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Development of a 64 Gbps Si Photonic Crystal Modulator

Yosuke HINAKURA†, Nonmember, Hiroyuki ARAI†, Fellow, and Toshihiko BABA†a), Member

SUMMARY A compact silicon photonic crystal waveguide (PCW)
slow-light modulator is presented. The proposed modulator is capable of
achieving a 64 Gbps bit-rate in a wide operating spectrum. The slow-light
enhances the modulation efficiency in proportion to its group index ng.
Two types of 200-μm-long PCW modulators are presented. These are low-
and high-dispersion devices, which are implemented using a complemen-
tary metal-oxide-insulator process. The lattice-shifted PCW achieved low-
dispersion slow-light and exhibited ng ≈ 20 with an operating spectrum
Δλ ≈ 20 nm, in which the fluctuation of the extinction ratio is ±0.5 dB.
The PCW device without the lattice shift exhibited high-dispersion, for
which a large or small value of ng can be set on demand by changing the
wavelength. It was found that for a large ng, the frequency response was
degraded due to the electro-optic phase mismatch between the RF signals
and slow-light even for such small-size modulators. Meander-line elec-
trodes, which bypass and delay the RF signals to compensate for the phase
mismatch, are proposed. A high cutoff frequency of 55 GHz was theoret-
ically predicted, whereas the experimentally measured value was 38 GHz.
A high-quality open eye pattern for a drive voltage of 1 V at 32 Gbps was
observed. The clear eye pattern was maintained for 50–64 Gbps, although
the drive voltage increased to 3.5–5.3 V. A preliminary operation of a 2-bits
pulse amplitude modulation up to 100 Gbps was also attempted.
key words: photonic crystal, optical modulator, silicon photonics

1. Introduction

In recent years, large scaling and capacity enlargement of
data centers have been progressing according to the growth
of cloud services. The optical interconnects and silicon
(Si) photonics complementary metal-oxide-semiconductor
(CMOS) processes along with silicon-on-insulator (SOI)
have become key technologies. IEEE802.3bs [1] defines
optical transceivers specifications for the 400 Gbps Ether-
net, such as 2 symbols × 50 Gbaud × 4 lanes, for a 500 m
range. Using direct modulation of vertical-cavity surface-
emitting lasers and transmission through multi-mode fibers
(which are the major technologies at present) to achieve
such high bit rates and distances will be a difficult task. On
the other hand, Si photonics transceivers with external mod-
ulators and single-mode fibers provide a more advantageous
solution.

Next, we focus on fast Si modulators. Optical intercon-
nects require compact size, low operating voltage and power
consumption, and low optical loss, as well as high-speed. In
general, the downsizing of the devices contributes to a free
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layout and power saving in Si photonics. However, when
Si is directly used as a phase-shifting material, its small
carrier plasma dispersion (which is the operation principle
of Si modulators) essentially results in a size and perfor-
mance constraint [2]; in standard Si rib-waveguide Mach-
Zehnder modulators (MZMs), a phase-shifter length L must
be as long as several millimeters to obtain a sufficient high-
speed phase shift using a CMOS-compatible drive voltage
of Vpp ≤ 2 V [3]–[10].

One approach to break this constraint is to use other
materials formed on SOI, such as III-V semiconductors [11],
[12], plasmonic materials [13], LiNbO3 [14], and electro-
optic (EO) polymers [15]. These materials are attractive be-
cause of their enhanced carrier plasma dispersion, enhanced
optical confinement, or purely linear response of the Pock-
els effect with no absorption loss. However, these materi-
als have the disadvantage of reduced CMOS compatibility
and reliability. Another approach is to load an optical reso-
nance structure in Si modulators. For example, a micro-ring
achieves a footprint of a < 10 μm radius [10], [16]–[18].
However, their operating spectrum of 0.1 nm order is too
narrow to be used in data centers without precise temper-
ature control. This problem has hampered their practical
use in optical interconnects. Another choice is a slow-light
structure that balances the size, operating spectrum, and per-
formance [19].

