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Abstract—In this paper , we report a nanosecond 16 × 16 sili-
con electro-optic switch chip based on a Benes architecture. The
switch adopts dual-ring-assisted Mach–Zehnder interferometers
as the basic building blocks. In each switch element, both TiN
microheaters and PIN diodes are integrated for ring resonance
alignment and high-speed switching, respectively. A transfer-
matrix-based theoretical model is established to analyze the switch
performances. The 16 × 16 switch is characterized by measuring
the optical transmission spectra and quadrature phase-shift keying
(QPSK) data transmission through 16 representative optical paths.
The insertion loss of the entire switch chip is 10.6 ± 1.7 dB and the
crosstalk is less than −20.5 dB. The 32-Gb/s QPSK signal is suc-
cessfully switched to different destination ports by reconfiguring
the optical paths, verifying the signal integrity after switching.

Index Terms—Mach–Zehnder interferometer (MZI), microring
resonator (MRR), optical switch, silicon photonics.

I. INTRODUCTION

DRIVEN by the growing demand in big data applications
and cloud-computing, data center traffic flow is estimated

to account for 77% of the data center traffic by 2020, far outpac-
ing data center to user and data center to data center communi-
cations [1]. Datacenters need routers and switches with higher
speed, lower latency and lower power consumption to accommo-
date ever growing data communication between servers. Similar
to data centers, high-performance supercomputer systems per-
forming tasks in parallel by interconnecting a large number
of processors benefit from high speed switching networks [2].
Silicon photonics with its attractive merits of high-integration
capability, compatibility with microelectronic circuits, low cost
and fast response, offers the potential to enable next generation
high speed optical switching networks [3]–[5]. Optical switches
could also be realized using other technologies like micro-
electro-mechanical-systems (MEMS) [6], [7], III-V semicon-
ductor integration [8], [9], silica planar lightwave circuit (PLC)
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integration [10], [11]. Comparing to these methods, silicon op-
tical switches have a smaller footprint and a faster response
speed than the MEMS and silica switches, while they also pos-
sess lower power consumption than III-V optical switches. Re-
cently, MEMS-actuated silicon waveguide-based switches [12],
[13] have been reported, which present the attractive merits of
no static power consumption and low insertion loss. However,
the drive voltage is still high (>10 V) and the switching speed
is in the order of MHz, which may not satisfy the fast exchange
requirement for small-size data in big-data applications.

Micro-ring resonators (MRRs) [14]–[17] and Mach-Zehnder
interferometers (MZIs) [18]–[27] have been widely employed
in integrated photonic circuits to build a switch chip. Multiple
stages of switch elements (SEs) can be cascaded to expand
the scale of the switch fabric. The MZI features broadband
and temperature insensitive switching. However, in order to
induce a “π” phase shift to change the switching state, the
modulation arms of the MZI need to be hundreds of micrometers
long, which occupies a significant footprint of the switch chip.
The MRR exhibits a Lorenzian line shape in the transmission
spectrum, requiring a smaller phase shift to change the state.
Thus, the switching power consumption is less than that of the
MZI. Previously, we have successfully demonstrated 2 × 2 and
4 × 4 dual-ring assisted MZI (DR-MZI) switches [28], [29]. The
DR-MZI combines the merits of both the MZI and the MRR,
in that the switching extinction ratio (ER) is high due to the
coherent interference by the MZI and the power consumption is
low due to the resonance enhancement by the MRR.

