
240 Gb/s optical transmission based on an
ultrafast silicon microring modulator
YUGUANG ZHANG,1,2,† HONGGUANG ZHANG,2,† JUNWEN ZHANG,3,† JIA LIU,2 LEI WANG,1,2 DAIGAO CHEN,1,2

NAN CHI,3 XI XIAO,1,2,4,* AND SHAOHUA YU1,2,4

1State Key Laboratory of Optical Communication Technologies and Networks, China Information and Communication Technologies Group
Corporation (CICT), Wuhan 430074, China
2National Information Optoelectronics Innovation Center, Wuhan 430074, China
3Key Laboratory of Information Science of Electromagnetic Waves (MoE), Fudan University, Shanghai 200433, China
4Peng Cheng Laboratory, Shenzhen 518055, China
*Corresponding author: xxiao@wri.com.cn

Received 30 August 2021; revised 24 February 2022; accepted 24 February 2022; posted 25 February 2022 (Doc. ID 441791);
published 29 March 2022

An ultrafast microring modulator (MRM) is fabricated and presented with V π · L of 0.825 V · cm. A 240 Gb/s
PAM-8 signal transmission over 2 km standard single-mode fiber (SSMF) is experimentally demonstrated. PN
junction doping concentration is optimized, and the overall performance of the MRM is improved. Optical peak-
ing is introduced to further extend the EO bandwidth from 52 to 110 GHz by detuning the input wavelength. A
titanium nitride heater with 0.1 nm/mW tuning efficiency is implemented above the MRM to adjust the resonant
wavelength. High bit rate modulations based on the high-performance and compact MRM are carried out. By
adopting off-line signal processing in the transmitter and receiver side, 120 Gb/s NRZ, 220 Gb/s PAM-4, and
240 Gb/s PAM-8 are measured with the back-to-back bit error ratio (BER) of 5.5 × 10−4, 1.5 × 10−2, and
1.4 × 10−2, respectively. A BER with different received optical power and 2 km SSMF transmission is also
investigated. The BER for 220 Gb/s PAM-4 and 240 Gb/s PAM-8 after 2 km SSMF transmission is calculated
to be 1.7 × 10−2 and 1.5 × 10−2, which meet with the threshold of soft-decision forward-error correction,
respectively. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.441791

1. INTRODUCTION

The fast development of artificial intelligence (AI), 5G appli-
cations, cloud computation, and internet of things (IoT)
requires high-speed optical modules in optical interconnec-
tions. As one of the building blocks of optical communication,
optical modulators [1] with high bandwidth, low loss, and
low driving voltage are desired. Mach–Zehnder modulators
(MZMs), including silicon modulators [2–5], indium phos-
phide (InP) modulators and lasers [6–9], silicon organic hybrid
(SOH) modulators [10,11], plasmonic-organic hybrid (POH)
modulators [12,13], and lithium niobate on insulator (LNOI)
modulators [14–17], are intensively investigated. Among these
technologies, silicon photonics technology is considered to be
one of the best approaches, due to its high integration, low fab-
rication cost, and compatibility with mature CMOS process
[1,18]. Although MZMs have the advantage of large band-
width, there are drawbacks, including high optical loss, large
footprint, high driving voltage, and high-power consumption.
Compared with the MZMs, microring modulators (MRMs)
[19–23] can overcome the disadvantages aforementioned.

Over recent years, MRMs have attracted increasing interest,
and modulation over 100 Gb/s [24,25] PAM4 has been exper-
imentally demonstrated. Optical peaking [26,27] is researched
to enlarge the EO bandwidth. Through this approach, a
50 GHz EO bandwidth MRM [28] supporting 128 Gb/s
PAM4 modulation is achieved. However, achieving a modula-
tion data rate higher than 200 Gb/s is still a big challenge
for MRM.

