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Silicon modulators in optical transceivers feature high-density integration and low manufacturing cost, but they also
need to deliver high speed and low power consumption to meet the demands of future data centers and high-performance
computing. This paper demonstrates a significantly improved 64 Gbps silicon Mach–Zehnder modulator incorporat-
ing photonic crystal slow-light phase shifters. By employing distributed electrodes and engineering their impedance,
electro-optic phase matching and electrical impedance matching were obtained simultaneously, and the driving voltage
was reduced to 0.87 V, which is compatible with fin-type field effect transistors and eliminates the need for additional
electrical amplifiers. The bit energy of as low as 59 fJ/bit is comparable to that of microring modulators, while this modu-
lator does not require temperature control like that used for microring modulators, due to its wide working spectrum of
6 nm. These results indicate the potential for addressing power issues in next-generation data infrastructures. © 2024

Optica PublishingGroup under the terms of theOpticaOpen Access Publishing Agreement
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1. INTRODUCTION

Artificial intelligence and internet of things have swiftly increased
the demand for data centers and high-performance computers
[1,2]. Optical interconnects are used for reducing energy loss in
electrical wiring [3,4]. Silicon (Si) photonics is a powerful pho-
tonic integration platform for optical interconnects due to its
compatibility with the mature electronic process [5]. Si optical
modulators in optical transceivers possess advantages such as high
speed, small footprint, and low manufacturing cost [6–14]. To
address future power saving issues, Si modulators must achieve
high speed and low power consumption simultaneously [15,16].
Microring modulators (MRMs) attain a small footprint and a
bit energy as low as a few tens of fJ/bit at a resonance wavelength
[17–20]. However, the external temperature control to suppress
resonance drift increases the total power consumption [12–14]. By
contrast, Mach–Zehnder modulators (MZMs) operate over the
broad wavelength range, rendering temperature control unneces-
sary, but their long phase shifters necessitate a bit energy of several
pJ/bit [21–26]. To enhance power efficiency, the heterogeneous
integration of materials such as III–V semiconductors [27,28],
polymers [29,30], graphene [31,32], and lithium niobate [33–36]
have been investigated. However, such integration needs complex
manufacturing processes that are incompatible with standard
complementary metal oxide semiconductor (CMOS) technology.

A vital research question is whether Si MZMs can reduce the
bit energy with structural innovations that do not entail process
changes. Photonic crystal waveguides (PCWs) demonstrate slow
light with a low group velocity, which enhances any optical effects
[37]. Slow light lessens Vπ L in proportion to the group index ng

and lowers the length and capacitance Cpn of the phase shifters
[38]. When applying slow light to high-speed MZMs, however,
electro-optic phase matching must be addressed even for short
phase shifters, because the group velocities of slow light and RF
signals are much more different than in usual MZMs. For this pur-
pose, meanderline RF electrodes were inserted into traveling-wave
electrodes in the PCW slow-light MZM as electrical delay lines,
and the operation up to 64 Gbps has been demonstrated [39,40].
But still the driving voltage Vpp was as high as 3.5–5.2 V, which
cannot be supplied by a fin-type field effect transistor (FinFET),
necessitating the addition of electrical amplifiers.

Related with this, the reduction in bit energy is another crucial
issue. In the previous reports, to evaluate the modulation capability
of the phase shifter, the bit energy was estimated from the charge
energy CpnV 2

pp/2 accumulated in the p-n junction and partly
dissipated by the junction resistance Rpn. However, the practical
power consumption in a traveling-wave MZM is rather dominated
by the termination resistor RT. It is easily understood when Rpn

is negligible, and no power dissipation occurs in the p-n junction.
The result is almost the same if Rpn is non-negligible; although
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some RF power is lost at the junction, the remaining power ends
up being dissipated in RT. From the practical power consumption
V 2

pp/4RT, the bit energy of the previous slow-light MZMs is cal-
culated to be 200, 625, and 2,400 fJ/bit at bitrates of 25, 32, and
64 Gbps, respectively [39,40]. The high bit energy at 64 Gbps is
due to the high driving voltage and a low RT of 20� employed to
improve high-frequency response. This bit energy can be reduced
by increasing RT, but to achieve impedance matching, the charac-
teristic impedance Z0 of the electrodes must also be increased. If
the parasitic resistance is small, Z0 is approximated by

√
(L/Cpn).

