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High-Speed BPSK Modulation in Silicon

Qi Li, Ran Ding, Yang Liu, Tom Baehr-Jones, Michael Hochberg, and Keren Bergman

Abstract— Binary phase-shift keying (BPSK) modulator is the
basic component for generating advanced modulation formats
such as polarization-division-multiplexed quadrature phase-shift
keying. In this letter, we demonstrate BPSK modulation using
a silicon traveling-wave modulator at data rate up to 48 Gb/s,
with 7.4-Vp, differential RF driving voltage and record 8.75-pJ/b
dynamic energy efficiency. The performance of the silicon
BPSK modulator is compared with a commercial lithium niobate
phase modulator, showing better dispersion tolerance.

Index  Terms—Phase  modulation,
technology, integrated optoelectronics.

silicon-on-insulator

I. MOTIVATION

IGH-SPEED  silicon modulators have attracted
considerable research interests for advanced modulation
formats in recent years [1], [2]. As the key enabler to
increase optical network capacity, PDM-QPSK has been
deployed in 100-Gb/s long haul coherent transmission
links, and higher modulation formats such as 16-ary
quadrature amplitude modulation (16-QAM) may be used for
next-generation high-capacity networks [3]. BPSK modulator
is a basic building block for advanced modulation formats
such as PDM-QPSK and QAM. QPSK modulator can
be implemented using a pair of nested BPSK modulators
for in-phase and quadrature components, typically in
Mach-Zehnder interferometer (MZI) structure. The same struc-
ture can be used for QAM generation, requiring RF driving
signal generated by digital-analog-converter (DAC) [2].
Encoding bit information on the signal phase, BPSK format
has the well-known ~3 dB sensitivity advantage and
better nonlinearity tolerance compared with on-off
keying (OOK) modulation. BPSK modulation can be
generated using straight-line phase modulator (PM) or
Mach-Zehnder =~ modulator, typically in Lithium

Niobate (LiNbO3) technology [12].
Current coherent transmitters are typically built on LiNbO3
based modulators with discrete passive optical components.
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To reduce the cost and energy consumption, silicon based
photonic integrated circuits (PIC) has gained a lot of
attention. Due to its advantage as a powerful integrated
platform, silicon photonics is poised to enable low-cost and
high-yield device manufacturing with potentially large impact
on applications ranging from optical communication [4], [5]
to high-performance computing [6].

The recent efforts for BPSK modulation in silicon have
been primarily focused on microring and MZM structures.
For BPSK signal generation in microring, the microring
needs to be over-coupled so that there will be = phase shift
during bit transitions. Up to 10-Gb/s BPSK modulation has
been shown in silicon microring modulator [7]. Although
having advantages such as small footprint and potentially
power-efficient, microring modulator suffers from thermal
instability and prone to fabrication variation issues. A more
widely adopted structure for BPSK modulation is MZI.
There has been multiple works on high-speed BPSK
MZI modulation showing low driving voltage or chirp-free
performance, with the highest demonstrated data rate being
around 25-Gb/s [8]-[10]. Further pushing the data rate limit
of BPSK modulators could enable integrated PDM-QPSK and
QAM transmitter in silicon at unprecedented data rate.

In this work we demonstrate BPSK modulation using a
silicon traveling-wave modulator at record data rate.
The silicon BPSK modulator is designed with slow-wave
transmission line electrodes and is driven by 7.4 Vp, differ-
ential and 4 V bias voltage. Up to 56-Gb/s OOK modulation
with open eye and 48-Gb/s BPSK modulation is shown. The
silicon modulator is estimated to achieve 8.75 pJ/bit record
dynamic energy efficiency at 48-Gb/s. The silicon modulator is
compared with a commercial 35GHz LiNbO3 phase modulator
in the same experimental setup, and is shown to have better
dispersion tolerance.

II. DEVICE

Fig. 1(a) shows a microscope image of the silicon
traveling-wave modulator used in the experiment. The
silicon travelling-wave modulator employs slow-wave
electrodes design, increasing the achievable inductance per
unit length and raising the device impedance [11]. The
device operates with GSGSG configuration for driving and
termination (Fig. 1a). The cross section of the p-n junction
phase shifter is shown in Fig. 1b with key dimensions
annotated. The p-n junction is formed at the center of the
waveguide by 5 x 10'7 /cm?® p-dopants and 3 x 10'7/cm3
n-dopants. The intermediate p+ and n+ dopants are on the
level of 2 x 10'8/cm3. These designs significantly decrease
the series resistance Ry, while maintaining low optical loss.
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(a)
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Fig. 1. (a) Image of the silicon traveling-wave modulator showing GSGSG
probe on the right for driving, GSGSG on the top for 50-Q termination.
(b) Cross sectional diagram of the phase shifter.
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Fig. 2. (a) Device optical spectra. (b) Eye diagram of OOK modulation at

40-Gb/s and 56-Gb/s with extinction ratio of 8.9 dB and 4.9 dB (20 ps/div).