In this work, we further extend the scale of the DR-MZI
switch to a port count of 16 × 16. The difficulty in design, fab-
rication and test exponentially increases with the switch scale,
especially for resonant switch structures. The paper is organized
as follows. In Section II, we first introduce the working princi-
ple of the DR-MZI SE. A transfer matrix model is established
to theoretically analyze the switch properties. In particular, its
switching performance is compared to those of single-ring and
coupled-ring switches. Next, the 16 × 16 switch fabric is pre-
sented and the narrowing of the passband is studied based on
the model. Section III describes the fabrication and package of
the switch chip. Section IV presents the experimental setup and
measurement results, including the 2 × 2 DR-MZI and the entire
16 × 16 switch chip. The 3-dB optical bandwidth is 0.33 nm and
crosstalk is −20.5 dB. A 32 Gb/s quadrature phase-shift keying
(QPSK) signal is successfully transmitted through the chip with
slightly deteriorated error vector magnitude (EVM). Section V
gives the conclusions.
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Fig. 1. (a) Schematic drawing of the 2 × 2 DR-MZI. Inset shows the cross-
sections of the waveguides of the upper MRR (top right) and the bottom MRR
(bottom right). (b) Switching working principle illustration. The top plots show
the phase responses of the two MRR-coupled MZI arms. The bottom plots show
the resultant bar-port and cross-port power transmission.

II. SWITCH ARCHITECTURE

A. 2 × 2 DR-MZI

Although MZI switches can provide good switching perfor-
mance, the active arm waveguide is still very long as a π phase
shift is needed to change the switching state. To reduce the
phase change and hence the power consumption, we can use a
slow-light structure to replace the long arm. The phase change
of a waveguide is directly related to its group refractive index.
Therefore, if the group index change in a slow-light structure is
very large, then the arm length required for the π phase shift can
be reduced considerably. There are various slow-light structures
that can be used, such as microring resonators, Bragg gratings,
photonic crystals etc. Here, we choose the microring resonator
for its simple structure and easy fabrication.

Fig. 1(a) shows the schematic structure of the 2 × 2 DR-MZI,
which is composed of a MZI with a MRR coupled to each arm.

The upper MRR is integrated with both a TiN microheater on
top of the ring waveguide and a PIN diode across the waveguide.
The bottom MRR is only integrated with a TiN microheater. The
insets illustrate the cross-sections of the ring waveguides. We
employ isolation trenches around the MRRs to reduce thermal
crosstalk. The thermo-optic (TO) tuning of both MRRs ensures
that the resonances can be aligned and shifted to any arbitrary
wavelength. The TO effect would not result in excessive loss.
The electro-optic (EO) tuning of one MRR gives the fast data
exchange between the two output ports.

Fig. 1(b) explains the working principle of the DR-MZI
switch. When the two MRRs with the same size and coupling
coefficient resonate at the same wavelength, the two arms have
identical responses, resulting in zero phase difference between
them. Therefore, after interference by the MZI, the input light
is transmitted to the cross port with the maximum transmission.
As the MRRs are designed to work in the over-coupling regime,
the MZI arm experiences a rapid phase change from 0 to 2π

across the resonance wavelength. Therefore, a slight refractive
index modulation to one MRR could induce a π phase differ-
ence between the two arms, changing the destination to the bar
port. It should be noted that the operation wavelength should be
chosen at the middle of the two resonances after EO switching,
i.e., λp = (λ1 + λ2)/2. In our single-drive scheme, the opera-
tion wavelength is blue-detuned from the original resonance
wavelength. If a dual-drive push-pull scheme is employed by
integrating PIN diodes to both MRRs, then the operation wave-
length is fixed at the original resonance wavelength. It can be
easily seen that such a DR-MZI structure is actually a second-
order filter. The bar-state passband exhibits a flat top and fast
roll-off.

The DR-MZI can be modeled by the following transfer
matrix:[

Ebar
Ecross

]
=

[
τ jκ
jκ τ

] [
ET 1 0
0 ET 2

] [
τ jκ
jκ τ

] [
Ein
0

]
(1)

where Ebar, Ecross, and Ein represent the electric fields at the bar
port, the cross port, and the input port, respectively, κ and τ are
the coupling and transmission coefficients of the input and out-
put multimode interference (MMI) couplers (κ2 = τ 2 = 0.5 for
a perfect 3-dB coupler), ET i = Ti eiφi (i = 1, 2) is the electric
field transmission through the MRR-coupled MZI arm. The
amplitude and phase responses Ti and ϕi are given by

Ti
2 = t2 + a2 − 2ta cos θi

1 − 2ta cos θi + (ta)2 (2)

