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We experimentally demonstrate a 16 x 16 reconfigurably nonblocking optical switch fabric using a Benes archi-
tecture. The switch fabric consists of 56 2 x 2 Mach-Zehnder interferometer based elementary switches, with
each integrated with a pair of waveguide microheaters. The average on-chip insertion loss is ~5.2 dB for both
of the “all-cross” and the “all-bar” states, with a loss variation of 1 dB over all routing paths. The cross talk
for all switching states is better than —30 dB. The switching time of the switch element is about 22 ps. The switch-
ing functionality is verified by transmission of a 40 Gb/s quadrature phase-shift keying optical signal. © 2016
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1. INTRODUCTION

According to the forecast of Cisco, the annual Internet
Protocol (IP) traffic will surpass the 2 zettabyte threshold
in 2019, and the IP traffic will grow at a compound annual
growth rate of 23% from 2014 to 2019 [1]. The continuous de-
mand for higher data transmission bandwidth requires energy-
efficient switching to support the ever-growing intelligent and
programmable optical networks. A hybrid network architec-
ture will be envisioned in the future to take advantage of both
electrical and optical switching [2]. The electrical switching
can be used for small bursty data flows and data processing
intensive applications while the optical switching is suitable
for larger data flow traffic. Optical switches have the advan-
tages of high switching capacity, low power consumption, and
compact size compared with their electrical counterparts.
Over the past years, a variety of optical switch technologies
have been developed based on micro-electromechanical
system (MEMS) actuators [3,4], silica-based planar lightwave
circuits (PLCs) [5,6], and III-V materials [7,8]. Silicon photon-
ics has been regarded as one of the most promising
technologies for the merits of monolithic integration with
microelectronic drive circuits and potentially low-cost,
large-volume production.

Many N x N thermo-optic (TO) [9-14] and electro-optic
(EO) [15-21] switches have been reported in recent years.
EO switches possess fast switching time (a few nanoseconds)
but have high cross talk and insertion loss due to the electro-
absorption effect associated with the electrorefraction effect
after free-carrier injection. On the contrary, the TO switches
remain low loss, but the switching time is intrinsically limited
to microseconds. In the hybrid network systems, the optical
switches are used to process the slow but large-flow optical
traffic, and therefore the TO switches are preferred for their
low loss and low cross talk. A 32 x 32 TO switch has been
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demonstrated [10]. It has a narrow transmission bandwidth
of 1.8 nm for cross talk below —20 dB, and the on-chip inser-
tion loss is 15.8 dB.

In our previous work, we have experimentally demon-
strated two types of 4 x4 TO switches based on cascaded
multimode interferometers (MMIs) [12,13]. The cross talk
is relatively high due to the imperfect power splitting of
MMIs. In this paper, we present a 16 x 16 reconfigurably non-
blocking silicon TO switch based on 2 x 2 Mach-Zehnder
interferometers (MZIs) actuated with waveguide microheat-
ers. The chip has a footprint of 7 mm x 3.6 mm. The average
on-chip insertion loss of the 16 x 16 switch is about 5.2 dB, and
the cross talk is below —-30 dB in a bandwidth of 10 nm for
all states. Optical transmission of a 40-Gb/s quadrature
phase-shift keying (QPSK) signal verifies the fidelity of the
signal after passing through the switch chip.

2. DEVICE DESIGN AND FABRICATION

The 16 x 16 switch is constructed based on a Benes structure,
as shown in Fig. 1. The Benes architecture is reconfigurably
nonblocking and requires the minimum number of switching
elements to obtain the complete switch states. It possesses the
lowest insertion loss compared to crossbar, switch-and-select,
path-independent insertion-loss (PILOSS), N-stage planar, and
other architectures. A 16 x 16 Benes architecture comprises
56 2 x 2 switch elements. Each routing path goes through
seven stages of switch elements. As each element has two
states, the 16 x 16 switch hence has 25 states in total, among
which 16! states are necessary for the complete mapping. The
inset shows the structure of the switch element. It is com-
posed of two 2 x 2 MMIs with waveguide microheaters inte-
grated in both arms for TO tuning of the silicon refractive
index. The design of the microheater can be found in [17].
The microheater is designed to be 400 pm long in order to
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TO Tuning

Fig. 1. Schematic of the 16 x 16 optical switch. Inset shows the
structure of the MZI switch element.

achieve a 7 phase shift at a low drive voltage. It is surrounded
by air trenches to prevent heat lateral diffusion. The ridge
waveguide has a high resistivity working as a microheater,
so heat is generated inside the waveguide and directly inter-
acts with the optical mode. Compared with other metallic
heaters, our design based on the waveguide heater has higher
tuning efficiency and faster temporal response [22]. There are
multiple waveguide crossings in the Benes architecture, lead-
ing to extra insertion loss and cross talk. We employ 1 x 1 MMI
based on the self-imaging effect at the crossing to reduce
the insertion loss and cross talk. The detailed designs and

