 7 shows the observed eye patterns at Vpp, = 2.7, 3.5,
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Fig. 8 Measurement setup for PAM4 modulation.

5.2-5.3 V and Vpc = -3 V when the initial phase difference ¢o
between two arms of the MZM was set at n/2. At drive voltage
Vpp = 3.5V, the extinction ratio ER was observed to be 3.0, 2.5,
and 2.3 dB at 50, 56, and 64 Gbps, respectively. A clear open
eye was observed at 50 and 56 Gbps, although it became noisy
at 64 Gbps because of the unstable self-trigging of the used
oscilloscope. The excess optical loss under modulation,
referred to as ML here, was estimated to be 1.8, 1.9, and 2.0 dB
from the measured ER and ¢o = /2. When V;,, was increased to
5.2-5.3 V, we observed a clear open eye with a high ER of 5.7,
5.0,and 4.8 dB at 50, 56, and 64 Gbps, respectively. From these
eye patterns at 50, 56, and 64 Gbps, a bit error rate BER of 8.9 x
107%,4.7 x 1077, and 2.8 x 107> was estimated, respectively.

VII. PULSE AMPLITUDE MODULATION

We attempted to demonstrate 20-50-Gbaud PAMA4
modulation using the setup in Fig. 8. The PAM4 signals were
generated by a 3-bit digital-to-analog convertor (DAC), 128-
Gbps PPG (SHF 12103A, 56 Gbps/ch), and synthesized clock
generator (SHF 78122B). The DAC generated 20-50 Gbaud
PAM4 signals according to two-channel 20-50 Gbps PRBS
signals from the PPG; the signals were synchronized with the
clock generator. The PAM4 signals were applied to the device
after amplification to Vyp = 2.9 or 3.1 V (depending on the
symbol rate) using SHF S804 B with a high linearity. We used
the same device as that in Section VI; RL. =20 Q and Lq= 1186
pwm. Fig. 9(a) shows the PAM-4 eye patterns and their
amplitude histograms in the decision ranges for ng ~ 20, ¢o =
/2, and Vpc = -3 V. We defined the width of the decision
range as the one fourth of a symbol. The open eye patterns were
observed for symbol rates of up to 28 Gbaud. The pitch of the
four-level amplitudes was slightly unequal because of the
nonlinearity of the device. Although the eye pattern became
noisier with increase in the symbol rate, we barely observed the
opened eye even at 50 Gbaud, which corresponded to 100 Gbps.
We estimated the BER from the histograms fitted with four
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Fig. 9 (a) PAM4 eye patterns modulated by 20-Q terminated meanderline
device for ny =20, V,,=3.1 Vand Vpc=-3 V.

Gaussian curves, from which we obtained the number of
symbols and each overlapped area. Fig. 9(b) summarizes the
BER estimated for the symbol rate. The BER was below the
forward error correction limit of 3.8 x 1073 [27] up to 25 Gbaud,
but exceeded 1072 at higher symbol rates. In PAM-4 operation,
1.5-fold f3s is required from the symbol rate. In this study, the
frequency equalization was only applied to the measurement
system. Further improvement is expected by adding the
equalization of the device.

VIII. WAVELENGTH DIVISION MULTIPLEXING

We performed a WDM transmission experiment using two
meanderline PCW MZMs of R. = 45 Q and an optical MUX
device in another Si photonics chip. Here we used the devices
in Lot #2, where L = 170 um and L4 = 370 pum. The two
different aforementioned a were used for different operation
wavelengths. In general, a shorter L offers a higher f34s for the
same Ri. As shown in Fig. 4(b), the L = 200 um device
exhibited f3qg = 32 GHz for R = 50 Q. Therefore, the device in
this experiment having shorter L and smaller R, was expected
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Fig. 10 (a) Schematic of optical MUX consisting of asymmetric Mach-Zehnder
interferometers. (b) Top view of fabricated MUX. (c) Setup for WDM
transmission experiment using Si PCW modulators and MUX.