ϕi = −arctan

(
a sin θi

t − a cos θi

)
+ arctan

(
ta sin θi

1 − ta cos θi

)
(3)

where t is the field transmission coefficient, θi (i = 1, 2) is the
round-trip phase in the MRR, and a is the ring loss factor. The
input normalized output powers at the bar and cross ports are
thus expressed as

Pb =
∣∣∣∣ Ebar

Ein

∣∣∣∣
2

= (T1
2 + T2

2 − 2T1T2 cos(ϕ1 − ϕ2))

4
(4)
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∣∣∣∣ Ebar
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2

= (T1
2 + T2

2 + 2T1T2 cos(ϕ1 − ϕ2))

4
(5)
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Fig. 2. Comparison of three ring resonator-based switch structures: DR-MZI,
single-ring, and coupled-ring resonators. The field transmission coefficient t
between the MRR and MZI arm waveguide is set as 0.9 and the ring loss factor
a is 0.998. The refractive index modulation is 	n = 7.31e–04.

Based on the above equations, the transmission spectrum of a
DR-MZI SE can be calculated. The entire 16 × 16 switch chip
can also be modeled by multiplying the transfer matrices given
by (1).

We compare the DR-MZI switch with the single-MRR and
coupled-MRR switches as shown in Fig. 2. The spectra are
calculated using the transfer equations with the same set of
design parameters, including ring size, coupling coefficient, and
refractive index modulation. The switch is changed from the
cross-state to the bar-state by introducing a small refractive
index modulation to the MRR(s) in all three structures. It can be
seen that a high switching ER can be easily obtained from both
the cross and the bar ports for the DR-MZI. However, for the
regular MRR switches, the small refractive index modulation
is not enough to induce a large enough resonance shift. As a
consequence, the ER is low or insertion loss (IL) is high for at
least one port. In order to increase the ER and reduce the IL,
the refractive index modulation magnitude have to be increased,
inevitably leading to higher electrical power consumption.

B. 16 × 16 Switch Architecture

The 16 × 16 optical switch fabric is constructed on a Benes
architecture, as shown in Fig. 3(a). It incorporates 56 DR-MZI
SEs. Each light path connecting an input port to a destination
output port passes through seven SEs. Connection of all 16 input
and 16 output ports gives 256 permutations, but only 16! of them
are necessary to accommodate the complete input-to-output
mapping. Compared to other commonly adopted switch topolo-
gies, like path-independent insertion-loss (PILOSS), crossbar

Fig. 3. (a) Topology of the 16 × 16 switch chip. The red lines highlight the
light paths that we measured during the experiment. (b)–(e) Calculated spectral
responses for (b) optical power, (c) phase, (d) group delay, and (e) group delay
dispersion after passing seven stages of SEs with different number of bar-state
SEs (Nbar = 0, 1, 2 . . . 7). The dashed vertical red line indicates the operation
wavelength.

and switch-and-select (S&S), the Benes architecture requires
the least number of SEs with a low IL. This reduces the chip
footprint and makes the electrical drive easier. The Benes archi-
tecture could be further improved by adopting dilated structure.
In the dilated Benes network [30], the first order crosstalk results
from a SE carrying two active light paths could be avoided.

As the switch matrix contains 88 waveguide junctions, we em-
ploy 90°-crossed MMIs [27] to reduce the optical loss and the
crosstalk imposed by the crossings. The radius of the racetrack
MRR is 10 μm. The coupling length and the gap size between the
MRR and the MZI arm are designed to be 4.2 μm and 0.2 μm,
respectively, to ensure the MRR works in the over-coupling
regime with a broad resonance linewidth. Optical power taps
terminated with local grating couplers are added to the input
and output ends of the DR-MZI to facilitate the characterization
of each SE prior to the chip package. The taps are made up of di-
rectional couplers with a designed power splitting ratio of 1:10.