An ultrafast MRM is experimentally demonstrated. We
achieved the large bandwidth of 110 GHz through optimizing
the doping concentration and optical peaking of the proposed
MRM. The V π · L is measured to be 0.825 V · cm with the
optimized doping concentration of 3 × 1018 cm−3. To control
the resonant wavelength, we implemented a TiN heater with
the thermo-optical (TO) tuning efficiency of 0.1 nm/mW
above the MRM. Joint off-line signal processing in the trans-
mitter (Tx) and receiver (Rx) side is utilized to improve overall
performance. BtB modulations of 120 Gb/s NRZ, 220 Gb/s
PAM-4, and 240 Gb/s PAM-8 with the bit error ratio
(BER) of 5.5 × 10−4, 1.5 × 10−2, and 1.4 × 10−2 are experimen-
tally demonstrated, respectively. Received optical power versus
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BER is also investigated. The BER of 220 Gb/s PAM-4 and
240 Gb/s PAM-8 after 2 km standard single-mode fiber
(SSMF) transmission is 1.7 × 10−2 and 1.5 × 10−2, both below
the assumed 20% overhead soft-decision forward-error correc-
tion (SD-FEC) threshold of up to 2 × 10−2, respectively. To the
best of our knowledge, we achieved the highest modulation
speed of 240 Gb/s PAM-8 for MRM.

2. DESIGN AND FABRICATION

Both the photon lifetime limited optical bandwidth and the
resistance-capacitance constant limited electrical bandwidth de-
termine the EO bandwidth of the MRMs, as described by
[29,30]
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The photon lifetime of the MRM is defined by τ � λQ
2πc . λ,

Q , and c are the resonant wavelength, the Q-factor, and the
light speed in vacuum, while Rpn, Rdr � 50 Ω, and Cpn are
the modulator series resistance, driver impedance, and junction
capacitance of the MRM, respectively. From Eq. (1), one can
find that, to improve the EO bandwidth of the MRMs, the
Q-factor, Rpn, and Cpn should be decreased, while all of them
are mostly dependent on the doping concentration.

To investigate the relationship between the performance of
the MRMs and the doping concentration, we simulated the
optical bandwidth, electrical bandwidth, and EO bandwidth
with different doping concentrations. Figure 1(a) presents
the simulated results. The carrier distribution of the PN junc-
tion is simulated by a Lumerical device to obtain the series re-
sistance and PN junction capacitance. Then, the simulated
carrier distribution is sent to mode solutions to calculate the
optical loss and effective index at different reversed-bias volt-
ages. Lumerical interconnect is used to simulate the optical
transmission spectra of the MRM, and the Q-factor is calcu-
lated. Based on the results, the electrical bandwidth and optical
bandwidth are achieved. The EO bandwidth with different

detuning wavelengths is calculated based on the equivalent
circuit model [31].

The electrical bandwidth of the MRMs will decrease with
heavier doping concentration, due to the larger junction
capacitance [32]. The optical bandwidth will increase, along
with the doping concentration. The overall EO bandwidth
of the MRMs is calculated based on Eq. (1). The increase
of the EO bandwidth for the MRM becomes slower for doping
concentration larger than 3 × 1018 cm−3. Therefore, the doping
concentration is designed as 3 × 1018 cm−3 for P- and N-type
doping with the EO bandwidth of 44.3 GHz. Due to the op-
tical peaking [26,27] of the MRM, the EO bandwidth can be
further extended. Figure 1(b) shows the simulated EO band-
width with optical peaking and ER of the MRM with different
detuning wavelengths. The detuning wavelength Δλmeans the
wavelength difference between the laser and MRM. The ER is
simulated with 3Vpp and 4.5 V reversed-bias voltage. The simu-
lated EO bandwidth with optical peaking will improve with the
increase of the detuning wavelength, while the ER will decrease.
The EO bandwidth with optical peaking and ER of the MRM
are simulated to be 108 GHz and 0.8 dB with the detuning
wavelength of 0.286 nm.

We designed the proposed high-speed MRM based on the
220 nm SOI platform. The schematic of the proposed MRM is
presented in Fig. 2(a). The radius of the MRM is designed to be
8 μm. The waveguide width of 420 nm is designed with the
slab thickness of 70 nm. To maintain the MRM working near
the critical coupling region at the wavelength of 1310 nm, we
used a 5 μm racetrack to increase the coupling efficiency, with
the gap width of 280 nm. Figure 2(b) shows the PN junction in
the MRM indicated by dashed square in Fig. 2(a). A lateral PN
junction working with depletion mode is placed in the MRM
with the widths for P-type doping of 230 nm and N-type dop-
ing of 190 nm, since the changing of hole concentration con-
tributes a larger index change and a lower optical loss than that
of electron concentration [1].