Slow-light with a small group velocity vg (or large
group index ng ≡ c/vg for the vacuum light velocity c) and a
desired operating spectrum Δλ enhances any linear and non-
linear light-matter interactions. It can be easily generated in
a photonic crystal waveguide (PCW) and has been applied in
Si MZMs phase shifters, as depicted in Fig. 1 (a) [19]–[22].
Here, the phase shift Δφ is expressed as

Δφ = k0ng
Δneq

neq
L, (1)

where k0 is the wavenumber in vacuum, and Δneq is the
equivalent modal index change induced by the material in-
dex change due to carrier plasma dispersion, for example.
The above equation shows that Δφ increases in proportion
to ng and that L can be reduced by a large ng for the desired
Δφ.

Our group has fabricated Si PCW MZM modulators
and observed their operation at bit rates of 10–32 Gbps.
In these studies, a phase shifter of length L = 200 μm
was employed. This length is one-tenth of a rib-waveguide
Si MZM’s with ng ≈ 4. Although the PCW is a kind
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Fig. 1 Si PCW MZM. (a) Schematic diagram. (b) Fabricated device.

of optical resonance structures, its operating spectrum Δλ
can be moderately widened by photonic band engineer-
ing. The typical values of ng and Δλ are 15–25 and 15–
20 nm, respectively, in a lattice-shifted PCW (LSPCW),
which is designed to exhibit low-dispersion slow-light [23].
The large Δλ allows wide temperature tolerance, and ather-
mal operation has actually been observed in the range 19–
124◦C. In addition to the on-off-keying modulation, ad-
vanced modulation schemes for wavelength division mul-
tiplexing (WDM) [24] and multi-bit transmission [25] have
also been demonstrated.

In this paper, the operational speed-up improvement in
Si PCW MZMs is specifically discussed. Since slow light
has an ng much larger than that of RF signals, the frequency
response is degraded by their phase mismatch, even though
the device is very small. The mismatch can be compen-
sated by employing an RF delay line called meander-line
and optimizing the electrical termination. In Sect. 2, a re-
view of the fabrication, transmission, and modulation char-
acteristics of the MZMs with the LSPCW or PCW without
lattice shifts is presented. These devices exhibit low- and
high-dispersion slow light and are suitable for obtaining a
wide operating spectrum. Also, ng can be set to the de-
sired value by changing the wavelength. In Sect. 3, the fre-
quency response, which is affected by the phase mismatch
(particularly for a large ng) and its compensation, is dis-
cussed. In Sect. 4, high-speed operation up to 64 Gbps, as
well as preliminary pulse amplitude modulation (PAM-4) up
to 100 Gbps, is demonstrated.

2. Fabrication, Transmission, and Modulation

2.1 Fabrication

The device was fabricated on a 200-mm-diameter SOI with
a Si slab thickness of 210 nm using a CMOS process with
KrF excimer laser lithography at λ=248 nm with phase shift
masks, as shown in Fig. 1 (b). The LSPCW/PCW consists
of a single line defect in a triangular lattice array of holes
buried by SiO2 cladding. The diameter 2r was designed
to be 190–220 nm, and the lattice constant a = 400 nm to
achieve operation at C band (λ=1530–1565 nm). The phase
shifters of L= 200 μm consist of the LSPCW or PCW with a
p-n junction. In the LSPCW, a lattice shift s of 95 nm was set
at the third rows of holes from the line defect. As reported in
detail [23], this arrangement produces low-dispersion slow-
light with ng ≈ 20 and Δλ ≈ 20 nm. Regarding the p-n junc-
tion, an interleaved profile was employed in the experiment
described in Sect. 2.2 to achieve a large Δφ, whereas a lin-
ear profile was used in the later sections to investigate high
speeds. In the interleaved junction, the period and depth
of the interleave profile were both set at 600 nm. For the
p- and n-dopings, different concentrations were tested, i.e.,
NA = 9.5×1017 cm−3 and ND = 5.7×1017 cm−3, respectively,
for the experiment described in Sect. 2.2; 4.8×1017 cm−3 and
4.8 × 1017 cm−3, respectively, in Sect. 2.3; 10.5 × 1017 cm−3

