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Abstract—We report the first demonstration of a silicon photonic
microring modulator with modulation data rate up to 128 Gb/s
(64 Gbaud PAM4). The microring modulator exhibits an electro-
optic phase efficiency of Vπ · L = 0.52 V·cm, an electro-optic band-
width of 50 GHz, and a measured transmitter dispersion eye closure
quaternary of 3.0 dB at this data rate. In addition, the resonant
wavelength of the microring modulator can be tuned across a full
free spectral range using an integrated heater with a thermo-optic
phase efficiency of 19.5 mW/π-phase shift.

Index Terms—Electro-optic modulators, integrated optoelec-
tronics, optical interconnects, optical transmitters, photonics in-
tegrated circuits, silicon photonics.

I. INTRODUCTION

S
ILICON photonics has emerged as a key enabling technol-

ogy for current 100 Gb/s optical data center interconnects,

and is considered an increasingly attractive solution as the in-

dustry moves towards 400 Gb/s to meet the ever-increasing data

communication demand [1]. For 400 Gb/s data center optical in-

terconnects, 4× 100 Gb/s is a key IEEE 400G Ethernet standard,

which necessitates the need to develop silicon photonic modu-

lators capable of achieving >100 Gb/s data rate per wavelength.

Such high data rates have been demonstrated in silicon Mach-

Zehnder modulators [2], [3], which, however, require complex

drivers such as traveling-wave or distributed electrodes due to

their relatively large device length. In contrast, silicon micror-

ing modulators (MRM’s) have some unique advantages such

as small footprint, simpler driver architecture, and low power

consumption. They are therefore particularly suitable for ap-

plications where space and power consumption are constrained

and high bandwidth density is required [4]–[6]. Silicon MRM’s

have been extensively researched over the past years and data

rates of up to 80 Gb/s have been demonstrated using four-level

pulse-amplitude modulation (40 Gbaud PAM4) [7]–[12]. How-

ever, achieving beyond 100 Gb/s data rate has remained a major

challenge for MRM’s due to their intrinsic trade-off between
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bandwidth and modulation efficiency. In addition, to compen-

sate for the wavelength mismatch between the MRM resonance

and the laser due to both fabrication and temperature variations,

a power-efficient resonance tuning element must be integrated

into the MRM with the capability of tuning the ring resonance

across a full free spectral range (FSR), which is also challeng-

ing given the already small footprint of the MRM. In this paper,

we report the first demonstration of a silicon photonic MRM

operating at 128 Gb/s (64 Gbaud PAM4). The MRM exhibits

an electro-optic (EO) bandwidth of 50 GHz, phase efficiency

of Vπ ·L = 0.52 V·cm, a measured transmitter dispersion eye

closure quaternary (TDECQ) of 3.0 dB at 128 Gb/s data rate,

and an integrated silicon heater that can tune the ring resonance

across more than one FSR with a thermo-optic tuning efficiency

of 19.5 mW/π-phase shift.

II. MICRORING MODULATOR DESIGN

Fig. 1 shows a schematic of the designed silicon photonic

MRM. The silicon waveguide was formed by a partial silicon

etch followed by a full etch to create a ridge waveguide with 300-

nm height and 400-nm width. The slab thickness was chosen

to be 100 nm to better confine the mode and allow for small

radii without introducing bending losses. The MRM presented

here had a radius of 10 µm with an FSR of 6.6 nm. Fig. 1(b)

illustrates a close-up view of the PN junction cross-section of

the MRM. The PN junction, designed to operate in depletion

mode, was formed in both vertical and horizontal directions in

the center of the waveguide. Such a junction shape optimizes the

EO phase efficiency by maximizing the optical mode overlap

with the depletion region of the PN-junction. The width of the

depletion region is given by

w =

√

2ǫ

q
·
NA + ND

NAND
(V0 − V ) (1)

where ǫ is the dielectric permittivity of silicon, q is the elec-

tron charge, NA/D is the p/n-type doping concentration, V0 is

the built-in voltage, and V is the bias voltage applied across

the junction. Changing the bias voltage changes the depletion

width, which in turn changes the refractive index of silicon and

subsequently the resonance wavelength through the well-known

plasma dispersion effect [13]. To the first order, the EO phase

efficiency of silicon modulators is proportional to the square

root of the doping concentration
√

NA/D , as shown by (1).
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Fig. 1. (a) A schematic of the silicon photonic MRM including two segments of PN junctions and one segment of integrated silicon heater. (b) A close-up view
of the depletion-mode PN junction which consists of a vertical part and a horizontal part to maximize the overlap with the optical mode. (c) An optical micrograph
of the fabricated MRM.

