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ABSTRACT

We demonstrate low-voltage modulation in a silicon
microring resonator integrated with a single-drive
push-pull Mach-Zehnder coupler. 20 Gb/s on-off keying
(OOK) and 28 Gb/s binary phase-shift keying (BPSK)
modulations are achieved with 0.4 V and 3 V drive
voltages, respectively.

Keywords: Optical modulators, Ring resonators,
Integrated optical devices.

1. INTRODUCTION

A high-speed low-power optical modulator is one of the
crucial building blocks for transmitters in telecom and
datacom applications. Bulk silicon does not possess
linear electro-optic effect, and therefore high speed
modulation in silicon is routinely realized by using free
carrier plasma dispersion effect. There are two types of
commonly used modulator structures based on
Mach-Zehnder interferometers (MZI) [1-3] and ring/disk
resonators [4-6]. Ring modulators have the merits of
compact size, low drive voltage, and low power
consumption. To implement ring modulators, intracavity
refractive index, loss or coupling between ring and bus
waveguide can be modulated. Coupling modulation can
break the cavity lifetime limitation to enable high speed
modulation in high-Q resonators [7-10]. As the output
power on resonance is quite sensitive to coupling, slight
variation in coupling can result in dramatic output power
change near critical coupling [11], facilitating on-off
keying (OOK) modulation. It is also beneficial to reduce
drive voltage and power consumption while maintain
high speed using coupling modulation. A 7 radian phase
flip occurs when the resonance crosses the critical
coupling point. This feature can be utilized to generate
binary phase-shift keying (BPSK) modulation. As phase
changes abruptly, the output modulated signal is chirp
free and more tolerant to drive signal imperfections.

In this work, we present a ring modulator with
coupling modulation enabled by a single-drive push-pull
travelling electrode. Experiments show that 20 and 32
Gbps OOK modulations are realized with 0.4 and 1 V

peak-to-peak drive voltages, respectively, and 28 Gb/s
BPSK modulation is realized with a 3 V drive voltage.

2. DEVICE STUCTURE

Figure 1(a) shows the schematic structure of the
modulator. Input laser light goes through the first 3-dB
multimode interference (MMI) coupler and is split into
two branches. The light is then modulated by the RF
signal applied onto the single-drive push-pull traveling
wave electrode (TWE) with its cross-section shown by
Fig. 1(b). The modulated light combines at the second
3-dB coupler with one output fed back to the input
coupler, forming a circular loop. It can be regarded as a
ring resonator coupled to a bus waveguide via a MZI
coupler. The coupling is modulated by the TWE, leading
to intensity or phase modulation at the output port. When
the coupling strength is balanced by the ring inner loss, a
critical coupling condition is reached, where the output
power is zero. Slight variation of coupling will bring the
ring into an over-coupling or under-coupling regime
with raised transmission power. It should be noted the
phase is changed by m radian when the resonance is
switched between over-coupling and under-coupling.
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Fig. 1 (a) Schematic of the ring modulator. (b) Cross-sectional view of
the MZI modulation arms. (c) Optical microscope image of the
fabricated device.

The dimension of silicon waveguides is 220 nm
(height) x 500 nm (height) with a 60 nm thick slab. The
top arm of the MZI coupler is 5.5 pum longer than the
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bottom one. The ring radius is 20 um. The active arms
are embed with lateral P-N junctions. The doping
concentrations are ~4x10'7 cm™ and ~1x10'® cm™ for the
N and P regions, respectively. In the slab beside the P-N
junctions are heavily doped N* and P* regions with a
concentration of ~1x10% ¢m for good ohmic contact.

The P* regions are connected to the signal (S) and
ground (G) metal lines of the TWE, and the N* region is
connected a DC bias line. During operation, the DC line
is applied a positive voltage V; to reverse bias the P-N
junctions. An RF signal combined with another DC
voltage V, through a bias-tee is applied to the TWE. The
usage of two DC voltage sources is to independently set
the reverse biases of the two P-N junctions with top arm
biased at —V; and the bottom arm —(V; —V>).

The device was fabricated by the foundry of IME
Singapore. Figure 1(c) shows the photograph of the
fabricated device. Grating couplers are used for input
and output coupling with single mode fibers.