and 6.2 × 1017 cm−3, respectively, in Sect. 3. The highly
doped regions outside the p-n junction were used to imple-
ment ohmic contacts. They were placed 4 μm apart to avoid
the absorption of the guided slow-light mode. Al electrodes
were employed for the signal (S) and ground (G) contacts in
a G-S-G-S-G coplanar configuration. As shown in Fig. 1 (b)
and discussed in detail in Sect. 3.1, the G probing pads were
commonized to suppress the unbalanced RF transmission
due to the coupled slotline mode. The half-wave voltage-
length product VπL of this phase shifter was estimated to
be 0.23 V·cm and 0.13 V·cm for the linear and interleaved
p-n junction, respectively, for the doping concentrations
of NA = 10.5 × 1017 cm−3 and ND = 6.2 × 1017 cm−3, and
for ng = 22 [20]. Since the VπL relationship with ng is in-
versely proportional, VπL would be equal to 0.14, 0.11, and
0.08 V·cm for ng = 30, 40, and 50, respectively. The VπL
value increases for the lower doping concentrations of the
high-dispersion devices in Sects. 2.2 and 2.3.

2.2 Low-Dispersion Device

The wide operating spectrum of the LSPCW device was in-
vestigated. An example transmission spectrum normalized
by that of a reference Si-wire waveguide on the same chip is
shown in Fig. 2 (a). The maximum transmittance was−5 dB,
including a less than 0.2 dB loss for each of the two 1 × 2
multi-mode interference couplers in the MZ interferometer
and a less than 0.5 dB loss for each of the two junctions
between the Si-wire waveguide and LSPCW. The residual
loss is caused by propagation in the LSPCW, where the
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Fig. 2 Wide operating spectrum of the low-dispersion device. (a) Trans-
mission spectrum. (b) ng spectrum. (c) ER spectrum for modulation with
Vpp = 1.75 V and VDC = −0.9 V. (d)–(f) Eye patterns observed for
(d) λ = 1551.5 nm, (e) λ = 1559.5 nm, and (f) λ = 1564.5 nm.

scattering loss caused by the disordering of the fabricated
PCW was trivial, and the free carrier absorption was domi-
nant. By performing further optimizations in the future, the
losses other than the absorption are expected to become neg-
ligible, and the total on chip-loss is expected to be ∼3 dB.
The corresponding ng spectrum is shown in Fig. 2 (b). The
average ng was 20 and the operating spectrum, which is de-
fined so that the fluctuation in ng is within ±10%, ranged
from λ = 1548 to λ = 1569 nm (Δλ = 21 nm). Neglect-
ing the small oscillation due to the Fabry-Perot resonance in
the LSPCW [26], the ng spectrum appears to be almost flat
except for the spectral edges.

By varying the wavelength in the range λ = 1549.5–
1565.5 nm (Δλ = 16 nm) with a 0.5-nm step, a 25-Gbps
modulation was performed with non-return-to-zero (NRZ)
pseudo-random bit sequence (PRBS) signals obtained from
a pulse-pattern generator (PPG, Anritsu MP1800A). The
two phase shifters were driven by a drive voltage Vpp =

2 V under a push-pull configuration with a bias voltage
VDC = −0.9 V. The phase bias of the MZM was controlled
by thermo-optic phase tuners, considering the balance be-
tween the modulation efficiency and transmission loss. In
this experiment, it was set up so that the average optical
power was 2 dB below the maximum transmission power.
The electrical termination was omitted to enhance modula-
tion efficiency. The extinction ratio ER is shown in Fig. 2 (c).
The corresponding eye patterns observed using a sampling