As the DR-MZI is a resonant structure with a narrow pass-
band in the bar-state. The cascading of multiple SEs may nar-
row down the passband. We calculated the optical power, phase,
group delay, and group delay dispersion spectra for light trav-
elling through an optical path in the 16 × 16 switch as shown
in Fig. 3(b)–(e). The number of bar-state SEs (Nbar) and the
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number of cross-state SEs (Ncross = 7–Nbar) are varied to repre-
sent different configurations of an optical path. The loss of wave-
guide crossings and connection waveguides was neglected. In
our calculation, we assumed a = 0.9905 and t = 0.86 to match
with the experimental data. One can observe that, when the SEs
are all in the cross-state with EO tuners off, the output transmis-
sion spectrum exhibits a dip, originated from the intrinsic loss
of the MRRs. When one SE is in the bar-state after EO tuning of
one MRR, then the output spectrum presents a resonance peak
blue-shifted with respect to the original resonance wavelength.
As the DR-MZI works in the single-drive mode, the operation
wavelength should be chosen at the blue-shifted wavelength λp.
This could also partially reduce the all-cross transmission loss.
If more SEs in the light path are changed to the bar-state, the
resonance peak will become narrower with a reduced passband.
This effect is taken into consideration when we choose the MRR
coupling coefficient. The passband should be broad enough to
allow a modulated optical signal to transmit through without
cutting off the sidebands. Because the operation wavelength
is chosen to be at the blue-detuned resonance wavelength, the
dispersion is relatively high for the cross-state. The dispersion
decreases with the increasing number of bar-state SEs.

It is noticeable that the spectrum exhibits asymmetric shape
when the light path contains both cross-state and bar-state SEs,
especially when there is only one bar-state SE. This is due
to the single drive scheme that we used in switching. The pass-
band is blue-shifted and its superposition with the resonance dip
from the cross-state SEs gives rise to the asymmetric passband
spectral profile. If a push-pull drive scheme were adopted, the
operation wavelength could be fixed at the original resonance
wavelength and the passband thus keeps symmetric. The second-
order dispersion is zero at the operation wavelength. To realize
the push-pull drive, both of the two MRRs need to be integrated
with PIN diodes. The SE should be first tuned to an intermedi-
ate state where the phase difference at the operation wavelength
is π /2 between the two modulation arms. Then one MRR is
turned on to get 0 phase difference to reach the cross-state, or
the other MRR is turned on to get π phase difference to reach
the bar-state. The push-pull drive scheme improves the switch
performances but it also increases the integration complexity.

III. FABRICATION AND PACKAGE

The fabrication of the 16 × 16 switch chip was carried out
using CMOS compatible processes in IME Singapore. The SOI
wafer has a top silicon layer thickness of 220 nm and a buried sil-
icon oxide layer thickness of 2 μm. Waveguides were patterned
using 248-nm deep ultra-violet (DUV) photolithography. The
waveguide width in the DR-MZI is 500 nm. The width of the
long connection waveguides is widened to 2 μm with a linear
taper in order to reduce the waveguide transmission loss. The
waveguide etch depth is 160 nm to form a rib-type structure.
High-density phosphorus and boron implantation doping with a
concentration of ∼1020 cm−3 was performed to the waveguide
slab to form a PIN diode. Rapid thermal annealing at 1030 °C
for 5 seconds was followed to activate the implanted dopants.
Silicon dioxide layer with a thickness of 1.5 μm was deposited
using plasma enhanced chemical vapor deposition (PECVD).
Next, the TiN layer with a thickness of 120 nm was deposited
and patterned to form the micro-heaters. Another 0.73 μm thick
silicon dioxide layer was deposited to cover the TiN heaters.

Fig. 4. (a) Microscope image of the fabricated chip. (b) Photo of the 16 × 16
switch after electrical wire-bonding. (c) Zoom-in photo of the chip after coupling
with a fiber array.

Fig. 5. Measured transmission spectra of the 2 × 2 DR-MZI (a) before TO
phase error correction and (b) upon EO switching.

Finally, contact holes were etched and aluminum metal connec-
tion was formed.