The silicon travelling-wave modulator has a length of
3.5-mm, and is measured to have E/O 3-dB bandwidth of
21.5 GHz at 0 V bias and 27 GHz at —1V bias. Each arm of the
modulator is a p-n junction in depletion mode with fully inde-
pendent differential drive. A polarization-maintaining (PM)
fiber array is attached to the chip to obtain stable coupling
through grating couplers. The device V. is measured to
be ~5.5 V for each arm. The impedance of each arm is
measured to be ~ 65 Q in the experiment, deviating from
the ideal 50 Q device design.

Fig. 2a shows the measurement of the device optical spectra,
with ~6 nm free spectral range (FSR) due to 100 um
intentional imbalance of the Mach-Zehnder arm lengths for
convenient change of the modulator phase bias. In order to
characterize the modulator, OOK modulation at data rates of
40-Gb/s and 56-Gb/s is first tested (Fig. 2b). A differential
driving voltage of 7.4 V,, and 4 V bias voltage is used. The
data generation equipment is operated above its upper limit at
data rate beyond 50-Gb/s, therefore the 56-Gb/s limit shown
here is likely not an indication of device speed limit.
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Fig. 3. Experiment setup.

III. EXPERIMENTS AND RESULTS

The experimental setup is shown in Fig. 3.
A continuous-wave (CW) signal from a tunable laser (TL)
is sent into the device-under-test (DUT) after a
polarization controller. A pulsed-pattern generator (PPG)
generates a non-return-to-zero (NRZ) 23! —1 pseudo-random
bit-sequence (PRBS) signal. The PRBS signal is four-way
split and delayed before being multiplexed into a single high-
speed signal using an SHF 24210A module. The differentials
output from the MUX are amplified by a pair of driver
amplifer (Centellax OA4MVM3), biased with a high-speed
bias tee (T) and drives the silicon modulator through an
65 GHz RF GSGSG probe. The output light from the chip is
then amplified with an erbium-doped fiber amplifier (EDFA).
The amplified signal passes through different lengths of
single mode fiber (SMF), a variable optical attenuator (VOA)
and a commercial BPSK demodulator with 50 GHz FSR
for signal demodulation. In our experiment the single-ended
demodulated output from the destructive port is used for
BER and eye diagram measurement. The demodulated signal
output is received on a PIN-TIA photodetector with limiting
output buffer, which is connected to a 1:4 demultiplexer and
selector. The demultiplexed and selected tributary is then fed
into a bit-error-rate tester (BERT) for BER measurements.
A digital communications analyzer (DCA) was used to
record eye diagrams throughout the experiment. The
PPG, DCA and BERT are synchronized with the same clock
signal.

The binary data is encoded as either O or 7= phase shift
between different bits in the BPSK format. In our experiment,
the tunable laser wavelength is set at 1554.788 nm. To generate
BPSK modulation in a MZI structure, the ideally required
driving signal is twice the driving signal required to generate
OOK signal [12]. It is possible to generate BPSK signal with
lower driving voltage, with the consequence that the generated
BPSK has a small amount of chirp [8]. The differential
driving voltage applied to each arm of the silicon modulator
is measured to be 7.4 Vpp and biased at 4 V, operating the
p-n junction at depletion mode. Due to the nature of the opera-
tion principle, intensity dips are visible from the generated eye
diagram. Because of equipment availability, a BPSK demod-
ulator with fixed 50 GHz FSR is used to demodulate and
evaluate the generated BPSK signals at different data rate,
showing the demodulated signals at the destructive port with
various speeds.
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BPSK Eye Diagram Demodulated Eye Diagram

(a) 25 Gbis
(b) 30 Gbls
(c) 35 Gbls
(d) 40 Gb/s
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Fig. 4.  Silicon travelling-wave modulator generated BPSK eye diagrams

and the demodulated eye diagrams at (a) 25 Gb/s, (b) 30 Gb/s, (c) 35 Gb/s,
(d) 40 Gbr/s, (e) 45 Gb/s, (f) 48 Gb/s, (g) 50 Gb/s (20 ps/div).

The measured alternate mark inversion (AMI) signal eye
diagrams are clear and open at data rates up to 48-Gb/s is
shown in Fig. 4. The 48-Gb/s BPSK eye diagram is measured
to have BER of 8x10_3, which is below the soft-decision
FEC limit. At data rate above 48-Gb/s, the demodulated bits
start to mix together. Since the silicon modulator is tested
to operate at 56-Gb/s, the BPSK speed limit at 48-Gb/s is
likely due to the driving voltage instead of an indication of
bandwidth limit. The dynamic power consumption (excluding
static power) of the silicon modulator is estimated to be 0.42 W

VZ
(P=2x }T . % [8]). The corresponding energy efficiency

of the modulator is calculated to be 8.75 pJ/bit at 48-Gb/s and
10.5 pJ/bit at 40-Gb/s, lower than the previous demonstrated
record of 11.8 pl/bit efficiency of the low-voltage silicon
MZI modulator [8].