Fig. 3 ng tuning in the high-dispersion device. (a) ng spectrum. (b) ER
spectrum for modulation with Vpp = 1.75 V and VDC = −0.9 V. (c)–(f) Eye
patterns observed for (c) λ = 1529 nm, (d) λ = 1533 nm, (e) λ = 1535 nm,
and (f) λ = 1539 nm. Vertically asymmetric eyes in (e) and (g) were caused
by the phase bias point below the quadrature point.

oscilloscope (Keysight 86100C) are shown in Figs. 12 (d)–
(f). The eye pattern opened almost equally for all wave-
lengths, and the ER was distributed within 2.5±0.5 dB. This
small ER value was mainly due to the low doping concentra-
tions in this experiment, and as reported in [20], ER >3 dB
is usually obtained for similar devices with moderately high
doping concentrations. Higher ng = 30–40 increases the
ER margin; a LSPCW of such high ng has been designed
and fabricated, and higher modulation efficiency has been
confirmed [23]. Such devices reduce the operating wave-
length range to 12–18 nm, respectively. However, this is not
considered as a drawback, when each wavelength range is
limited in a wavelength division multiplexing system.

2.3 High-Dispersion Device

For the PCW without lattice shifts, ng increases with the
wavelength toward the band edge, as shown in Fig. 3 (a); ng

is 22 for λ = 1527 nm and ∼80 for λ = 1541 nm. The mod-
ulation efficiency is lower than that of other experiments due
to the low doping concentrations. In fact, it is enhanced by
the larger ng. A 25-Gbps modulation was observed by vary-
ing the wavelength by 1 nm in the range λ = 1529–1540 nm.
The voltages were the same as those in the above experi-
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ment, whereas the phase bias was varied so that the average
optical power decreased from the maximum by 9 dB. The
aim was to compensate for the low modulation efficiency
due to the low doping concentrations. This resulted in the
low signal-to-noise ratio of the eye patterns in this experi-
ment. The observed ER spectrum and the eye patterns for
different wavelengths are shown in Figs. 3 (b) and (c)–(f),
respectively. The ER increased from 2.5 dB for ng = 25
to 8.1 dB for ng = 64. Δφ, which was estimated from the
ER is shown in Fig. 3 (g). An almost linear relation with ng

is observed. This means that Δneq/neq in Eq. (1) is almost
unchanged in this range.

3. Frequency Response

3.1 Suppression of the Coupled Slotline Mode

The RF frequency response of the PCW MZM with probing
pads for both input and output was measured using a vector
network analyzer (Anritsu 37962E-R) by driving the single
arm of the device. The black lines in The S11 and S21 param-
eters, i.e., the reflection and transmission spectra of the RF
signals, respectively, when the G electrodes were not com-
monized on the chip, are presented in Fig. 4 (a). The S11 and

Fig. 4 Measured frequency response of the normal electrode devices.
(a) Electrical response with and without G electrode commonization.
(b) EO response with and without commonization, when ng = 20 and
VDC ≈ −2 V. (c) ng spectrum and frequency response map of the low-
dispersion device. (d) ng spectrum and frequency response map of the
high-dispersion device.

S21 curves exhibited a slow peak and valley at f ≈ 20 GHz,
respectively. These are considered to be caused by a coupled
slotline mode, which is excited by the unbalanced electrical
potentials between the G electrodes [27]–[29]. This mode
was suppressed by the commonization shown in Fig. 1 (b).
The red lines shown in Fig. 4 (a) are those after commoniza-
tion. The peak and valley disappeared and the curves be-
come smoother. The improvement was more obvious when
the EO frequency response was measured by adding an OE
converter of a greater than 70 GHz bandwidth to the net-
work analyzer. In the uncommonized device, the response
decreased sharply at f = 15–23 GHz due to the influence
of the coupled slotline mode. In the commonized device,
the sharp decrease was suppressed and the response became
smoother.