The proposed MRM is fabricated in a commercial 8 in.
130 nm CMOS foundry with three metal layers and one
TiN heater layer. Figure 2(c) is the microscope picture of
the fabricated MRM. The ground-signal (G-S) electrode with
the pitch of 150 μm is designed for implementing the RF
signal. The CW light from the optical fiber is coupled into
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Fig. 1. (a) Simulated optical bandwidth, electrical bandwidth, and EO bandwidth of the MRMwith different doping concentrations, respectively.
(b) Simulated EO bandwidth with optical peaking and extinction ratio (ER) of the MRM with different detuning wavelengths. The ER is simulated
with the 3Vpp and 4.5 V reversed-bias voltage.
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the proposed MRM through the grating couplers. The resonant
wavelength of the MRMwill be affected by fabrication errors or
temperature variations and deviate from the desired value.
Thus, we implemented an integrated TiN heater above the
MRM to control the resonant wavelength.

The normalized optical transmission by varying the re-
versed-bias voltage is shown in Fig. 3(a). The V π · L will be
about 0.825 V · cm with reversed-bias voltage of 4.5 V. The
calculated Q-factor is 4500 by Lorentz fitting, which means
that the optical bandwidth will be 52 GHz, agreeing well with
the simulation. The highest ER larger than 30 dB is achieved.
The ER and the insertion loss with driving voltage of 3Vpp at
different working wavelengths are shown in Fig. 3(b). As shown
in our previous work [33], the Pπ of the TiN heater tuning
efficiency is about 35 mW. The damage threshold is measured
to be 355.2 mW, meaning that the mismatch between laser and
MRM can be sufficiently compensated.

With a Keysight’s 110 GHz light wave component
analyzer (LCA, N4372E), we characterized the EO response
for the high bandwidth MRM. In order to obtain an accurate
EO response, influences caused by cables and probe are

de-embedded. The PN junction capacitance Cj � 38 fF and
the PN junction resistance Rj � 11 Ω are extracted through
the equivalent circuit model [22], respectively. Figure 4
presents the EO response with 2 V reversed-bias voltage.
The EO responses are measured with the detuning wavelength
Δλ of 0.326, 0.269, 0.24, 0.183, and 0.115 nm, respectively.
Along with the increase of the detuning wavelength, the optical
peaking is enhanced and the EO bandwidth improves. The cor-
responding EO bandwidths are 110, 91, 79, 65, and 52 GHz,
respectively. To the best of our knowledge, the measured EO
bandwidth of 110 GHz is the largest bandwidth ever reported
for a modulator based on a pure-Si waveguide.

3. HIGH-SPEED CHARACTERIZATION

NRZ, PAM-4, and PAM-8 signal modulations of our proposed
MRM are carried out through the measurement setup shown in
Fig. 5. The output power of the tunable laser is 15 dBm. We
adjusted the output light to TE mode with a polarization con-
troller (PC) and coupled the TE mode to the MRM through
the grating couplers. To simplify the measurement, we adjusted
the output wavelength of the tunable laser instead of tuning the
TiN heater. The RF signal is generated by a 120 GS/s arbitrary

Fig. 2. (a) Schematic for the high-performance MRM. (b) PN junc-
tion in the MRM indicated by dashed square in (a). (c) Microscope
picture of the proposed MRM.
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Fig. 3. (a) Normalized optical transmission by varying the reversed-bias voltages. (b) Extracted insertion loss (IL) and ER with different working
wavelength with driving voltage of 3V pp.
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wave generator (AWG). An SHF driver (S807 C, bandwidth of
55 GHz) is used with the output voltage swing of 3Vpp. After
amplification, the RF signal is sent to the MRM with a high
bandwidth G-S probe. To reduce the RF reflection, a 50 Ω
termination contacts the MRM through an S-G probe.
Meanwhile, 4.5 V reversed-bias voltage for the PN junction
is provided by a DC power supplier and a bias tee. The output
optical signal power from the MRM is more than 2.5 dBm and
is adjusted with a variable optical attenuator (VOA). The total
insertion loss is about 12.5 dB, including 8 dB for two grating
couplers, 1.5 dB for optical fiber transmission loss (polarization
controller, fibers, and connectors), and 3 dB for bias loss, cor-
responding to about 0.148 nm wavelength detuning. The
bandwidth at this detuning point is estimated to be larger than
60 GHz. A 50 GHz commercial photodetector (PD) is used to
receive the optical signal. Since high-bandwidth trans-imped-
ance amplifier (TIA) is not available, an electrical amplifier
is used to enhance the received signal. We captured the ampli-
fied electrical signal by a 256 GS/s real-time digital storage
oscilloscope (DSO) and calculated the BER through off-line
digital signal processing (DSP).