Therefore, the EO phase efficiency can be increased by increas-

ing the doping level. While increasing the doping level results

in considerable insertion loss in silicon Mach-Zehnder modu-

lators, it is much more tolerable for the MRM due to its small

size. In addition, heavy doping also reduces the quality factor

of the MRM and increases the photon-lifetime-limited optical

bandwidth to enable high modulation bandwidth. It should be

noted that the decreased quality factor also slows down the roll-

off of the microring resonance and therefore reduces the optical

modulation amplitude. As such, the ideal doping concentration

should be at the level where the photon-lifetime-limited optical

bandwidth and the resulting EO bandwidth is minimally suffi-

cient to support the desired data rate. In this work, in order to

support 64 Gbaud PAM4 modulation (128 Gb/s), the junction

doping concentration was determined such that the MRM has

a loaded quality factor Q of about 5000 which corresponds to

a photon-lifetime-limited bandwidth of approximately 45 GHz.

The electrical access to the junction from the metal contacts was

through the silicon slab and the sidewall of the ring waveguide,

as shown in Fig. 1(a). Multiple doping levels were employed to

reduce the series resistance and to minimize the excess optical

loss at the same time, which is essential to achieve a high electri-

cal bandwidth in the presence of the relatively high capacitance

due to the heavily doped junction. There are two segments of

PN junctions in the MRM, as shown in Fig. 1(a), which in total

occupy 67% of the ring circumference. Both segments were uti-

lized in the following device characterization and modulation

measurements.

The designed MRM was fabricated using Intel’s silicon pho-

tonic process on a silicon-on-insulator (SOI) wafer. Fig. 1(c)

shows an optical micrograph of the fabricated device, where the

silicon MRM is buried underneath the metal electrodes. Fig. 2(a)

shows the transmission spectra of the fabricated MRM at dif-

ferent reverse bias voltages. As expected, increasing the reverse

bias voltage widens the depletion region, reduces the refractive

index of the waveguide, and therefore red-shifts the resonance of

the MRM. The measured extinction ratio was greater than 20 dB

at the resonance wavelengths. This particular device shown in

Fig. 2. (a) Measured transmission spectra of the MRM at different bias volt-
ages. The shaded rectangles indicate the laser working wavelength used in the
subsequent NRZ (left rectangle) and PAM4 (right rectangle) modulation mea-
surements. (b) Measured (cross) and simulated (solid line) phase efficiency (Vπ ·
L) of the PN junction in the MRM.

Fig. 2 is slightly over-coupled where the coupling is a little

larger than the round-trip cavity loss. As a result, the extinction

ratio slightly decreases at higher reverse bias voltages due to the

reduction in free carrier absorption (FCA) induced optical loss.



112 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 37, NO. 1, JANUARY 1, 2019

Fig. 3. (a) Measured (solid-line) electrical S11 parameter of the MRM at
Vb ia s = −2 V and the fitting curves (dotted-line) to extract the device capac-
itance (45 fF) and resistance (24 Ω). (b) Measured (solid-line) EO response
(S21 ) of the MRM at Vb ia s = −2 V, showing an EO bandwidth of 50 GHz.
The black dotted line shows the simulated EO S21 response.

The measured quality factor was 5500 and the corresponding

photon-lifetime-limited optical bandwidth was approximately

42 GHz, slightly lower than the design. The EO phase effi-

ciency, defined as the Vπ · L value of the PN junction in the

MRM, was shown in Fig. 2(b). The measured phase efficiency

was 0.52 V·cm at a reverse bias voltage of 2 V and 0.4 V·cm at

0 V bias, agreeing with device simulations shown by the solid

line in Fig. 2(b). The phase efficiency degrades at higher reverse

bias voltages because the depletion width of the PN junction

increases sublinearly with the bias voltage (∝
√

V0 − V ), ac-

cording to (1). This high EO phase efficiency originates from

the engineered junction shape and location that maximally over-

laps with the optical mode, and from the optimized doping

concentration.