This suppression enabled us to further investigate a
crucial factor related with the modulation speed. In the
proposed device, the cutoff frequency f3dB was as low as
14 GHz even after the commonization. In a finite ele-
ment simulation [20], the obtained resistance Rpn and capac-
itance Cpn values of the linear p-n junction were 60 Ω and
50 fF, respectively. Therefore, an f3dB = 28.9 GHz from
1/2π(Rpn + Zg)Cpn was expected with a driver impedance
Zg = 50 Ω. The lower value obtained from the experiment
indicates the existence of a dominant factor other than the
RC time constant.

3.2 Phase Mismatch

The frequency response of the low- and high-dispersion
devices was measured by varying the wavelength with a
0.02 nm step. The results were mapped as color plots
in Figs. 4 (c) and (d). The boundary between the red and
yellow areas indicates the cutoff frequency f3dB. The low-
dispersion device exhibited an almost flat spectrum with
f3dB ≈ 18 GHz. On the other hand, the high-dispersion de-
vice exhibited a gradually decreasing f3dB toward the long
wavelength; f3dB ≈ 15 GHz for ng ≈ 35 at λ = 1534 nm,
and f3dB ≈ 5 GHz for ng ≈ 75 at λ = 1540 nm. Thus, the
response appeared to depend on ng. This result can be ex-
plained by the phase mismatch (or velocity mismatch) be-
tween the RF signals and slow light; the PCW MZM be-
haves as a distributed constant device even though its length
is as short as 200 μm.

For LiNbO3 and III-V semiconductor MZMs, which
have a long history of development up to their present com-
mercial use, the phase matching issue has been fully studied,
since their phase shifter is quite long (order of millimeter to
centimeter). This issue severely constrains the frequency
response, although the mismatch is small [30]–[35]. The
phase matching issue has also been studied for Si modula-
tors [36], [37]. With reference to these works, the behavior
of the PCW MZMs was analyzed as follows. The average
voltage applied to the p-n junction, Vave, is given by [22]

Vave( f ) =
Z0Vg

(
e jϕ+ sinc φ++ΓLe jϕ−e−2γL sinc φ−

)

(Z0 + Zg)(1 − ΓgΓLe−2γL)
(2)
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Fig. 5 Calculated frequency response. (a) ng dependence. (b) Ld depen-
dence. (c) ΓL dependence. (d) f3dB versus Ld for different ΓL.

ϕ± =
(βSL ± jγ)L

2
(3)

γ = αRF + jβRF = αRF + j
2π f nRF

c
(4)

where Z0 is the characteristic impedance of the phase shifter,
Vg is the output voltage from the signal generator, Γg and ΓL

are the RF reflection coefficients at the signal generator and
the termination resistor, respectively, βSL = 2π f ng/c is the
propagation constant of the modulated slow-light signals,
αRF is the attenuation constant of the RF signals, and βRF

is the propagation constant of the RF signals. In the absence
of the load resistor, the EO response is expressed as

S21( f ) [dB] = 20 log10

∣∣∣∣∣∣
Vave( f )G( f )
Vave(0)G(0)

∣∣∣∣∣∣ (5)

G( f ) = 1/[1 + j 2π f (Zg + Rpn)Cpn] (6)

The calculated response for different values of ng is pre-
sented in Fig. 5, where Γg = ΓL = 0, nRF = 4, and the
other parameters are the same as those noted above. When
αRF = 0 and ng = 4 (phase matching condition), the re-
sponse is determined only by G( f ) and f3dB = 28.9 GHz, as
already mentioned. This value decreases to 15.1 GHz when

Fig. 6 Fabricated meander-line electrode device of Ld = 1086 μm.

ng increases to 40. Thus, the frequency response affected
by the phase mismatch can be theoretically predicted even
when the device’s length is only 200 μm.

