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Abstract— We demonstrate an electro-optically (EO) tunable
switch using tenth-order coupled-microring resonators in siliconon-insulator using complementary metal–oxide–semiconductor
fabrication technology. The measured drop-port transmission
spectra show box-like transmission passband with ∼100-GHz
bandwidth and ∼50-dB extinction ratio. With a DC voltage
supply to the integrated p-i-n diodes surrounding the microrings,
the optical switch shows, respectively, ∼10 and ∼45-dB on/off
ratios from throughput- and drop-port. The measured EO
switching times are ∼1 ns upon a 1.2-Vpp low-speed driving
signal and a DC power consumption of ∼37 mW. Up to 30-Gb/s
pseudorandom binary sequence (231 − 1) signal transmissions
suggest high-data-rate signal switching capability.
Index Terms— Coupled resonators, electrooptic devices,
integrated optoelectronics, ring resonator, silicon-on-insulator
technology.

I. I NTRODUCTION

I

N next-generation high-bandwidth low-power computing
systems, the conventional on-chip copper interconnect
becomes bandwidth-limiting and also causes excessive electrical power consumption [1]. Silicon-based on-chip optical
interconnects [1, 2], where high-bandwidth optical signals
are routed through integrated low-loss optical waveguides, is
recognized as one of the promising alternatives due to the
key merits of large bandwidth, low power consumption and
compatibility with complementary metal-oxide-semiconductor
(CMOS) process. In last few years, various high-performance
optical components required for on-chip optical interconnects
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using silicon or hybrid-silicon materials have been demonstrated. Microring resonators, as one of the key building
blocks for silicon photonics [2–6], are used extensively for
optical switches due to the wavelength selectivity and the
relatively low power consumption. However, single microring resonator-based optical switches only display Lorentzianshaped response, thus limit the bandwidth and the crosstalk
performance [2]. In order to attain large-bandwidth and highextinction-ratio optical switches, high-order coupled-microring
structures have been proposed and demonstrated [2–4, 6].
While many demonstrations of high-order coupled-microrings
structures focused on the passive device design for enhanced
filtering performance [7], high-speed reconfigurable switches
[3–6] are required for photonic integration.
In this letter, we demonstrate an electro-optically (EO)
tunable switch using 10th -order coupled-microring resonators.
The adoption of the high-order microring structure leads to
the box-like flat-top transmission passband with ∼100 GHz
bandwidth and ∼ 50 dB extinction ratio. The EO switch on/off
ratio is ∼ 10 dB and ∼ 45 dB for throughput and drop transmissions, respectively. The switching times are ∼ 1 ns with
the DC power consumption of ∼ 37 mW. High-performance
signal transmissions are demonstrated using up to 30 Gbit/s
pseudorandom binary sequence (PRBS) signals.
II. D ESIGN AND FABRICATION
We fabricate the lateral p-i-n diode integrated 10th -order
coupled-microring resonators in silicon-on-insulator (SOI) by
using CMOS-compatible fabrication process. The SOI wafer
is with a 220 nm silicon layer sitting on a 3 μm buried
oxide (BOX) layer. The device is patterned by using deep
ultra-violet (DUV) photolithography, followed by a two-step
silicon reactive ion etching (RIE) to form a rib waveguide for
ion implantation and a channel waveguide for the nano-taper.
The slab thickness is ∼ 60 nm. The p-i-n diodes which only
surround the microring arc regions (excluding the coupling
regions) are formed by ion implantation in the slab layer.
A ∼ 2 μm oxide is deposited as an upper cladding, followed
by contact holes opening. Finally, aluminum is deposited and
patterned to form the contact pads.
Fig. 1(a) shows the optical microscope image of the fabricated switch. The white lines illustrate the waveguides underneath. The microrings are identically designed with 10 μm
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Fig. 1.
(a) Optical microscope image of the fabricated tenth-order
coupled-microring-based switch integrated with lateral p-i-n diodes. (b) and
(c) Zoomed-in SEMs of the input and output coupling regions. Insets:
Zoomed-in SEMs of (i) waveguide-microring coupling region and (ii),
(iii) inter-microring coupling regions. G: ground. S: signal. Al: aluminum.