The frequency response of the fabricated MRM was measured

using a vector network analyzer (VNA). As shown in Fig. 3(a),

the electrical S11 response was measured at a reverse bias of 2 V

and fit to a simple series RC equivalent circuit. The responses of

cables and the probe were de-embedded through standard VNA

calibrations. The extracted resistance and capacitance from the

two-segment PN junction were 24 Ω and 45 fF, respectively.

The resulting RC-limited electrical bandwidth was 148 GHz,

which agrees well with simulations. Fig. 3(b) shows the mea-

sured electro-optic S21 response at the same reverse bias voltage

of 2 V, indicating a combined EO bandwidth of 50 GHz. The

dotted line in Fig. 3(b) shows the simulated S21 EO response

which agrees well with the measurement. Note that the optical

peaking shown in Fig. 3(b) around 30 GHz due to the intrin-

sic time dynamics in MRM’s [14] extends the EO bandwidth

to 50 GHz, beyond the 42-GHz photon-lifetime-limited band-

Fig. 4. (a) Simulated temperature distribution inside the microring modulator
cavity to achieve π-phase shift using the integrated silicon waveguide heater. The
heat concentrates around the core of the silicon waveguide to provide efficient
thermo-optic tuning. (b) Measured and simulated thermo-optic phase shift at
different heating power. Full-FSR tuning was achieved with a thermo-optic
phase efficiency of Pπ = 19.5 mW.

width, making the MRM suitable to support 64 Gbaud PAM4

modulation (128 Gb/s).

In addition to the modulator PN junction, a 10-µm long inte-

grated heater was also formed as part of the MRM by doping the

silicon waveguide, as shown in Fig. 1(a). Direct heating the sil-

icon waveguide provides the best thermo-optic phase efficiency

since it minimizes the heating volume and best overlaps with

the optical mode [15], as shown in the 3D thermal simulation in

Fig. 4(a) where the heat concentrates in the core of the silicon

waveguide. In addition, the slab width in the heater region was

also narrowed in order to further increase the thermal efficiency.

Using the integrated heater, the resonance of the MRM can be

tuned across more than one FSR, as shown in Fig. 4(b), and

is sufficient to compensate for any wavelength mismatch with

the laser due to both fabrication and temperature variations. The

measured thermo-optic phase efficiency was Pπ = 19.5 mW,

in line with the 3D thermal simulation which predicted Pπ =
18.1 mW.

III. HIGH SPEED CHARACTERIZATION

The fabricated MRM was driven by an arbitrary waveform

generator (AWG), followed by a linear RF amplifier, a bias tee,
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Fig. 5. Measured NRZ-OOK modulation eye diagrams of the MRM at data
rate of (a) 40 Gb/s, (b) 56 Gb/s, and (c) 64 Gb/s. Open eyes were observed at
all data rates.

and a 50-Ω terminated probe. The bandwidth limitation from

the RF driver link, including the AWG frontend, RF ampli-

fier, bias tee, and a long RF cable, was de-embedded based on

the frequency response of the RF link which was measured by

connecting the RF link to an 80 GHz electrical sampling mod-

ule of a digital communication analyzer (DCA). This frequency

response was then equalized up to 46 GHz through signal de-

emphasis using the AWG (92 GSa/s) to provide high-quality

electrical driving signals to the MRM. The optical input from

a tunable laser was coupled into and out of the chip through

vertical grating couplers. The modulated optical signal was am-

plified by a fiber optical amplifier and detected by the DCA with

65 GHz optical sampling module.

Figs. 5(a)–5(c) show the measured optical eye diagrams when

the MRM was driven by non-return-to-zero on-off keying (NRZ-

OOK) signals at data rates of 40 Gb/s, 56 Gb/s, and 64 Gb/s,

respectively. The MRM was reverse biased at −2 V. The peak-

to-peak RF swing was Vpp = 2.5 V at 56 Gb/s, corresponding

to a calculated energy consumption of 70 fJ/bit [12]. The laser

wavelength was tuned to 5∼6 dB down into the resonance at

the corresponding DC bias. Open eyes were observed at all data

rates. The modulation extinction ratio (ER) at the three data

rates was measured to be 9.8 dB, 6.0 dB, and 4.8 dB, and the

signal-to-noise ratio (SNR) was 10.2, 6.4, and 4.5, respectively.