3.3 Compensation Using a Meander-Line Electrode

To compensate for the phase mismatch, meander-line elec-
trodes were inserted into two separate sections of each phase
shifter, as shown in Fig. 6. In the first section, slow light and
RF signals co-propagate, shifting each phase. Then, the RF
signals enter the meander-line of length Ld. After the ad-
vanced phase is delayed in the meander-line, the RF signals
enter the second section so that they co-propagate with the
slow light again.

With the meander-line, the expression for Vave is mod-
ified as [19]

Vave( f )

=

Z0Vg

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

(
e

jϕ+
2 + e

j 3ϕ+
2 − jϕd

)
sinc
ϕ+
2

+ ΓLe−2γL
(
e

jϕ−
2 −2 jϕd + e

j 3ϕ−
2 − jϕd

)
sinc
ϕ−
2

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭

2(Z0 + Zg)(1 − ΓgΓLe−2γL− j 2ϕd )
(7)

ϕd =
2π f ndLd

c
(8)

where nd is the equivalent modal index of the RF signals
in the meander-line. The calculated frequency response for
different values of Ld is presented in Fig. 5 (b). For ng =

20, the response is improved as Ld increases from 0 mm to
0.8 mm, but it is rather degraded for Ld = 1.0 mm, meaning
that the phase mismatch becomes large again. For ng = 40,
the response is simply improved, when Ld becomes longer.
ΓL also affects the response greatly, since the slow light

in the phase shifter is modulated not only by the forward
propagating RF signals but also by the backward ones. De-
pending on their phase relationship, the modulation by the
forward wave is strengthened or canceled by the backward
wave. Even without reactance components, ΓL can be a neg-
ative value that cancels the forward wave. The calculated
response for different ΓL is presented in Fig. 5 (c). When
Ld = 0 mm, the response is simply improved by a nega-
tive ΓL, since the low-frequency components are particularly
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Fig. 7 (a) Measured frequency response for different Ld with RL = 50 Ω
and VDC = −2V. (b) Measured f3dB versus Ld for RL = 50 Ω and different
ng.

canceled, and the high frequency components are relatively
strengthened. When Ld = 1.0 mm, the response around
20 GHz is particularly strengthened for ΓL = −0.5. The
Ld dependence of f3dB for different values of ΓL is summa-
rized in Fig. 5 (d). The negative ΓL improves the f3dB signif-
icantly; a high f3dB of 56 GHz and 40 GHz is estimated for
ΓL = −0.5 and −0.25, respectively, for the optimum Ld.

A fabricated PCW MZM with the linear p-n junction
and meander-line electrode of Ld = 1186 μm is shown in
Fig. 6. Each delay line has the same G-S-G coplanar wave-
guide as that of the phase shifter. Devices of Ld = 422, 804,
and 1568 μm were also prepared. In this experiment, the
electrodes were terminated by TiN load resistors of RL = 20,
30, or 50 Ω. The relation between RL and ΓL is expressed as

ΓL =
RL − Z0

RL + Z0
(9)

Since Z0 = 30–40 Ω in a typical p-n junction Si phase
shifter [7], [8], a negative ΓL for RL ≤ 30 Ω is expected.
This device was fabricated in a different lot from the pre-
vious devices. Initially, the frequency response of the
50-Ω terminated devices was measured, as shown in
Fig. 7 (a). As theoretically predicted, the frequency response
was improved as Ld increased. This improvement appeard
to be clearer for ng = 40. The f3dB variation with Ld was
summarized in Fig. 7 (b). For each value of ng, f3dB was im-
proved by increasing Ld. Its highest value reached 32 GHz

Fig. 8 (a) Measured frequency response for the meander-line device with
Ld = 1086 μm and different RL. (b) f3dB measured and calculated with
1/RL for ng. = 20 Ω and Ld = 1186 μm.