To increase the inductance component L , distributed electrodes
using spiral inductors were introduced into a rib-type MZM [41].
However, Cpn of the rib-type phase shifters is very large, so large
inductors are necessary to obtain a high Z0, which results in a large
footprint and RF loss, limiting the bandwidth to less than 20 GHz.
On the other hand, applying this concept to the slow-light MZM, a
high Z0 can be achieved by small Cpn of the shortened phase shifter
and the electrode inductance of a reasonable length, although such
consideration has not yet been taken for previous MZMs.

In this study, we engineered the impedance of the distributed
electrodes in the slow-light MZM so that the electro-optic phase
matching and impedance matching were simultaneously achieved.
In this paper, we present the details of its design, fabrication, and
demonstration at 64 Gbps. We finally conclude that this device is a
promising candidate for balancing high speed, low voltage, low bit
energy, small footprint, and temperature-control-free operation.

2. DEVICE STRUCTURE

Figures 1(a) and 1(b) show the schematic of the distributed
electrode Si PCW slow-light MZM and a circuit model of the
electrode. The p-n doped phase shifter is divided into N segments
of lseg length. The phase shifter operates with a reverse bias in the
carrier depletion mode to avoid bandwidth limitation due to car-
rier transience. The wiring inductors LH are inserted between the
segmented phase shifters to form an LC ladder like a distributed
constant circuit. The wiring inductance of a coplanar waveguide
with a characteristic impedance of ZH > Z0 and a phase constant
of βH was used for LH. When lseg is sufficiently shorter than the
RF wavelength λRF, the phase shifter is modeled as a lumped RC
series circuit. Figure 1(c) shows a lumped π model of the copla-
nar waveguide with a length of lm� λRF. The series inductor
and shunt capacitor are approximated by LH = ZHβHlm/ω and
CH = βHlm/ωZH, respectively. Then, the unit cell of the electrode
is modeled as a symmetric T-shaped network shown in Fig. 1(d).
AssumingωRpnCpn� 1, Z0 is approximated by

Z0 ≈

√
LH

CH +Cpn
. (1)

Figure 1(e) shows the simulated Z0, which is increased from
35 � to 52 � with the inductors. The RF power propagates
through the electrodes while being dissipated by Rpn, which can
limit the bandwidth. The RF propagation constant αRF + jβRF is
approximated by

αRF + jβRF ≈
1

lU

(
ω2 RpnC 2

pn Z0

2
+ jω

√
LH

(
CH +Cpn

))
,

(2)

where lU is the unit cell length (see Supplement 1 for detailed
derivation). Assuming that the roll-off due to phase mismatch is
sufficiently small, the normalized electro-optic frequency response
GEO( f ) is determined by the RC response GRC( f ) and the mean
propagation loss for each segment, as follows:

GEO( f )= GRC( f ) ·
1

N

N∑
n=1

e−(n−1)αRFlU

=

∣∣∣∣ 1

1+ jωRpnCpn

∣∣∣∣ · 1− e−NαRFlU

N
(
1− e−αRFlU

) . (3)

Figures 1(f ) and 1(g) show the calculated total electrode length
and EO bandwidth f3 dB required to achieve Z0 = 50�. As ng

increases, electrodes required for high impedance become shorter,
reducing RF losses. Thus, the combination of slow light and dis-
tributed electrodes allows for high impedance while preserving a
wide bandwidth, leading to a low bit energy. At sufficiently high
ng, the f3 dB approaches the intrinsic RC limitation of the phase
shifter. However, the PCW working spectrum also narrows. To
achieve an optimal balance between a sufficient EO bandwidth and
a sufficient working spectrum, we chose ng = 20.