Fig. 4(a) shows the microscope image of the fabricated chip.
As shown in the photograph, grating couplers are located in the
center of the chip for vertical coupling with a fiber array. The
chip was mounted on a printed circuit board (PCB) and wire
bonding was used to connect the electrical pads, as shown in
Fig. 4(b). A 34-channel fiber array was aligned precisely to the
grating couplers for efficient input and output coupling. Among
the 34 channels, the outmost two channels were connected to
a reference U-shape waveguide to facilitate fiber alignment.
The fiber array was then permanently attached to the chip by
ultraviolet (UV) adhesive whose refractive index is close to
that of silicon dioxide. Fig. 4(c) shows the photo of the home-
packaged switch chip. The coupling loss is around 6.4 dB/facet
at 1550 nm after package. It should be noted that the grating
couplers were not optimized for best efficiency, as we used the
regular uniform grating design. The coupling efficiency could
be improved using non-uniformed grating couplers [31].

IV. EXPERIMENTS

A. Characterization of the DR-MZI

Fig. 5(a) shows the measured transmission spectra of the as-
fabricated 2 × 2 DR-MZI. One can observe that the resonances



GUO et al.: 16 × 16 SILICON OPTICAL SWITCH BASED ON DUAL-RING-ASSISTED MACH–ZEHNDER INTERFEROMETERS 229

Fig. 6. Measured transmission spectra of the 16 × 16 switch. The input port is I1 and all 16 output spectra are measured when the destination output port is
switched from O1 to O16. The red dashed line indicates the operation wavelength. The grey bar represents a 16 GHz bandwidth window to accommodate the
32 Gb/s QPSK signal.

generated by the two MRRs in the DR-MZI are not aligned
to the same wavelength due to fabrication errors. TO tuning
was adopted to red-shift one resonance to correct the misalign-
ment. When the resonances are aligned, the cross path (I1 − O2)
reaches the maximum transmission and the bar path (I1 − O1)
remains low, as illustrated in Fig. 5(b). The cross-path spectrum
shows almost a flat line with only a small dip of ∼1.1 dB at the
resonance wavelength of 1558.98 nm. The on-off ER between
the cross and bar ports is around 30 dB, suggesting the MZI has
relatively balanced optical power in the two arms. The TO tun-
ing power consumption is 6.7 mW, as only one MRR is required
to red-shift for around 0.82 nm. The TO tuning efficiency is thus
extracted to be 8.2 mW/nm. To change the operation wavelength
to an arbitrary target wavelength, the two MRRs need to be TO
tuned simultaneously, which would consume more power.

Next, EO tuning was performed to the upper MRR. The cross-
path spectrum exhibits a deep resonance notch while the bar-path
presents a resonance peak at the wavelength of 1558.86 nm. The
EO tuning power is only 0.28 mW. The 3-dB optical bandwidth
is ∼0.45 nm, and the crosstalk is better than −27 dB. As the
DR-MZI requires less carrier injection to change the switch
state than the MZI does, it has a lower crosstalk than the MZI
switch reported in [27].

B. Transmission Spectra of the 16 × 16 switch

To establish an optical path in the 16 × 16 switch, the reso-
nances of all MRRs along that path need to be first aligned to
the same wavelength using TO tuners. The DR-MZI is a reso-
nant structure, sensitive to environment temperature variation.
In order to utilize the switch chip in practical systems, various
on-chip optical power monitoring schemes can be applied so
that the resonance wavelength can be tracked and then locked
by feedback control circuit, as demonstrated in [32]–[34]. We
chose I1 as the input port, and measured the transmission spec-
tra from all the 16 output ports when the destination port was
switched from O1 to O16.

We used a software controlled multi-channel power supply as
the voltage source. The software sends out a controlling string
to the voltage source through USB connection wire, once a
target voltage is set. The imbedded digital-to-analog converter
(DAC) chip receives a string of 2-byte data and converts it to
an analogue output signal. The signal then goes through two
stages of amplifiers to boost up the output voltage to drive the
EO and TO tuners. The maximum output voltage is 10 V and
the minimum tuning resolution is 2 mV, high enough for precise
resonance control. The optical paths tested are highlighted by
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Fig. 7. (a) Transmission spectra of all 16 optical paths from I1 to O1−16
lumped together. (b) Group delay and (c) group delay dispersion spectra for five
typical optical paths with Nbar = 0 to 4.

red lines in Fig. 3(a). There are totally 18 SEs involved to route
an optical signal from the input port I1 to 16 output ports.