(b=

Fig. 2. (a) Optical microscope image of the switch chip. The inset
shows the zoomed-in view of the MZI switch elements. (b) Photo
of the 16 x 16 switch in a sealed metal box. (¢) Photo of the 16 x
16 switch after electrical and optical package. The inset shows the
zoomed-in view of a fiber array attached to the switch chip using
UV-curable adhesive.
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experimental results of the 2 x 2 MMIs and waveguide cross-
ings can be found in [19].

The chip was fabricated on a silicon-on-insulator (SOI) wa-
fer using the complementary metal-oxide semiconductor
(CMOS)-compatible process in IME Singapore. Figure 2(a)
shows the microscope image of the fabricated devices. The
chip size is 7 mm x 3.6 mm. The inset illustrates the magnified
MZI switch elements. All input and output waveguides are ter-
minated with grating couplers and positioned in the chip
center to couple with a fiber array. The electrical pads are put
close to the chip edges to favor wire-bonding with a printed
circuit board. A 32-channel 127-pm-pitch fiber array is at-
tached to the switch chip by using ultraviolet (UV) light cur-
able adhesive, whose refractive index is close to that of silicon
dioxide. The coupling loss after the optical package is about
5.5 dB/facet. Figure 2(a) shows a microscope image of the
16 x 16 switch. Figures 2(b) and 2(c) show the photos of
the packaged switch chip.

3. EXPERIMENTAL RESULT

A. Switch Element Characterization

We first measured the performance of the individual 2 x 2 MZI
switch element. Figure 3 shows the transverse electric (TE)
polarization transmission spectra of the “cross” and “bar”
states upon TO tuning. The spectra are normalized to a test
waveguide to eliminate the impact of grating couplers. As
there exist phase errors in the MZI arms induced by imperfect
fabrication, an initial bias (~2 mW power) is required to reach
the complete cross state. The TO power consumption to
change the switch from the cross state to the bar state is
~22 mW. The insertion loss for the individual switch element
is about 0.32 dB. The minimum cross talk at 1560 nm wave-
length is less than —35 dB for both states. The switch element
has a bandwidth of about 30 nm, in which the cross talk is less
than —-30 dB. The low cross talk and high switching extinction
ratio suggest that the 2 x 2 MMIs have an even splitting ratio.
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Fig. 3. Transmission spectra at different TO power consumptions for
the cross port and the bar port of an MZI switch element.
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Fig. 4. Transmission spectra of all optical paths at the all-cross and
the all-bar states of the 16 x 16 switch.
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Fig. 5. Measured transmission spectra of the 16 x 16 switch at the
all-cross state.

B. Insertion Loss of the 16 x 16 Switch

We tuned all 56 MZI switch elements to the cross state by ap-
plying proper voltages to the microheaters to correct phase
errors. In this case, the switch chip was at the all-cross state.
Then all switch elements were changed from the cross to the
bar state by introducing a = phase shift in one of the MZI arms
in each element. The switch was hence configured to the all-
bar state. Figure 4 shows the TE transmission spectra for all
routing paths at the all-cross and the all-bar states. The aver-
age on-chip insertion loss at both states is ~5.2 dB at 1560 nm,
with a variation of 1 dB over all optical paths. The loss varia-
tion mainly comes from the difference in the waveguide length
and the number of waveguide crossings along an optical path.
The on-chip insertion loss is contributed by three parts: switch
element loss, waveguide crossing loss, and waveguide loss.
Each switch element has a loss of 0.32 dB, and therefore
the aggregated loss of seven switch elements in an optical
path is 2.24 dB. One waveguide crossing has an insertion loss
of 0.05 dB measured from a test structure, and thus the loss
caused by waveguide crossings (11 crossings on average) is
0.55 dB. The waveguide loss is hence estimated to be
2.41 dB. As the waveguide length from an input to an output
port is around 2 cm, the waveguide propagation loss is around
1.2 dB/cm. The relatively low waveguide loss results because
2-pm-wide waveguides are used for long connections between
switch elements.
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Fig. 6. Measured transmission spectra of the 16 x 16 switch at the
all-bar state.