for Ld = 1186 μm. This Ld value requires an additional
footprint, as shown in Fig. 6. However, since the footprint
of the normal electrode device is already constrained by the
electrode pads, the increase due to the meander-line elec-
trodes is only 16%. This can be eliminated by narrowing
the S electrodes and expanding the S-G gap, thus increas-
ing the refractive index for the RF signals. Next, the fre-
quency response dependence on the RL was evaluated. The
observed S11 and EO responses are presented in Fig. 8 (a).
S11 was greater than −10 dB for the open device and de-
creases as RL increases. It was particularly suppressed for
RL = 50 Ω, whereas it became higher for RL = 20–30 Ω.
This means that ΓL approached zero at 50 Ω and became
negative at 20–30 Ω. The EO response directly reflects S11

and was improved by a smaller RL, as shown in Fig. 8 (b).
For RL = 20 Ω, the response around 20 GHz was strength-
ened similarly to the calculated result, and a high f3dB of
38 GHz was observed. This result shows that the previously
mentioned theoretical model well represents the behavior of
the devices.

4. High-Speed Modulation

4.1 25 and 32 Gbps Modulation

Since f3dB was much higher than that observed in Sect. 2 for
the meander-line device with the negative ΓL, significant im-
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Fig. 9 32-Gbps eye patterns for Ld = 1186 μm, ng = 30, Vpp = 2 V,
VDC = −1 V, and different termination conditions.

Fig. 10 25-Gbps eye patterns of the Si PCW MZM for Ld = 1568 μm,
ng = 40, Vpp = 1 V, VDC = −0.5 V, and different phase bias points.
(a) Quadrature point. (b)–(d) Points at which the average transmission in-
tensity decreases by 4 dB, 5 dB, and 6 dB, respectively, with respect to the
maximum transmission power.

provement in the high-speed modulation characteristics was
expected. The 32-Gbps eye patterns for a high-dispersion
device exhibiting ng = 30 at the quadrature point are shown
in Fig. 9. Here, the modulation loss ML is defined as the at-
tenuation of the “1”-level intensity of the eye pattern with
respect to the maximum optical transmission intensity with-
out modulation. For RL = 20–30 Ω and Ld = 1186 μm, the
high frequency components were relatively strengthened, so
the fast transition from “0” or “1” level and vice versa ex-
hibited the overshooting. For RL = 50 Ω, the ER increased
and a clearly open eye pattern was observed. For the open
termination device, the ER achieved its maximum value due
to the Vave, which was increased by the RF reflection. How-
ever, the eye pattern became noisy and its rise and fall ap-
peared to be slightly slowed.

The operating wavelength at which ng increases to 40
was shifted, and the 50-Ω terminated device having the me-
ander line of Ld = 1568 μm was driven by Vpp and VDC as
low as 1 V and −0.5 V, respectively. The observed 25-Gbps
eye patterns for four different points of the phase bias are
shown in Fig. 10. Although ER was as small as 2.3 dB at
the quadrature point, a clear eye pattern was observed, as
shown Fig. 10 (a). The ER increased up to 4.4 dB, when
the phase bias was increased, so that the average transmis-
sion decreased by 4 dB, 5 dB, and 6 dB, respectively, with
respect to the maximum transmission power, as shown in

Fig. 11 50-, 56-, 64-Gbps eye patterns of Si PCW MZM for Vpp = 3.5 V,
5.2–5.3 V, and VDC = −3 V.

Fig. 10 (b)–(d). For these experiments with Vpp = 1 V and
2 V, the dynamic bit energy consumption at the p-n junction
(CpnVpp/2) is estimated to be 25 fJ/bit and 100 fJ/bit, respec-
tively. The static power consumed by the 50-Ω resistors is
estimated to be 10 mW and 40 mW, respectively.