Fig. 6 shows the measured transmission spectra of all 16 opti-
cal paths. The spectra are normalized with a reference waveguide
to eliminate the effect of grating couplers. When the resonances
of MRRs are aligned to the wavelength of 1558.04 nm after
TO tuning, light is routed to O9 and the transmission spectrum
exhibits a resonance dip of about 7.9 dB deep accumulated from
the seven stages of SEs. The dip can be suppressed by reducing
the round-trip loss of the MRRs and/or increasing the MRR cou-
pling coefficient. When the EO tuning is applied to change the
routing path, the dip grows into a deep notch while the central
wavelength is slightly blue-shifted to 1557.89 nm. To quantify
the switch performance, we define the crosstalk as the ratio of
the leakage optical power to the transmitted output power at the
1557.89 nm wavelength. The worst crosstalk is observed in the
path I1 − O7, where the crosstalk is around −20.5 dB.

In Fig. 7, we put all 16 transmission spectra corresponding
to the 16 optical paths from I1 to O1−16 together to extract
the operation bandwidth and insertion loss of the switch. The
path I1 − O8 exhibits the narrowest 3-dB bandwidth of around
0.33 nm, as light passes through four bar-state switching ele-
ments. The average insertion loss at 1557.89 nm is ∼16.2 dB
with a variation of ±1.7 dB. The loss includes the 5.6 dB power
splitting loss from the taps, and hence, the loss due to SEs and
crossings is ∼10.6 dB. Thus, the SE has an average insertion
loss of ∼1.5 dB. The loss variation mainly comes from the loss
difference of the DR-MZIs in the cross-state and bar-state, the
different number of crossings passed and the different wave-
guide length in each optical path.

We choose five optical paths with the number of bar-state
elements Nbar increasing from 0 to 4 to measure its group delay
and dispersion as shown in Fig. 7(b) and (c). The measurement
results are consistent with the transfer matrix calculation results
in Fig. 3. The group delay is around 45 ps for all paths. The
group delay dispersion has the maximum value of 300 ps/nm
for the all-cross path.

Fig. 8. System setup for QPSK data transmission experiment.

Fig. 9. Measured constellation diagrams for the BtB transmission and the 16
optical paths.

C. Switching of High-Speed QPSK Data

To verify the optical signal routing ability of the 16 × 16
switch, we tested the switching performance for a 32 Gb/s QPSK
data stream. Fig. 8 shows the experimental setup. The laser was
set to the operation wavelength of 1557.89 nm. A commercial
LiNbO3 in-phase and quadrature (IQ) modulator driven by a
two-channel pulse pattern generator (Keysight N4951B) were
used to generate the QPSK optical signal. The optical power
was boosted up by an Erbium-doped fiber amplifiers (EDFA)
before entering the switch chip. The out-transmitted signal from
the chip was further amplified by another EDFA to compensate
for the insertion loss of the chip. The output signal then went
through a tunable optical bandpass filter (OBPF) with a 3-dB
bandwidth of ∼3 nm to suppress the amplified spontaneous
emission (ASE) noise before received by an optical modula-
tion analyzer (Keysight N4932A). The received optical power
was set to 0 dBm by tuning the gain of the second EDFA.

Fig. 9 shows the measured QPSK constellation diagrams for
transmissions through the 16 optical paths from I1 to O1−16,
together with the back-to-back (BtB) transmission. The BtB
transmission was tested with the same system setup in Fig. 8
but without the switch chip. In the BtB transmission, the re-
ceived optical power was also set to be 0 dBm and the bandpass
filter remained as in the real data transmission measurement.
The EVM of the BtB transmission is 9.19%. As the switch
3-dB passband (∼0.33 nm) is larger than the QPSK signal baud
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TABLE I
POWER CONSUMPTION OF THE RELEVANT SES

rate (16 Gbaud/s), the transmitted signal does not deteriorate
significantly compared to the BtB transmission.