radii and 20 μm coupling lengths. In this fabrication run, all
the 10 p-i-n diodes of the 10 microrings are connected together
for the ease of EO tuning. We expect that all microring
resonances identically blue-shift in wavelength when forwardbiasing the p-i-n diodes. Figs. 1(b) and (c) show the zoomin scanning-electron micrographs (SEMs) of the input and
output coupling regions. In order to achieve box-like filter
response with flat-top, broad transmission band and steep rolloff, yet without significant passband intensity fluctuation, the
apodization design [8] is adopted with varied gap separations.
The insets (i)-(iii) show the SEMs of the coupling gaps. The
waveguide width is ∼ 450 nm for the side-coupled waveguides
and the microring waveguides. The gap spacings are symmetrically designed with mirror symmetry around the center gap.
The gap spacing between the input (output) waveguide and the
first (last) microring is ∼ 280 nm. The gap spacing between
the first (10th ) and second (9th ) microrings is ∼ 400 nm. All
the rest of the gaps are designed identically of ∼ 500 nm.
III. R ESULTS AND A NALYSIS
Fig. 2(a) shows the measured throughput and drop transmission spectra without voltage supply. The transmission spectra
are normalized to the fiber-to-fiber transmission. Thus, the
insertion losses include the input/output coupling losses and
the propagation loss. The free-spectral range (FSR) is ∼ 6 nm
(∼ 750 GHz). In the spectral range of 1530 nm to 1598 nm,
there are total 11 optical transmission bands, which suggest
high-throughput multi-channel parallel data switching and
transmission [3]. For the drop-port, all the channels display
∼ 50 dB extinction ratio (ER). For the throughput-port, the
highest ER is only ∼ 10 dB, which is attributed to the
fabrication imperfection induced resonance wavelength misalignment. It is possible to increase the throughput ER by some
trimming processes or dynamic control of each microring.
The optical switching between throughput- and drop-port
is realized according to free-carrier dispersion effect by
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Fig. 2. (a) Measured TE-polarized throughput and drop transmission spectra
with ∼50-dB extinction ratio from the drop-port. Demonstration of the electrooptical tunable switching with (b) V = 0 V, I = 0 A, and (c) V = 1.2 V, I =
31 mA at 1553.1 nm. The switch-on/off ratio is, respectively, ∼10 and ∼45 dB
in the throughput and drop. λc : carrier wavelength. Measured (d) linewidths
and (e) throughput/drop loss distributions for all the 11 optical channels.
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Fig. 3. Eye diagrams of the transmitted 10, 20, 25, and 30-Gb/s PRBS
signals (231 − 1) from the throughput- and drop-ports.

supplying DC voltages to the p-i-n diodes. Fig. 2(b) shows
the zoom-in view of the throughput and drop transmission
spectra at ∼1553 nm with no bias, which clearly shows the
box-like passband with sharp roll-off and ∼ 50dB extinction
ratio. The 3-dB linewidth is ∼ 0.8 nm (∼100 GHz). At
carrier wavelength λc of ∼1553.1 nm aligning to the passband
center, the insertion losses are ∼ −15 dB and ∼ −5.2dB
for throughput and drop, suggesting signal transmission to
the drop-port at this state, with ∼ 10 dB crosstalk. From
the throughput transmission, we only observe four resonance
dips, which suggest possible fabrication imperfection-induced
resonance wavelength misalignment. In order to compensate
such misalignment, dynamic tuning of each microring is
required. When supplying a 1.2V DC voltage to the p-i-n
diodes (Fig. 2(c)), the transmission band blueshifts with
the drop-port intensity significantly reduce due to the freecarrier absorption loss. The transmission intensities at the
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Fig. 4. Measured dynamic responses of the EO switch from the throughputand drop-ports by switching 20-Gb/s signals. The data packets are 100-MHz
square wave with 1.2 Vpp and 50% duty cycle.
TABLE I
P ERFORMANCE M ETRICS OF THE T ENTH -O RDER
C OUPLED -M ICRORING S WITCH
Bandwidth ER
(GHz)
(dB)