to show f34g higher than 32 GHz.
Figs. 10(a) and (b) show the schematic and an optical
micrograph of the eight-channel optical MUX. It consisted of a
three-stage tournament tree of 2 x 2 asymmetric Mach-Zehnder
interferometer (MZls), each having a TO phase tuner to
compensate for the initial phase offset and showing a sinusoidal
response with A. The single switch had a tuned waveguide of
225.7 pum length. The length of the reference waveguide was
different from the tuned waveguide’s by ALwmzi. The free
spectral range FSR is given as A%/ngALmzi. Assuming A = 1.55
pm and ng =4.5, ALmzi in the third stage switch was determined
to be 55.87 um, which corresponded to FSR = 10 nm. At the
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first and second stages, ALmzi were 13.97 um and 27.94 um, so
that the FiSR became 40 nm and 20 nm, respectively. Figs. 10(c)
shows the measurement setup, which was based on the scheme
in Fig. 6 but modified for the WDM experiment including the
MUX chip. We prepared two meanderline modulators with
different a to cover the four wavelength channels of ~15 nm
total width. These devices were driven by 50-Gbps NRZ PRBS
signals with V,, =5.3 V and Vpc =-3 V. The ¢ was set so that
the eye patterns were clearest. Light modulated by these
devices was multiplexed in the MUX device after passing
through EDFA and BPF to compensate for the coupling loss at
SSCs. The final output was observed using the same optical
sampling oscilloscope in Figs. 6 and 8.
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Fig. 12 Benchmarking of MZMs on SOI and the device in this study.

Fig. 11(a) shows the normalized transmission spectrum of
the eight-channel MUX after TO tuning. The transmission
spectra were evenly aligned, and the crosstalk was suppressed
to —20 dB. Fig. 11(b) shows the normalized transmission
spectra of the two meanderline modulators. These originally
had transmission bands of A = 1528-1539 nm and 1539-1549
nm. The bands were redshifted by 5 nm due to heating caused
by the relatively high RF power in the phase shifters and DC
power in the TO phase tuners. The former effect was not
intended, whereas the latter effect was intended to adjust the
wavelength to the four transmission wavelengths A1—A4 of the
MUX. Fig. 11(c) shows the observed 50-Gbps eye patterns at
these four wavelengths before and after the multiplexing. We
observed clear eye patterns for these channels even after the
multiplexing. We noted measured ER at each channel, which
was affected by the two-step EDFA amplification. Therefore,
this observation might exhibit worse performance than an ideal
situation where the modulators and MUX are integrated on the
same chip. The slight nonuniformity in the eye patterns might
also be caused by high dispersion of the PCW without lattice
shifts. This is solved by employing LSPCWs for the WDM
transmissions. Using LSPCWs, we can choose a higher 7, e.g.,
30, for more efficient modulation. This narrows the
transmission bandwidth to < 15 nm, but is not a drawback for
WDM transmission where the operation wavelengths are
strictly managed.

IX. CONCLUSION

We improved the frequency response of Si PCW MZMs via
EO phase matching using meanderline electrodes and
demonstrated high-speed modulation at 50-64 Gbps. The
fabricated meanderline devices exhibited figs > 30 GHz,
whereas the normal electrode device exhibited f3as of 19 GHz.
In particular, a maximum f34g of 38 GHz was obtained for the
20-Q terminated meanderline device. Using this, 50- and
56-Gbps open eyes were observed for V;,, =3.5 V, and 64-Gbps
for Vpp = 5.2 V. The Vj, values can be reduced, for example to
2.3 and 3.5 V, by employing ng = 30. In PAM-4 modulation, we
observed eye patterns at 20-50 Gbaud (40-100 Gbps); the eye
became noisy at 100 Gbps but barely open. In the WDM
experiment using an additional MUX chip, 50-Gbps/ch for four
channel transmission (potentially 200 Gbps in total) was
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demonstrated. The number of channels was limited to four due
to the PCW design used; using LSPCWs can increase it to eight,
allowing 400 Gbps transmission.

Fig.12 shows a benchmark of results from Si MZMs at
symbol rates equal to and beyond 50 Gbaud [9-13], hybrid
integrated MZMs [16, 17], and this study, where the upper left
shows higher performance. The Si MZMs data points range
from VrL = 1.6-3.2 V-cm (1.4-3.2 V-cm when the substrate-
removed Si MZM [15] is included) and operating symbol rate
of 50-70 Gbaud. In our previous study [19], the Si LSPCW
MZM with the wavy p-n junction showed 32 Gbaud operation
with VzL = 0.2 V-cm. The meanderline PCW MZMs with the
linear p-n junctions in this study showed VzL = 0.44 V-cm while
improving the symbol rate to up to 64 Gbaud. Therefore, the Si
PCW MZM recorded the highest performance among the
CMOS-compatible Si MZMs based on these criteria. The above
results demonstrate the feasibility of Si LSPCW MZM as a
compact, low-cost, high-speed modulator with a wide working
spectrum for use in 400 Gbps Ethernet and networks in the next
generation of standards.
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