4.2 50–64 Gbps Modulation

50-, 56-, and 64-Gbps NRZ PRBS signals were generated
using a two-channel PPG, multiplexer (SHF 601A) and fre-
quency equalizer (SHF EQ25-3 dB). The PPG voltage was
amplified by RF amplifiers to Vpp = 3.5 V or 5.2–5.3 V.
The 20-Ω terminated device was driven by these signals and
VDC = −3 V. The operation wavelength was set to ng = 20,
and the phase bias was set to the quadrature point. The eye
patterns of the modulated light were observed by an op-
tical sampling oscilloscope (Alnair labs, EYE-1000C), as
shown in Fig. 11 (these patterns appear to be different from
those in Figs. 9 and 10 because of the different oscilloscope
used). For Vpp = 3.5 V, a clear eye pattern opened up to
56 Gbps with ER = 2.5–3.0 dB. However, it closed or be-
came noisy at 64 Gbps due to unstable self-triggering in the
oscilloscope. For Vpp = 5.2–5.3 V, the open eye pattern
was maintained up to 64 Gbps with ER ≈ 5 dB. The bit er-
ror rate BER estimated from the 50 Gbps eye pattern was
8.9 × 10−9, which is close to the error-free condition. For
Vpp = 5.2 V and VDC = −3 V, the dynamic bit energy con-
sumption at the p-n junction is still estimated to be as low as
∼0.7 pJ/bit, whereas the static power consumption increases
to 900 mW. This large static power consumption is due to
the high VDC and low RL. It is anticipated that it can be re-
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Fig. 12 PAM-4 eye patterns of Si PCW MZM for different symbol rates.

duced to < 310 mW by employing a larger ng = 30–40 and
a meander-line optimized for it.

4.3 Pulse Amplitude Modulation

PAM-4 modulation was also attempted on the same device
by setting ng = 20. The PAM-4 signals were generated us-
ing a 50 Gbps PPG (SHF 12103A) and a 3-bit digital-to-
analog converter (SHF 613A). These signals were amplified
to Vpp = 2.9–3.1 V after linear RF amplification with VDC =

−3 V. The observed eye patterns are shown in Fig. 12 (a).
At 50 Gbps (25 Gbaud), a clear eye pattern was observed.
The noise increased as the bit-rate increases. The eye shape
was barely maintained up to 100 Gbps (50 Gbaud). The
BER estimated from the Gaussian fitting to the plots of the
eye patterns for different bit rates is shown in Fig. 12 (b).
The BER was below the forward error correction limit of
3.8× 10−3 [41] up to 25 Gbaud, but exceeded 10−2 at higher
baud rates. It is known that 1.5-fold f3dB is required against
the baud rate in the PAM-4 operation. In this study, fre-
quency equalization was only applied to the measurement
system. Further improvement can be expected by the equal-
ization, including the device.

5. Conclusions

By employing a low-dispersion design, the PCW slow-light
MZM allowed a wide operating spectrum, which is equiv-
alent to a wide temperature tolerance. The typical spec-
tral width was 15–20 nm for ng = 20 and the fluctua-
tion of ER was ±0.5 dB. The phase shift in the MZM was

linearly enhanced by ng, whereas the phase mismatch de-
graded the frequency response for large values of ng. By
employing meander-line electrodes to delay the RF signals
and a termination resistor that inverts the phase of RF re-
flection, the phase mismatch was well compensated, and the
frequency response was significantly improved. The cutoff
frequency f3dB = 55 GHz was theoretically calculated, and
f3dB = 38 GHz was experimentally measured. In these de-
vices, at 32-Gbps, a clear open eye pattern was observed for
Vpp = 1 V. In addition, 50-, 56-, 64-Gbps eye patterns were
confirmed for Vpp = 3.5–5.3 V. The preliminary PAM-4
operation at 50–100 Gbps (25–50 Gbaud) was also demon-
strated.

If a CMOS driver is used, Vpp should be lower than
2 V [38]–[40]. In this study, the proposed device required
Vpp > 3.5 V at 50 Gbps and beyond. ng = 20 was used
for this experiment. However, if ng = 30–40 is used with
an optimized meander-line length, Vpp will be reduced to
2.3–1.8 V, respectively. Thus, the dynamic bit energy con-
sumption is also reduced to ∼100 fJ/bit, and the static power
consumption can be reduced to ∼20 mW.
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