In the high-speed transmission measurement of the pro-
posed MRM, we applied joint off-line signal processing in
the Tx and Rx side to improve the overall performance. At the
Tx side, the pre-equalization is employed to compensate for
the linear impairments caused by limited component band-
width [34]. At the Rx side, the neural network (NN)-based
nonlinear compensation (NLC) [35] at 1 sample per symbol
(sps) was used to mitigate the nonlinear impairments for PAM
signals, followed by the maximum likelihood sequence equali-
zation (MLSE) to handle the residual linear impairments [36].

Figure 6 shows the measured BER with different data rates
for NRZ signal transmission based on the MRM. The BtB
BER of 120 Gb/s NRZ is calculated to be 5.5 × 10−4 at
2.5 dBm received optical power. By decreasing the received op-
tical power, the measured BER of 110 Gb/s, 115 Gb/s, and
120 Gb/s NRZ signal increases, respectively. When the re-
ceived optical powers are −3.5 dBm for 110 Gb/s, −2.5 dBm
for 115 Gb/s, and −1.5 dBm for 120 Gb/s, the calculated BER

for the NRZ signal will still be below the assumed threshold of
SD-FEC at 2 × 10−2. The inset of Fig. 6 demonstrates the
calculated eye diagram of the 120 Gb/s NRZ signal after equali-
zation.

The PAM-4 signal transmission based on the proposed
MRM is measured. Figure 7(a) displays the calculated BER
of BtB and after 2 km transmission with different data rates.
The BER of 220 Gb/s PAM-4 is calculated to be 1.5 × 10−2

for BtB and 1.7 × 10−2 after 2 km SSMF transmission, respec-
tively. Figure 7(b) shows the BER of 200 Gb/s PAM-4 versus
received optical powers, as shown in Fig. 7(b). The insets of
Figs. 7(a) and 7(b) show the diagrams of PAM-4 signal of
220 Gb/s and 200 Gb/s, respectively. As shown in Fig. 7(b),
compared with signals without neural network nonlinear
compensation and no MLSE, there is 1 dB sensitivity improve-
ment at the BER threshold of 2 × 10−2, and there is even
more than 2 dB sensitivity improvement at the BER threshold
of 3.8 × 10−3. Therefore, there are significant sensitivity
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Fig. 5. Experimental setup of the transmission based on the MRM. Tx, transmitter; Rx, receiver; DSO, digital storage oscilloscope; AWG,
arbitrary wave generator; PC, polarization controller; PD, photodetector; EA, electrical amplifier; VOA, variable optical attenuator; SSMF, standard
single-mode fiber; EQ, equalization; NN, neural network; NLC, nonlinear compensation.
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improvements by introducing the NN-based NLC and MLSE
for additional joint linear and nonlinear equalizations. There is
a negligible penalty for a signal before and after SMF transmis-
sion thanks to the near-zero dispersion. One dot in Fig. 7(b)
shows slightly “better” performance under the high-power case.
In fact, there is a BER error floor for the high received optical
powers case (more than 1.5 dBm).

For the purpose of further increasing the modulation data
rate, we test the performance of PAM-8 signal transmission
based on the proposed MRM with the same setup. The calcu-
lated BER for PAM-8 signal with a different baud rate is shown
in Fig. 8(a). The highest data rate of 240 Gb/s PAM-8 is
achieved with the BER of 1.4 × 10−2 for BtB and 1.5 × 10−2

after 2 km SSMF transmission, respectively. The BER for
180 Gb/s PAM-8 versus received optical powers is presented
in Fig. 8(b), which shows that, when the received optical power
is −1.5 dBm, the BER for BtB and 2 km SSMF transmission
is below the assumed threshold of SD-FEC. The insets in
Figs. 8(a) and 8(b) show the demodulated PAM-8 signal for
240 and 180 Gb/s, respectively. Again, we can see that there
are significant sensitivity improvements by introducing the
NN-based NLC and MLSE for additional joint linear and non-
linear equalizations, especially for the high-order modulation
format (i.e., PAM-8), as shown in Fig. 8(b).