C. Cross Talk of the 16 x 16 Switch

Figures 5 and 6 show the full set of TE transmission spec-
tra of the 16 x 16 optical switch at the all-cross and the all-
bar states, respectively. Each plot groups 16 spectra from
all 16 input ports to one output port. We can see that the
cross talk of the 16 x 16 switch is lower than -30 dB over a
10-nm bandwidth centered at 1560 nm for both states. The
cross talk is mainly generated from the switch elements,
being the primary source for signal degradation after
switching. Each optical path passes through seven switch-
ing elements, and cross talk will be added in from other
optical paths at each intersecting element due to the lim-
ited switching extinction ratio. There are three cases in
terms of the intersection scenarios of two optical paths:
no intersection, single intersection, and two intersections.
If the two optical paths do not intersect, there is no direct
interaction between them and the cross talk is very low. A
single intersection will cause certain cross talk to either of
the two paths. The worst case is when the two optical
paths intersect twice, which inevitably leads to interfer-
ence, and the cross talk rises at certain wavelengths. This
is also the reason why we observe periodic fluctuations in
some of the cross-talk spectra in Figs. 5 and 6. Besides these
two special switching states, our switch fabric can also be
conveniently configured to any of the 16! states necessary for
nonblocking operation.

Table 1. Power Consumption at the All-Cross and the All-Bar States
S1(mW) S2(mW) S3(mW) S4(mW) S5(mW) S6(mW) S7(mW)

Al 0"  all “1”  all 0’  all I’  all ‘0’ all ‘I’  all 0" all “I” all ‘0"  all “I”  all ‘0" all“l” all ‘0’  all “1”
1 3.86 28.0 24.5 48.7 40.7 10.7 9.83 26.3 3.63 19.6 5.10 24.6 3.27 23.6
2 4.20 25.6 3.18 24.2 10.0 27.1 0.85 20.1 1.30 18.6 1.66 21 24.7 455
3 3.26 25.3 1.78 20.4 1.90 20.4 7.95 27.6 13.9 34.2 14.3 33.7 5.73 23.7
4 7.97 28.5 5.70 26.6 6.26 24.1 2.42 19.9 0.44 18.8 3.49 24.7 3.64 22.6
5 12.2 36.0 4.94 24.0 9.06 29.4 7.42 28.4 3.34 22.7 10.2 29.3 40.3 114
6 4.49 24.6 2.05 19.8 4.88 26.0 9.73 30.9 6.44 26.9 13.8 32.5 1.85 20.4
7 20.5 42.3 32.4 6.40 1.42 21.2 3.55 22.7 3.35 21.2 9.56 28.3 1.22 18.1
8 1.58 21.7 174 35.9 27.0 3.64 8.69 28.6 19.6 39.7 6.26 24.7 154 34.6

“Si(i = 1,2,3,...,7) is the ith stage of the 16 x 16 Benes switch fabric. All “0s” and all “1s” represent the all-cross and the all-bar states, respectively.
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D. Switching Power and Speed

The power consumption of all the 56 switch elements at the
all-cross and the all-bar states is listed in Table 1. It should be
noted that due to the presence of random fabrication errors,
the phase correction power to reach the cross state also
varies randomly.

The total power consumption is 515 mW at the all-cross
state and 1428 mW at the all-bar state. It should be noted that,
in the above measurement, the TO tuning was performed to
one fixed arm of the MZI element at both states. The power
could be reduced if TO tuning is performed on both arms.

We also characterized the switching speed of the device
by measuring the switch element’s time-domain response.
A 500 Hz electrical square-wave signal is applied to one
waveguide microheater via a radio frequency (RF) probe.
The peak-to-peak drive voltage is V,,, = 1.93 V with a DC bias
voltage of Vpc = 1.19 V. The output modulated optical
signal is measured as shown in Fig. 7. The rise/fall time of
the switch element is 11.58/21.78 ps.

E. QPSK Signal Switching

In order to verify the switching capability for high-speed
optical signals, we performed system transmission experi-
ments using QPSK optical signals. The QPSK signal was gen-
erated by modulating a continuous wave (CW) light at
1560 nm wavelength using a LiNbOs based in-phase/quadra-
ture (I/Q) vector modulator. The modulator was driven by
two 20 Gb/s 23! - 1 ps eudorandom bit sequence RF signals
from two pulse-pattern generators, so the optical signal bit
rate was 40 Gb/s. The optical signal was then amplified by
an erbium-doped fiber amplifier (EDFA) followed by a polari-
zation controller to set the TE polarization before it was
coupled into the chip by grating couplers. In order to compen-
sate the loss of the device, the output optical signal was
amplified by another EDFA, followed by a bandpass filter
to suppress the amplified spontaneous emission noise from
the EDFAs. A variable optical attenuator was used to adjust
the optical power before the optical signal was received and
analyzed by an optical modulation analyzer (Agilent, N4392A).
The error-vector magnitude (EVM) was obtained from the
measured constellation diagrams.

Lot a)

0.5 1

Driver voltage(a.u.)