The 1-level insertion loss was 2.9 dB, 3.0 dB, and 3.2 dB at the

three data rates.

The left column of Figs. 6(a)–6(c) show the measured optical

eye diagrams when the MRM was driven by PAM4 signals

at 40 Gbaud (80 Gb/s), 56 Gbaud (112 Gb/s), and 64 Gbaud

Fig. 6. Measured PAM4 modulation eye diagrams at symbol rate of 40 Gbaud
(80 Gb/s), (b) 56 Gbaud (112 Gb/s), and (c) 64 Gbaud (128 Gb/s). For all data
rates, the measured TDECQ was within the new IEEE 400G Ethernet standard
which requires the TDECQ <3.4 dB at 53.125 Gbaud. Note that the left column
shows the original eye diagrams as captured by the DCA, and the right column
shows the post-processed eye diagrams by the TDECQ analysis software of the
DCA using IEEE 802.3 bs specified settings.

(128 Gb/s), respectively. Here the MRM was biased at −4 V.

The peak-to-peak RF swing was Vpp = 2.4 V at 56 Gbaud,

corresponding to a calculated energy consumption of 18 fJ/bit

[12]. The laser wavelength was tuned to about 6 dB down into the

resonance at the corresponding DC bias. The outer ER, namely

the modulation extinction ratio between the top level and the

bottom level of the PAM4 eyes, was measured to be 5.7 dB,

5.1 dB, and 4.2 dB at 40 Gbaud, 56 Gbaud, and 64 Gbaud

respectively. The top-level insertion loss was 3.8 dB, 4.0 dB,

and 4.2 dB at these three baud rates. Again, open PAM4 eyes

were observed at all data rates up to 128 Gb/s.

To further quantify the PAM4 modulation quality, we mea-

sured the TDECQ of the MRM transmitter. TDECQ represents

the transmitter power penalty compared to an ideal virtual trans-

mitter for PAM4 modulation, which is a practical method to

quantitatively evaluate PAM4 modulation quality and has been

adopted by the new IEEE standard for 200G and 400G Ethernet

[16]. For example, the 400G BASE-DR4 standard requires the

TDECQ penalty of <3.4 dB at symbol rate of 53.125 Gbaud

(106.25 Gb/s). As shown in the right column of Figs. 6(a)–6(c),

the measured TDECQ of the MRM was 1.58 dB, 2.37 dB,

and 3.0 dB at symbol rate of 40 Gbaud (80 Gb/s), 56 Gbaud

(112 Gb/s), and 64 Gbaud (128 Gb/s), respectively, all meeting

the IEEE standard.
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Fig. 7. Measured 56 Gb/s NRZ-OOK modulation eye diagrams of the MRM
when (a) the integrated heater was off, and (b) the heater was on to tune the
MRM resonance by 6 nm. No significant SNR degradation was observed.