Another advantage of distributed electrodes is the phase
matching between the slow light and the RF signal, as already
demonstrated by the previous meanderline electrode [39]. In
distributed electrodes of this study, a greater N facilitates more
rigorous phase matching and greater sinc roll-off frequencies. The
phase shift per unit cell is given by θU(ω)= βRFlU. Figures 2(a)
and 2(b) present the simulated frequency response of the electro-
optic conversion gain and the group delay for the standard and
distributed electrodes. This simulation was performed by using
Keysight’s Advanced Design System circuit simulator and in-
house photonic device models. The models include electro-optic
phase mismatch, RC time constant, and RF propagation loss as
bandwidth-restricting factors. The simulations performed agree
with the measurements of at least up to 40 GHz [42]. Similar to
the meanderline electrode, the distributed electrode successfully
suppresses the sinc roll-off, leading to a broadband response with
f3dB = 39 GHz. The simulated f3dB is slightly lower than the
calculated value in Fig. 1(g) due to additional RF losses at the
series parasitic resistance in the wiring but is sufficient for digital
signal processing (DSP)-free 64-Gbaud signal transmission. This
modulator’s primary bandwidth-restricting influence is the RC
time constant of the p-n junction, and the frequency response
demonstrates a slow roll-off that can be assessed as a first-order lag
element. The bandwidth can be increased further by applying a
simple linear equalizer, owing to the slow roll-off. As an example,
with only 1.3 dB of DC suppression, f3dB can be up to 50 GHz
and can transmit 100-Gbaud signals. This property highlights
the potential application of the proposed MZM in future optical
interconnects. Moreover, the group delay ripple is within ±1 ps
up to 40 GHz thanks to the strict impedance matching. This flat
group delay response reduces the jitter and improves eye open-
ing. An important feature of the distributed electrodes is that the
impedance and phase delay are completely independent. The
electrode design parameters (ZH and lm) can be uniquely deter-
mined to simultaneously satisfy the impedance matching and EO
phase matching requirements. A more detailed analysis and design
guidelines are presented in Section 2 of Supplement 1.

https://doi.org/10.6084/m9.figshare.26591410
https://doi.org/10.6084/m9.figshare.26591410
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Fig. 1. Distributed electrode Si PCW slow-light MZM. (a) Schematic. (b) Circuit model of the electrode. (c) Lumped π model of the coplanar wave-
guide. (d) Circuit model of the unit cell. (e) Simulated characteristic impedance Z0 with and without inductors at lm = 470 µm, lseg = 50 µm, ZH = 55�,
Rpn · lseg = 12� ·mm, and Cpn/lseg = 250 fF/mm. (f ) Calculated total electrode length to achieve Z0 = 50�. (g) Achievable f3 dB at Z0 = 50�.

Fig. 2. Simulated frequency responses. (a) Normalized electro-optic conversion gain. (b) Group delay.

These structural advantages of the proposed MZM can be
applied to other material platforms if their phase shifter is short-
ened and the junction capacitance is reduced, e.g., by the slow-light
effect. The inductance of the electrode required to obtain a high
impedance is comparably reduced, resulting in a practically small
footprint and low RF losses. For example, a thin-film lithium
niobate (TFLN) MZM with slow-light enhancement has recently
been reported [43]. TFLN MZMs require a smaller electrode
gap to obtain smaller Vπ , as well as impedance matching, phase
matching, and low RF loss [44]. Applying electrode engineering, as

done in this study, to TFLN slow-light MZMs will help overcome
these trade-offs.

3. RESULTS AND DISCUSSION

A. Device Fabrication

Figure 3(a) shows a prototype device fabricated in a CMOS-
compatible 300-mm Si-on-insulator process. Its footprint was only
0.5 mm× 0.6 mm= 0.3 mm2 including electrodes. The wire
width and gap of the coplanar waveguide were set to 8 and 6 µm,
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Fig. 3. Developed Si PCW slow-light MZM. (a) Micrograph. (b) Laser micrograph of the phase shifter. (c) Schematic structure of the PCW.
(d) Measured optical transmission spectrum of the MZM.