To compare the performance of the silicon BPSK modu-
lator with commercial modulator, a LiNbO3 40-Gb/s phase
modulator (model Covega Mach-40) is evaluated in the same
experimental setup. The phase modulator is based on titanium-
indiffused z-cut LiNbO3, with 3 dB E/O bandwidth of 35 GHz,
RF driving voltage of 6 V. The same Vy,, driving voltage is
applied to LiNbO3 phase modulator without bias voltage. The
recorded demodulated BPSK eye diagrams are shown in Fig. 5.
The demodulated BPSK eye diagrams generated by LiNbO3
modulator have larger extinction ratio than silicon modulator.
The LiNbO3 modulator is able to operate at 50-Gb/s
while the silicon modulator exhibits a speed limit, which
can be explained by the E/O 3-dB bandwidth difference
of 35 GHz vs. 21.5 GHz. Another possible reason for the
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Fig. 5. Demodulated BPSK eye diagram of silicon modulator and LiNbO3
phase modulator at (a) 25 Gb/s, (b) 40 Gb/s, (c) 50 Gb/s (20 ps/div).

Silicon Modulator LiNbO; Phase Modulator

(a) 1 km
(b) 5.5km
Fig. 6. Demodulated BPSK eye diagram of silicon modulator and LiNbO3

phase modulator at 40 Gb/s after (a) 1 km, (b) 5.5 km SMF transmission.

speed limit is that the LiNbO3 modulator is driven at full
Vpp required for BPSK modulation while the silicon modulator
is under-driven.

The silicon BPSK modulator and LiNbO3; phase modulator
are further compared in fiber transmission experiments in the
same experimental setup. 1 km and 5.5 km length of SMF
are used, with recorded eye diagram shown in Fig. 6. Due to
the nature of BPSK generation in a phase modulator, chirp
is introduced across each bit transition, causing the bits to
interfere with each other, evident at longer SMF lengths.
In contrast, a push-pull drive MZM is able to operate chirp-
free in theory [12]. Because the driving voltage of the silicon
modulator is lower than ideal 2 V, for generating BPSK,
a small amount of chirp could also be introduced [8]. However
the chirp of the silicon modulator is much smaller than the
phase modulator, making the silicon modulator more tolerant
to dispersion (Fig. 6).

The BER of the silicon modulator is characterized as a
function of received power and compared with the LiNbO3
phase modulator at 25-Gb/s (Fig. 7). Both modulators are able
to achieve error-free operation (BER at 10-12). There is ~ 3 dB
power penalty (at 10~ BER) between the silicon and LiNbO3
modulator, which can be expected from the lower extinction
ratio from the eye diagrams (Fig. 5). In addition, the silicon
modulator has larger insertion loss than LiNbO3 modulator
due to unoptimized coupling between fiber array and grating
coupler, therefore more ASE noise is added to the signal when
it is amplified by the EDFA.

The BER of the silicon modulator and the LiNbO3 phase
modulator is further compared at 40-Gb/s with different
SMF transmission lengths (Fig. 8). Again in the back-to-back
case, the LiNbO3; phase modulator outperforms the silicon
modulator. However, starting from 1 km SMF transmis-
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Fig. 7. Recorded BER curves of silicon and Lithiun Niobate modulator
at 25-Gb/s.
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Fig. 8. Recorded BER curves of silicon and Lithiun Niobate modulator

at 40-Gb/s with different SMF transmission lengths.

sion, LiNbO3 phase modulator shows ~ 0.8 dB power
penalty while the silicon modulator shows no power penalty.
With 2.15 km SMF transmission, the LiNbO3 phase modulator
has a BER error floor at 1075 level, and with 5.5 km
SMF transmission, BER measurement cannot be performed.
In contrast, the silicon modulator shows BER error floor at
1070 level at 5.5 km SMF length. Therefore, BER measure-
ments confirm that the silicon modulator has better dispersion
tolerance than the LiNbO3 phase modulator.
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IV. CONCLUSION

We demonstrate for the first time up to 48-Gb/s BPSK
modulation using a silicon traveling-wave modulator. 7.4 Vp,
differential driving voltage and 4 V bias voltage are used to
drive the silicon modulator. Dynamic energy efficiency of the
silicon modulator is calculated to be 10.5 plJ/bit at 48-Gb/s
and 10.5 pJ/bit at 40-Gb/s, lower than the previous record of
11.8 pl/bit [8]. Error-free modulation with BER at 10712 is
confirmed at 25-Gb/s. The silicon modulator is compared to a
commercial 35GHz LiNbOs3 phase modulator, showing better
dispersion tolerance in SMF transmission experiments. The
demonstrated silicon BPSK modulator could be used to as a
basic building block for PDM-QPSK and QAM modulation at
unprecedented data rate.
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