3. STATIC CHARACTERIZATION

Figure 2 shows the measured transmission spectrum
normalized to a straight test waveguide with V| =1.5 V
and V, = 0 V. Periodic resonance notches are observed
with a free spectral range (FSR) of 0.28 nm. The
resonance extinction ratio (ER) decreases from ~35 dB
at short wavelengths to ~10 dB at long wavelengths. It is
caused by the wavelength dependent coupling of the
asymmetric MZI coupler. The inset depicts the evolution
of spectrum around the 1544.3 nm resonance with V,
changing from 0 V to -5 V. It can be seen that the
resonance ER reaches the maximum at -4 V where
critical coupling is nearly satisfied. Therefore, by
manipulating the two DC voltages, we can tune each
resonance into critical coupling.
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Fig. 2 Measured transmission spectrum with V;=1.5 Vand V, =0 V.

Inset: resonance tuning around 1544.3 nm with V, changing from 0 V
to-5V.

4. MODULATION CHARACTERIZATION

We then characterized the high speed performance of the
modulator. A pseudo-random binary sequence (PRBS)
signal with a length of 23!-1 generated by a pulse pattern
generator (PPG) was used as the RF signal. The RF
signal was applied onto the TWE via a 40 GHz GS
microwave probe. The modulated optical signal was
amplified by an erbium-doped optical fiber amplifier
(EDFA) to compensate for the modulator insertion loss
and followed by a 1-nm bandwidth optical filter. The
amplified optical signal was either connected to a 50
GHz optical oscilloscope for eye diagram measurement
or to an optical modulation analyzer (OMA) for
decoding and constellation diagram measurement.

4.1 OOK modulation

Figure 3 shows the measured OOK eye diagrams for the
modulator with active arm length L = 800 um. The DC
bias voltage is Vi=4 V and V, = 0 V. A very small RF
peak-to-peak voltage of V,, = 0.4 V is enough to drive
the modulator. Clean open eye diagrams are observed at
data rates of 10 and 20 Gbps with modulation ER of 1.9
and 1.7 dB, respectively. Because of the coupling
modulation, output transmission is quite sensitive to
phase difference between the active arms, which
therefore dramatically reduces the drive voltage and
power consumption. To improve the modulation ER, we
used a higher drive voltage of V,, =1 V. The modulation
ER is increased to 4.6 dB at 20 Gbps. We got open eye
diagram at an ever high date rate of 32 Gbps with ER of
4.2 dB. We also measured the eye diagrams for a
modulator with a shorter arm length of 200 um. Figure 4
shows the eye diagrams at 20 and 32 Gbps with ER of
1.6 and 1.5 dB, respectively.
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Fig. 3 Measured OOK eye diagrams for a modulator with active arm
length 800 um.

Vyp=1V  32Gbps

Fig. 4 Measured OOK eye diagrams-f()'r a modulator with active arm
length 200 pm.

978-1-4673-7373-9/15/$31.00 ©2015 IEEE



2015 14th International Conference on Optical Communications and Networks (ICOCN) @ Nanjing, China

4.2 BPSK modulation

Different from OOK modulation, BPSK modulation
needs stricter bias setting to operate on critical coupling.
In our experiment, we set Vi= 1.5 V and Vo= —4 V. The
RF drive signal is Vop= 3 V and the received optical
power is 1.85 dBm. Figure 5(a) show the BPSK eye
diagram measured by the oscilloscope. Figures 5(b) and
5(c) show the decoded constellation diagram and eye
diagram measured by the OMA, respectively. The eye
diagram exhibits a Q-factor of 6.3 dB and an error vector
magnitude (EVM) of 23.3%. The bit error rate (BER)
estimated from the EVM is around 8e-10.
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Fig. 5 Measured BPSK signals: (a) eye diagrams, (b) constellation
diagram, and (c) decoded eye diagram.

5. CONCLUSION

We have demonstrated OOK and BPSK modulation
using ring modulators integrated with a single-drive
push-pull coupler. Coupling modulation provides several
advantages over intra-cavity index and loss modulations,
including low chirp, low drive voltage, large tolerance to
drive signal fluctuation for BPSK, and high speed
beyond cavity lifetime limitation. With a single drive
TWE electrode and two DC biases, we can freely set
each resonance condition to switch between OOK and
BPSK modulation formats. Our measurements show that
OOK modulation can be realized with a RF drive signal
as low as 0.4 V at 20 Gbps and BPSK modulation
realized at 28 Gbps with a drive signal of 3 V.
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