The optical path I1 − O9 contains only cross-state SEs. As
the operation wavelength is at the left slope of the dip in the
transmission spectrum as seen from Fig. 6, the EVM increases
to 14.38%. This is primarily due to the dispersion as revealed
in Fig. 3(e). The optical paths I1 − O1, I1 − O10, I1 − O11,
and I1 − O13 incorporate only one bar-state SE, and therefore,
the constellation diagrams exhibit a comparable EVM around
11%∼12%. One can observe that the EVM improves when more
switching elements are in the bar-state which agrees with the
calculated dispersion trend in Fig. 3(e). The best case is obtained
for the path I1 − O8, which contains four bar-state SEs. The
measured EVM is 8.68%, which is even slightly better than the
BtB transmission. We attribute the slight improvement of EVM
to the narrow passband of this optical path that more effectively
eliminates the ASE noise.

D. Power Consumption

The power consumption of the switch chip comes from two
parts: the TO tuners for phase correction and the EO tuners for
switching. Table I lists the power consumption values for all TO
and EO tuners that are involved in optical paths I1 − O1−16.

Because of the relatively large unpredictable deviation of the
MRR resonances from the target wavelength, the TO tuning
power varies from 3.8 to 37.5 mW. The fabrication errors can
be corrected by post-fabrication trimming technologies [35] or
using advanced fabrication tools with a higher accuracy [36].
In that case, the TO power consumption can be reduced. The
average EO tuning power is 0.34 mW, which is one order smaller
than the EO tuning power of MZI based switches [27].

E. Switching Speed

The temporal response of the switch was measured on a stand-
alone SE to verify the dynamic switching performance of the

Fig. 10. (a) Electrical drive voltage waveform from the PPG. (b) Modulated
optical waveform of a stand-alone SE.

switch fabric. The SE was first set to the cross-state and the
laser wavelength was tuned to the operation wavelength of SE.
Next, a square wave RF signal with a period of about 171 ns
and a duty cycle of 0.5 generated by a pulse pattern generator
(Keysight N4951B) was applied to the SE by a high-speed RF
probe. The modulated optical output of the SE is then amplified
by an EDFA followed by a bandpass filter. The optical signal
was finally received by a photodetector and the waveform was
measured by an oscilloscope (Keysight MSOS804A).

The normalized electrical and optical waveforms are shown
in Fig. 10. The peak-to-peak voltage of the square wave elec-
trical signal is 0.58 V with a DC bias voltage of 0.78 V. The
10%–90% rise and fall time was measured to be 450 ps and
1.65 ns, respectively.

V. CONCLUSION

A 16 × 16 silicon DR-MZI EO switch based on the
Benes topology was designed, fabricated and experimentally
demonstrated. Each DR-MZI switching element is integrated
with two TO phase shifters and one EO phase shifter for reso-
nances alignment and switching, respectively. The transmission
spectrum measurement shows that the crosstalk is better than
−20.5 dB at 1557.89 nm. The on-chip insertion loss is around
10.6 ± 1.7 dB, excluding the 5.6 dB loss from the power taps.
The optical 3-dB bandwidth is around 0.33 nm. Exchange of
a QPSK signal among 16 optical paths has been successfully
demonstrated at the bit rate of 32 Gb/s. The EVM is deteriorated
by 5.2% for the worst case. The average EO power consump-
tion of the SEs is 0.34 mW. The switch response time is in
the order of nanosecond. These results represent a significant
step towards the realization of integrated wavelength-selective
optical switches which can find potential applications in future
optical interconnection networks for datacenters and supercom-
puters. Moreover, because of its reconfigurability, such a switch
chip can be further exploited for agile on-chip optical signal
processing, such as optical filtering, phased array steering and
logic operation that are worth future exploration.
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