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We present design concepts for optical modulators without
using any equalization or bespoke fabrication techniques.
The demonstrated silicon photonics transmitter can operate
at 100 Gbps OOK, while the power efficiency of the driver is
2.03 pJ/bit.
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The optical modulator is the critical component in systems serv-
ing modern information and communication technologies [1],
not only in traditional data communication links, but also in
microwave photonics or chip-scale computing networks. It is
noticeable that several recent outstanding devices, which are based
on thin-film lithium niobate [2,3] and electronic plasmonics [4],
have demonstrated 100 Gbps on–off keying (OOK) transmission
only, by incorporating equalization techniques. Furthermore, all
of these devices suffer from concerns over fabrication complexity
and productivity yield and are incompatible with standard CMOS
processes. In contrast, silicon modulators based upon the plasma
dispersion effect do not present these fabrication challenges and are
favorable for chip-scale optoelectronic systems, where large num-
bers of photonic devices are fabricated on a single wafer. However,
bandwidth limitation is the primary concern for this type of silicon
modulator, and even by adopting additional dedicated fabrica-
tion process steps, such as substrate removal, the highest data rate
demonstrated is 90 Gbps OOK [5] when fed by a driver amplifier
requiring watts of power consumption.

Nonetheless, previously reported modulator designs, regardless
of the device material or the device structure, look to optimize the
trade-off among the different performance metrics: high band-
width, low optical insertion loss, low-drive voltage, low fabrication

cost, small device footprint and device reliability, whereas few of
the previous examples have ever deeply investigated the conver-
gence of the photonics and electronics. In contrast to previous
work in the field where photonics–electronics integration is mostly
limited to the physical coupling approach between photonic and
electronic devices such as monolithic [6], wire bonding [7] or
flip-chip bonding [8], we have introduced a new design philoso-
phy, where a synergistically designed electrical CMOS driver can
solve the limited bandwidth dilemma of the silicon photonics
modulator.

Inductive peaking is a standard technique that has been utilized
for bandwidth enhancement for numerous high-speed electrical
circuit designs. However, “T-coil” peaking provides an alternative
means of increasing the bandwidth. Previous work [9] has demon-
strated that an asymmetrical transformer can provide an additional
70% bandwidth enhancement over that provided by inductive
peaking techniques when utilized in broadband amplifier designs.
Therefore, an intuitive assumption is that an asymmetrical trans-
former may also find its utilization within the optical modulator
driver design, where the concerns around bandwidth limitations
could be alleviated to a large extent. Under this assumption, the PN
doping levels of the silicon modulator can be purposely increased
so that the modulation efficiency is enhanced, which in turn leads
to optimization of the electrical power efficiency and photonic
device footprint.

The preconditions for such great potential to be realized are
that passive electrical elements, such as asymmetrical transform-
ers, peaking inductors, and termination resistors, must provide
a high-quality, low-loss profile over a broadband frequency
range (>70 GHz), and within the typical CMOS process vari-
ations. We, therefore, designed all of these passive components
(LM1, LM2, R1, R2, L2, L3) in a standard commercial CMOS
process (TSMC 28 nm High-K-Metal-Gate), allowing our linear
driver amplifier to be designed and fabricated. As highlighted in
Fig. 1, the asymmetrical transformer is realized with the top two
thick metal layers of the CMOS process, with the gapped metal

2334-2536/20/111514-03 Journal © 2020Optical Society of America

https://orcid.org/0000-0002-2954-1383
https://orcid.org/0000-0002-1086-5775
https://orcid.org/0000-0003-1431-7060
https://orcid.org/0000-0003-4925-2308
https://orcid.org/0000-0002-1576-8034
mailto:D.Thomson@soton.ac.uk
mailto:G.Reed@soton.ac.uk
mailto:kl@ecs.soton.ac.uk
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OPTICA.411122
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.411122&amp;domain=pdf&amp;date_stamp=2020-10-27


Memorandum Vol. 7, No. 11 / November 2020 / Optica 1515

Fig. 1. Illustration of the convergence of CMOS driver and silicon photonics modulator. (a) EM view of asymmetric transformer; (b) net carrier concen-
tration in silicon photonics carrier depletion phase shifter; (c) input impedance of asymmertric transformer with a traveling wave phase modulator seen as a
load; (d) conceptual model of the packaged optical transmitter; (e) microscope view of the packaged optical transmitter.