FSR
(nm)

Total insertion
loss (dB)
Throughput

80-140

50

6

3.1-4.9

tr /t f
(ns)

Switch
Power
(mW)

Drop
4.3-5.9

0.9/1.1

37

carrier wavelength are ∼−4.1 dB for the throughput-port and
∼ −50 dB for the drop-port, suggesting signal transmission
to the throughput, with ignorable cross talk. Thus, the on/off
ratios for the throughput and drop are ∼10 dB and ∼45 dB.
The DC power consumption according to the current-voltage
measurement is ∼37 mW. We mention that the relatively high
free-carrier absorption loss (∼ 15 dB) and power consumption
(∼37 mW) is due to the large wavelength blueshift (∼ 1 nm)
for all 10 microrings in order to obtain sufficient on/off ratio
in the throughput transmission.
We summarize the passband linewidth and the total insertion
losses for all the 11 optical channels, as shown in Fig. 2(d)
and (e). The linewidth linearly increases from ∼ 0.6 nm
(80 GHz) to ∼ 1.2 nm (140 GHz), which is attributed to the
increased inter-cavity coupling with wavelength. The throughput and drop insertion losses are defined as the throughput and
drop intensity at the carrier wavelength with and without DC
voltage supply (green dots in Fig. 2(b), (c)). The throughput
losses range from 3.1 dB to 4.9 dB, while the drop losses range
from 4.3 dB to 5.9 dB, suggesting the intensity non-uniformity
of ∼ 1.6 dB.
In order to investigate the signal transmission, we send
10/20/25/30-Gbit/s PRBS signals (bit length 231-1) to the
optical switch and measure the transmitted signals from
both throughput- and drop-ports. The carrier wavelength is
1553.1 nm. For the throughput transmission measurement,
we supply a 1.2V forward-bias to the p-i-n diodes. Fig. 3
shows the measured eye diagrams from the throughput- and
drop-ports. The open eye diagrams suggest the high-quality
data switching and transmission. For all the measured eye
diagrams, the ERs are exceeding 12 dB while the peakto-peak jitters are ∼ 10 ps. We have confirmed the signal
transmission through all 11 channels, which all show similar
performances.
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We measure the dynamic performances of the optical switch
by sending a 20 Gbit/s data stream to the switch while EO
modulating it by a 100 MHz square wave with 1.2 Vpp and
50% duty cycle. Fig. 4 shows the measured dynamic responses
of the optical switches. We observe ∼ 0.9 ns and 1.1 ns
10%-90% rising and 90%-10% falling times from the dropport, which are limited by the carrier injection and diffusion.
We attribute the small peaks in the rising and falling edges of
the throughput response to the mode-splitting-induced multiple
dips in the throughput transmission (See Fig. 2(b), (c)). The
number of peaks depends on the choice of the carrier wavelength. Such small peaks can be minimized by optimizing the
apodization design in order to flatten the throughput resonance
dips. We also find peaks with much smaller amplitudes from
the drop-port transmission, due to the nearly flat-top dropport transmission (See Fig. 2(b), (c)). However, we see no
significant signal distortion effects from such small peaks to
both the throughput and drop signals (See Fig. 3).
Table I summarizes the performances of the demonstrated
switch.
IV. C ONCLUSION
We have demonstrated an electro-optically tunable switch
by using 10th -order coupled-microring resonators in SOI. We
show a periodic transmission bands with 6 nm free-spectral
range, ∼ 100 GHz bandwidth and ∼ 50dB drop-port extinction
ratio. The on/off ratio are respectively ∼ 10 dB and 45 dB in
throughput and drop, with ∼ 1 ns switching time and 37 mW
DC power consumption. High-quality 30-Gbit/s PRBS signal
(231 − 1) transmission with open eye diagrams suggests highdata-rate signal switching capability. Such wideband, high
extinction ratio and high switching-speed optical switches
are applicable for next-generation high-performance on-chip
optical interconnects.
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