T,ise=11.58us Tean=21.78ps

Optical signal(a.u.)
=)
(%,
1

T T T g T
-1 0 -1
Time(ms)
Fig. 7. Time-domain optical response of the switch element.

(a) Applied square-wave electrical drive signal. (b) Measured optical
waveform. The dashed lines indicate the 10% and 90% power levels.
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We measured the optical signal transmission for the all-
cross and the all-bar states. The QPSK signal was injected into
only one port at a time. Figure 8(a) shows the constellation
diagram of the system back-to-back (BtB) transmission,
with an EVM of 8.09%. Figures 8(b) and 8(c) depict the
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Fig. 8. Measured constellation diagrams of a 40 Gb/s QPSK signal.
(a) BtB transmission, (b) the all cross state, and (c) the all bar state.
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Table 2. Performance Comparison of Reported High-Port-Count Silicon Switch Fabrics

Port Insertion Loss Power Consump. Reconfig. Time  Footprint
Technologies Count Topology (dB) Cross Talk (dB) (mW) (ps) (mm?2)
[20] (MZL, TiN +p —i-n) 8x8 Blocking NA -15to -5 (20 nm) 44-32.2 0.012 NA
[14] (MZI, TiN) 8x8 Switch and 4+0.8 -45 (30 nm) 70 250 8x8

Select
[11] (MZI, TiN) 8x8 PILOSS 65+1 -23.1 NA NA 35x24
[19] (MZI, TiN+p-i-n) 16 x 16 Benes 6.7-139+1 -20 to -10 881 + 289 0.006 10.7x4.4
(30 nm)

[10] (MZL, TiN) 32 x 32 PILOSS 158+1 —-20 (1.8 nm) 2930 30 11 x25
[4] (MEMS-actuation) 50 x 50 Cross-bar <275 < -20 (13 nm) NA 3.8 9x9
[3] (MEMS-actuation) 64 x 64 Cross-bar <3.7 -20 NA 0.9 8.6 x 8.6
This work (MZI, WG heater) 16 x 16 Benes 5241 ~=30 (10 nm) 515+ 913 21.78 7% 3.6

constellation diagrams of all the 16 light paths at the all-cross
and the all-bar states, respectively. The measured EVMs are all
smaller than 9.24%, indicating the signal is degraded by less
than 1.15% after passing through the chip. It demonstrates that
our 16 x 16 switch is capable of switching 40 Gb/s QPSK
signal with a high signal quality.

4. DISCUSSION

Table 2 summarizes the key performance of the state-the-art
high-port-count silicon optical switch fabrics. Compared with
other reported silicon switch fabrics, our 16 x 16 TO switch
has an overall balanced superior performance in terms of in-
sertion loss, cross talk, and response speed. The EO switches
based on p — i — n possess the merit of a short switching time
of a few nanoseconds, but they also have a higher insertion
loss and a worse cross talk due to the free carrier absorption
effect. The reported highest-port-count silicon EO optical
switches are the 16 x 16 switches [19], in which the worst
cross talk is around -10 dB. Compared with other metallic
heaters (e.g., TiN), our waveguide heater has higher tuning
efficiency and faster temporal response. The power consump-
tion to change the switch state using a typical TiN heater with
air trenches is around 35 mW, larger than the waveguide-type
heater. The power consumption can be further reduced by
etching off the silicon substrate. Conventional MEMS mir-
ror-based switches have many disadvantages in terms of
switching time, stability, and chip size. The recently reported
MEMS-actuated optical switch combines the merits of silicon
PLCs and MEMS actuation, in which low insertion loss and
fast switching time have been achieved [3], but a high drive
voltage of 42 V is required in order to actuate the MEMS canti-
levers. This high drive voltage inhibits its integration with
microelectronic chips. Its sensitivity to environmental vibra-
tion also remains as a potential issue for long-term stable
operation.

5. CONCLUSIONS

We have designed and experimentally demonstrated a com-
pact, low loss, and low cross talk 16 x 16 reconfigurably non-
blocking optical switch. The switch chip is based on a Benes
structure and consists of 56 2 x 2 MZIs, with each arm inte-
grated with a waveguide microheater. The switch chip is built
on the SOI platform using the CMOS-compatible process with
a footprint of only 7 mm x 3.6 mm. The on-chip insertion loss
is 5.2 dB at 1560 nm, and the worst cross talk is better than

-30 dB over a 10-nm bandwidth. The switching power for
each switch element to change the state is about 22 mW.
The power consumption could be reduced if TO tuning is per-
formed on both arms. The switching time is around 22 ps.
Optical signal transmission experiments using a 40 Gb/s
QPSK signal confirm the signal fidelity after passing through
the switch chip.
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