The performance of our MRM is compared with the prior
state-of-the art demonstrations, consisting of III–V on a SiC
directly modulated laser (DML) [9], LNOI modulator [17],
silicon Mach–Zehnder modulator [3,5], silicon microring
modulator [23], POH modulator [13], and SOH modulator
[11], as shown in Table 1. Compared with Mach–Zehnder
modulators, the insertion loss in MRMs is predominantly de-
termined by the wavelength detuning point while having neg-
ligible correlation with the waveguide loss. This is important for
next-generation optical interconnects, since the optical power
budget is becoming increasingly critical. The present device ex-
perimentally demonstrated 240 Gb/s PAM8 modulation,
which is the highest modulation speed among all the modula-
tors in silicon photonics. The proposed MRM also features the
advantages of large bandwidth and small footprint, which are
comparable with the best demonstrated performances of the
prior modulators. All these characters make the proposed
MRM appeal for the applications in high-speed data-center in-
terconnect (DCI).

4. DISCUSSION

The performances of the proposed MRM are partially hindered
by the devices used in our experiment. The system bandwidth
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is limited by the 50 GHz commercial PD. Since a high-
bandwidth transimpedance amplifier (TIA) is not available,
the electrical amplifier is necessary to enhance the received signal,
which will increase the noise and the measured BER. Therefore,
we can improve the measured results of the MRM by three ways:
(i) replacing the PD with another possessing larger bandwidth;
(ii) using the edge couplers with higher coupling efficiency to
decrease the optical loss; (iii) adding a praseodymium-doped fi-
ber amplifier to amplify the output optical signal. In these ways,
the system bandwidth of the experimental setup can be improved
and the electrical amplifier can be removed. As a result, the mea-
sured BER for different modulation formats, i.e., NRZ, PAM-4,
and PAM-8 signals in our work, will decrease.

Considering the high performances, we can integrate the
proposed MRM to achieve terabit-per-second optical transmis-
sion by wavelength division multiplexing (WDM) [37] in
the future. The proposed MRM can also be used to realize
high-speed in-phase/quadrature modulation [38]. Recently,
heterogeneous III–V-on-silicon photonic integration [39] is de-
veloping rapidly. We believe that the performance of the MRM
can be further improved by heterogeneous III–V-on-silicon
photonic integration [39].

For off-line signal processing complexity, in our experimen-
tal test, the NN-based nonlinear compensation with a multi-
layer perceptron (MLP) algorithm is used to compensate for
residual linear and nonlinear distortions in the signal. The
number of input nodes of the MLP is set to nine; the number
of the first hidden layer should be 512. The current results are
evaluated by using off-line DSP. As reported in Ref. [40], the
NN-based equalization can be realized in real-time FPGA. We
will study the complexity and realization in real-time processing
in future work, for example, using FPGA [40].

5. CONCLUSION

The ultrahigh-speed MRM is proposed and developed. The
doping concentration is optimized to enlarge the EO band-
width and ER. The optical peaking is utilized to further extend
the EO bandwidth. The measured V π · L of the MRM is
0.825 V · cm with reversed-bias voltage of 4.5 V and doping
concentration of 3 × 1018 cm−3. A TiN heater is implemented
above the MRM to control the resonant wavelength with
0.1 nm/mW tuning efficiency. Joint off-line signal processing

in the Tx and Rx side is utilized to improve the optical link’s
overall performance. Based on the proposed MRM, we exper-
imentally demonstrated the modulations of 120 Gb/s NRZ,
220 Gb/s PAM-4, and 240 Gb/s PAM-8 with BER of
5.5 × 10−4, 1.5 × 10−2, and 1.4 × 10−2, respectively. The
BERs of 220 Gb/s PAM-4 and 240 Gb/s PAM-4 after the
2 km SSMF transmission are measured to be 1.7 × 10−2 and
1.5 × 10−2, respectively. To our best knowledge, the
240 Gb/s modulation bit rate is the state-of-the-art result that
has ever been reported based on pure silicon modulators. The
demonstrated promising performance indicates that the pro-
posed MRM has great potential for the next-generation optical
transceiver modules.
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