respectively, through electromagnetic field analysis to achieve
ZH = 55�. The Si dummy was blocked just below the coplanar
waveguide to suppress the high-frequency losses (Supplement 1).
Figures 3(b) and 3(c) show a magnified view and schematic of the
PCW phase shifter. The lattice constant was set to a = 404 nm,
and the hole diameter was d = 230 nm to attain a C-band pho-
tonic bandgap. The p- and n-type doping concentrations were
set to NA = 9.5× 1017 cm−3 and ND = 1.0× 1018 cm−3,
respectively, to achieve balance between the optical loss and the
modulation efficiency. The bottom of the electrode contacts was
highly doped to attain an excellent ohmic junction. Figure 3(d)
demonstrates the measured optical transmission spectrum of
the device. The intrinsic losses in the measurement setup were
removed by normalizing the measured spectrum to that of a ref-
erence Si waveguide. The total insertion loss was approximately
10 dB, including those at the multi-mode interference couplers of
∼0.5 dB× 2, the transition between the Si waveguide and PCW
of∼0.4 dB× 2, bends of∼0.03 dB× 6, and the p-n doped PCW
phase shifter of ∼8 dB. The slab thickness was decreased slightly,
depending on process variations, which slightly raised the optical
loss and moved the spectral window toward shorter wavelengths.
Nevertheless, the 6-nm spectrum window was sufficiently wide
to eliminate the temperature compensation. The full C-band
can be covered under a constant ng by employing lattice-shifted
PCWs demonstrated beforehand [45]. In the future, the loss is
expected to be reduced by optimizing doping profiles [46] and
component structures [47], and investigating new materials [43].
The prototype device exhibited ng ≈ 30 at the wavelength used in
the modulation experiments described below, which is higher than
targeted ng = 20 due to variations in slab thickness (see Section 5
of Supplement 1). This variation caused EO phase mismatch,
narrowing the bandwidth to f3dB ≈ 31 GHz, but still maintaining
64-Gbaud modulation capability.

B. Impedance

The impedance of the distributed electrode was assessed using
a setup in Fig. 4(a). The S-parameters were measured using a
Keysight PNA-X N5247B vector network analyzer calibrated
by the line-reflect-reflect-match method at the probe tip. The
measured S-parameters were de-embedded to remove the pad
capacitance, ensuring consistency with the simulation. A DC
bias voltage of VDC =−2 V was applied to the device via a bias-
T. Figure 4(b) presents the measured and simulated reflection
coefficients. The measurement results were roughly consistent
with the simulation. The deviation between the simulation and
the measurement was due to model errors in the electromag-
netic field analysis. The reflection was less than −18 dB at all
frequencies, and satisfactory broadband matching was attained
for the 50-� reference impedance. Figure 4(c) exhibits the real
and imaginary parts of the input impedance. The resistive and
reactive components were almost 50 and 0 �, respectively, over
the measured frequency range of up to 60 GHz. This frequency-
independent high impedance decreased power consumption
while sustaining an excellent signal quality and lowering the bit
energy.

C. Back-to-Back Signal Transmission

The transmission performance of the prototype device was experi-
mentally assessed. A continuous-wave tunable laser was used as the
light source, and the bias of the Mach–Zehnder interferometer was
corrected to the quadrature point (quad. bias) or 5 dB deeper from
the quadrature point (deep bias). A pulse pattern generator (PPG)
and multiplexer produced a 50- or 64-Gbps nonreturn-to-zero
(NRZ) signal. The device was push-pull driven by a broadband
amplifier with Vpp = 0.87, 1.6, and 2.2 V. The first two voltages
are compatible with the core and IO voltages of a 12-nm FinFET
CMOS process [48]. The received signals were monitored using a

https://doi.org/10.6084/m9.figshare.26591410
https://doi.org/10.6084/m9.figshare.26591410
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Fig. 4. Impedance measurement. (a) Setup. (b) Reflection coefficient for a reference impedance of 50 �. (c) Real and imaginary parts of the input
impedance.

sampling oscilloscope and equalized using a five-tap linear equal-
izer in offline DSP. The experimental details are presented in
Appendix A.