tracks used for bottom shielding. The outer dimensions of the
asymmetrical transformer are 61 µm× 63 µm, which is almost the
same as a standard IO PAD. Furthermore, following the same con-
cept of our previous work [7], a standard carrier depletion-based
optical modulator is designed in a U-shapes MZM configuration,
allowing access to both input and termination pads of the MZM
on one side of the chip. This allows both ends of the modulator
to be electrically connected to the CMOS driver by flip-bonding
in this case. The U-shaped MZM was designed and modeled for
operation at a wavelength of 1550 nm. The conceptual model and
the microscope view of the packaged sample in Fig. 1 illustrates
the integration process. The PN junction within the silicon MZM
is fabricated with a higher doping concentration than is typically
used, of 3 e 17cm−3, 8.5 e 17cm−3, 1 e 20cm−3, 1 e 20cm−3 for
n, p, n+, and p+, respectively. The measurement results from a
test structure show a modulation efficiency of 1.5 V·cm, and a
phase-shifter loss of 2.7 dB/mm with a 1 V reverse bias voltage.
The overall phase-shifter length in this design is chosen to be
2.47 mm, which gives a total optical loss of 6.9 dB including the
losses from two MMIs, the passive waveguides, and the 2.47 mm
phase shifters.

When conducting the optoelectronic testing, two independent
electrical 27

− 1 pseudo-random bit sequence (PRBS) test signals
were provided by an SHF bit pattern generator (12104A) and fed
into a MUX (SHF 603B) that can provide multiplexed signals up
to 112 Gbps with a single-ended voltage swing of approximately
0.5 V. This signal was then fed into our driver amplifier. The optical
output from the modulator was amplified by a low-loss EDFA and
then fed into a Keysight Digital Communication Analyzer (DCA
86100D). The maximum power supply within the testing circuit
was set at 2.8 V, under which the overall power consumption of the
CMOS driver was measured to be 203 mW. Tuning the heating ele-
ment to set the operating point on the silicon modulator consumed
another 20–35 mW. When operating at the quadrature point, opti-
cal eye diagrams at 56 Gbps OOK, 80 Gbps OOK, and 100 Gbps
OOK, shown in Figs. 2(a)–2(c), are detected, where no equali-
zation techniques were used. It can be seen that the integrated
silicon photonics transmitter can operate at 100 Gbps OOK,
with∼3 dB extinction ratio and a power efficiency of 2.03 pJ/bit.
To further investigate the performance limitation with a better
power efficiency, the baud rate was increased, and the power supply

Fig. 2. Measured optical eye diagram at different baud rates.
(a) 56 Gbps OOK; (b) 80 Gbps OOK; (c) 100 Gbps OOK; (d) 112 Gbps
OOK with seven-tap feed-forward equalization enabled in the DCA.

of the driver was deliberately scaled down. Experimental results
show that with a power efficiency of 1.59 pJ/bit, the proposed
design can operate up to 112 Gbps OOK with signal-to-noise ratio
(SNR) >3, although seven-tap feed-forward equalization was
adopted within the DCA in this case.

These preliminary measurements results have already demon-
strated comparable bandwidth performance to the reported
lithium niobate modulators [2,3], which so far have not been
realized with driver integration, which typically results in a signifi-
cant bandwidth penalty. Furthermore, the power consumption of
this work is 4 times lower compared to the electronic–plasmonic
modulator [4] that has been integrated with electronics. In all
comparative aspects, the proposed all-silicon optical transmitter
solution is superior to all previous works in this field and illustrates
great potential for next-generation optical communication links at
100 Gbaud and beyond.

Funding. Engineering and Physical Sciences Research
Council (EP/L00044X/1, EP/L021129/1, EP/N013247/1,
EP/T019697/1).

Acknowledgment. Dr. Ke Li acknowledges the funding
support from the State Key Laboratory of Advanced Optical
Communication System and Networks, Peking University, China.
Dr. David J. Thomson acknowledges funding from the Royal
Society for his University Research Fellowship.



Memorandum Vol. 7, No. 11 / November 2020 / Optica 1516

Disclosures. The authors declare no conflicts of interest.

REFERENCES
1. G. T. Reed and G.Mashanovich, et al., Nat. Photonics 4, 518 (2010).
2. M. He andM. Xu, et al., Nat. Photonics 13, 359 (2019).
3. C.Wang andM. Zhang, et al., Nature 562, 101 (2018).
4. U. Koch and C. Uhl, et al., Nat. Electron. 3, 338 (2020).

5. M. Li and L.Wang, et al., Photon. Res. 6, 109 (2018).
6. C. Xiong and D. M. Gill, et al., Optica 3, 1060 (2016).
7. K. Li and D. Thomson, et al., in European Conference on Optical

Communication (ECOC) (2018).
8. M. Raj and K. Chang, et al., IEEE J. Solid-State Circuits 55, 1086 (2020).
9. J. Jun-De and H. Shawn, IEEE Trans. Microw. Theor. Tech. 56, 3086

(2008).

https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/s41566-019-0378-6
https://doi.org/10.1038/s41586-018-0551-y
https://doi.org/10.1038/s41928-020-0417-9
https://doi.org/10.1364/PRJ.6.000109
https://doi.org/10.1364/OPTICA.3.001060
https://doi.org/10.1109/JSSC.2019.2960487
https://doi.org/10.1109/TMTT.2008.2007089