For practical applications, the silicon MRM’s resonance

wavelength must be tuned to match and track the laser

wavelength that drifts with temperature during operation. As-

suming that the laser and the MRM will experience similar

ambient temperature changes, both the laser wavelength and the

resonance wavelength of the MRM will change in the same di-

rection with temperature. However, the rate of their wavelength

changes will be different. We estimated that the wavelength

walk-off between a typical InGaAsP based DFB laser and a sili-

con MRM will be less than 40 pm/◦ C, i.e., less than 4 nm when

the chip temperature changes by 100◦C which is more than re-

quired by most optical interconnect applications. As shown in

Fig. 4(b), the integrated heater in the MRM was able to tune

the resonance wavelength across a full FSR of 6.6 nm, suffi-

cient to compensate for a wavelength mismatch between the

laser and the MRM. We conducted an experiment to assess the

impact of the ring resonance tuning using the integrated heater

on MRM performance. We first set the laser to meet the MRM

resonance at room temperature with the heater turned off, and

we took an eye diagram, as shown in Fig. 7(a). Then we off-

set the laser wavelength by approximately 6 nm to mimic the

worst-case wavelength drift in real-world operations, and turned

on the heater to tune the MRM resonance by 6 nm to meet the

laser wavelength, and repeated the eye diagram measurement,

as shown in Fig. 7(b). In this experiment, NRZ-OOK modula-

tion at 56 Gb/s was used with an RF swing of Vpp = 1.8 V. As

shown in Fig. 7, when the MRM resonance was thermally tuned

by 6 nm, no significant change in the eye SNR was observed.

IV. FUTURE WORK

Moving forward, several directions with potential can be fur-

ther explored with the MRM. First, as shown by the electrical

S11 measurements in Fig. 3, the RC-limited electrical band-

width of the MRM is greater than 100 GHz. By further increas-

Fig. 8. (a) The calculated optical bandwidth and waveguide loss of the MRM
at different doping concentrations. (b) Trade-off between modulation insertion
loss and modulation extinction ratio of the MRM at different optical bandwidth
with Vpp = 2.5 V in NRZ-OOK modulation. Note that a few approximations
were made here to simplify the calculations. A uniform doping profile was
assumed across the waveguide cross-section with equal p-type and n-type doping
concentrations (NA = ND ). The modulation phase efficiency was assumed to

be proportional to
√

NA /D according to [10]. The MRM was working at

critical coupling condition.

ing its optical bandwidth using higher doping concentrations,

an even higher EO bandwidth can be achieved to support data

rates greater than 128 Gb/s. For instance, Fig. 8(a) calculates

the optical bandwidth of the loaded, critically-coupled MRM at

different junction doping concentrations [13], where an optical

bandwidth as high as 100 GHz can be achieved at a reason-

able doping level (7 × 1018 cm−3). Although a higher doping

concentration results in increased waveguide loss, it should be

noted that in an MRM the waveguide loss does not directly

correlate to the modulator insertion loss. In an MRM, the in-

sertion loss is predominantly determined by the detuning of

the working wavelength from the resonance wavelength. The

detuning also affects the modulation extinction ratio. Fig. 8(b)

shows the trade-off between the modulation extinction ratio and

the insertion loss at different optical bandwidth (i.e. junction

doping concentration) with an RF drive voltage of Vpp = 2.5 V

in NRZ-OOK modulation.

Second, thanks to its compact size and low power consump-

tion, a large number of MRMs can be integrated on the same
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chip using wavelength division multiplexing to realize com-

munication links with multi-terabit per second aggregate data

rates.

V. CONCLUSION

We have demonstrated the first silicon microring modulator

operating at 128 Gb/s (64 Gbaud PAM4) data rate. This was

achieved by the MRM’s high modulation phase efficiency of

Vπ ·L = 0.52 V·cm and simultaneously its high electro-optic

bandwidth of 50 GHz. The transmitter penalty, TDECQ, of

the PAM4 modulation at 56 Gbaud (112 Gb/s) and 64 Gbaud

(128 Gb/s) was measured to be 2.37 dB and 3.0 dB respec-

tively, well within the IEEE 400G Ethernet standard (802.3 bs

for 53.125 Gbaud PAM4 transmitter). A silicon heater was also

integrated as part of the MRM cavity that enabled a full-FSR

thermo-optic wavelength tuning with a thermo-optic phase effi-

ciency of 19.5 mW/π-phase shift, sufficient to compensate for

the wavelength mismatch between the laser and MRM reso-

nance. For a wavelength tuning range of 6 nm using the inte-

grated heater, we observed no significant degradation of the SNR

for 56 Gb/s NRZ-OOK modulation. This demonstration opens

up the possibility of using compact, low power-consumption sil-

icon microring modulators for the next generation 400G optical

interconnects and beyond.
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