Figure 5(a) exhibits the DSP-free 50-Gbaud eye diagrams and
the anticipated bit error rates (BERs). The dynamic extinction

ratios (ERs) were 2.0 and 4.5 dB for quad. and deep bias at a driv-
ing voltage of 2.2 V, respectively. The modulation losses under the
quad. and deep bias conditions were 2.1 dB and 6.3 dB, respec-
tively. Observations reveal 50-Gbps DSP-free clear eye-opening
with Vpp < 1 V for quad. and deep biases. The RF signal power

Fig. 5. Back-to-back signal transmission results under various driving voltages. (a) 50-Gbaud and (b) 64-Gbaud DSP-free eye diagrams and estimated
BER. (c) 50-Gbaud and (d) 64-Gbaud equalizer eye diagrams and estimated BER using a five-tap adaptive linear equalizer.
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consumptions were only 3.8, 13, and 24 mW at Vpp = 0.87,
1.6, and 2.2 V, respectively. In spite of the low power consump-
tion, the projected BER fulfilled the forward error correction
(FEC) threshold at all driving voltages. The high-impedance
electrode successfully lowered the driving current, and the bit
energies reached 76, 256, and 484 fJ/bit, respectively. These results
are much lower than several pJ/bit of the standard Si MZMs.
Figure 5(b) presents the DSP-free 64-Gbaud eye diagrams and esti-
mated BER. The eye-opening was faintly degraded at 64 Gbaud,
but the received signals still satisfied the soft decision (SD)-FEC
threshold at Vpp > 1.5 V. Figures 5(c) and 5(d) exhibit the 50-
and 64-Gbaud eye diagrams applying a five-tap linear equalizer.
The signal quality was substantially enhanced with a simple lin-
ear equalizer owing to the slow roll-off response as expected by
simulation. The device effectively transmitted 64-Gbps signals at
Vpp = 0.87 V, exhibiting excellent FinFET compatibility, and a bit
energy amounting to 59 fJ/bit.

Table 1 summarizes recent advancements in CMOS-
compatible Si modulators. To estimate the modulation efficiency
of our device, Vπ L , we performed 2.4-Gbps modulation experi-
ments at a high driving voltage of Vpp = 3.17 V to minimize the
roll-off and noise. The device was driven directly by the PPG and
biased at the quadrature point. We measured ER= 4.19 dB, and
Vπ L was estimated to be 0.32 V·cm per phase shifter or 0.16 V·cm
for push-pull drive. The DC Vπ L might be smaller than this value,
considering the roll-off due to the high-frequency response. In
our previous experiment [40], DC Vπ L of 0.44 V · cm per phase
shifter was measured at ng = 20. Therefore, the above value is
reasonable given ng = 30 of the prototype device. Traditionally,
MZMs operating above 50 Gbps required smaller RT [25,50,51].
Previous studies using 50-� terminations faced significant limita-
tions in bitrate [41,54,55,57]. Single-drive structures resulted in a
driving voltage at or above 5 V and bit energy exceeding 1.5 pJ/bit
[21,26,54]. This study has demonstrated bit energy of less than
100 fJ/bit at 64 Gbps, which has overcome the trade-off between

Fig. 6. Comparison of bit energy between this study and previous
studies.

the efficiency and bitrate, as shown in Fig. 6. The bit energy
approached that of MRMs while having a working spectrum of
6 nm, which is much wider than the typical sub-1-nm range of
MRMs [18,19].

4. CONCLUSION

In this paper, 64-Gbps back-to-back signal transmission at a low
driving voltage of less than 1 V was demonstrated using Si PCW
slow-light MZMs. The distributed electrodes simultaneously
achieved 50-� impedance and electro-optic phase matching,
moderately suppressing RF losses. This approach highlighted the
possible power advantages of the Si slow-light MZM, achieving
a bit energy of 59 fJ/bit. The wide operating bandwidth of 6 nm
removed the need for temperature control, thereby enhancing
the overall system power performance. Furthermore, the device

Table 1. Comparison with the Previous CMOS-Compatible Modulators
a

Reference Type Phase Shifter Vπ L [V·cm]
Phase Shifter

Loss [dB]
Symbol Rate

[Gbaud] Vpp [V] RT [�]
Efficiency

[fJ/bit]

This study MZM PCW 0.32 (small
signal)

8 50, 64 (NRZ) 0.87 50 76, 59

[40] MZM PCW 0.44 4 64 (NRZ) 3.5 20 2400
[39] MZM PCW 0.44 4 32, 25 (NRZ) 2, 1 50 625, 295
[49] MZM Bragg grating 0.96 5.4 112 (NRZ) 5 N.R. N.R.
[50] MZM Rib 2.2–2.4 2.3 70 (NRZ) 3.2 18 2032
[51] MZM Rib 2.46 3 56 (NRZ) 1.65 35 347
[25] MZM Rib 1.4 4.4 56 (PAM4) 3.8 (single) 35 460
[26] MZM Rib 1.1 8 56 (NRZ) 7.8 (single) 50 2716
[21] MZM Rib 2.8 3.2 50 (NRZ) 6.5 (single) 50 2113
[52] MZM Rib 2.43–2.64 3.34 50 (NRZ) 1.5 25 450
[53] MZM Rib 2.43 3.6 40 (NRZ) 1.6 25 640
[54] MZM Bragg grating 0.6 – 40 (NRZ) 5 (single) 50 1563
[55] MZM Bragg grating 0.18 2 30 (NRZ) 3.5 50 2042
[56] MZM Rib 1.28 4.5 26 (NRZ) 0.5 33 72.8
[41] MZM Rib 0.9–1.4 2.7 25 (NRZ) 1.75 50 612
[57] MZM Rib 0.94

(VDC =−2 V)
2.5 24 (NRZ) 2.88 (single) 50 864

[18] MRM Rib 0.52 – 64 (PAM4) 2.4 (single) – 18
[19] MRM Rib 0.56–0.92 – 50 (PAM4) 1.5 (single) – 14

aMZM, Mach–Zehnder modulator; MRM, microring modulator.
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Fig. 7. Measurement setup for the back-to-back signal transmission
experiment.

footprint was decreased to 0.3 mm2 while retaining the CMOS
process compatibility. The structural gains of the proposed MZM
can be applied to other material platforms, and additional per-
formance enhancements are also anticipated. These results mean
that Si slow-light MZMs help to solve power problems in future
data centers and high-performance computing.

APPENDIX A: EXPERIMENTAL DETAILS

Figure 7 exhibits the measurement setup employed for the back-
to-back signal transmission experiment. A continuous-wave laser
light with a power of 13 dBm was generated from Santec’s TSL-
550 tunable laser source. Two pseudorandom bit sequences were
output from Anritsu’s MP1800A PPG, and SHF’s 601A multi-
plexer produced 50- or 64-Gbaud NRZ signals. SHF’s EQ25A
passive equalizer compensated for the RF cable losses. SHF’s
S804B driver expanded the electrical signal. A 6-dB attenuator was
used to attain a CMOS-compatible driving voltage. The bias point
of the modulation was set to the quadrature point and 5 dB deeper
from the quadrature point by employing an on-chip TiN heater.
The p-n junction of the phase shifter was biased to VDC =−1 V
when Vpp < 1 V and VDC =−2 V otherwise. The generated light
at the device was amplified using an erbium doped fiber amplifier,
and the expanded spontaneous emission noise was removed using a
bandpass filter with a bandwidth of 1 nm. The modulated optical
signal was received by Keysight’s 86100C sampling oscilloscope
and 86116C photodetection module. The received waveforms
were imported into MATLAB/Simulink for offline digital signal
processing. The waveform was oversampled, and timing correc-
tion was applied to remove the intrinsic time distortion in the
sampling oscilloscope. Then, the symbols were synchronized and
resampled at the decision point. A symbol-by-symbol five-tap
adaptive linear equalizer was employed to shape the waveform. The
constant modulus algorithm determined the tap coefficients of the
equalizer. The bit error rate was approximated by fitting a vertical
histogram of the received signal with two Gaussian functions.
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