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SUMMARY  We review our research progress of multi-port optical
switches based on the silicon photonics platform. Up to now, the maxi-
mum port-count is 32 input ports X 32 output ports, in which transmissions
of all paths were demonstrated. The switch topology is path-independent
insertion-loss (PILOSS) which consists of an array of 2x2 element switches
and intersections. The switch presented an average fiber-to-fiber inser-
tion loss of 10.8 dB. Moreover, —20-dB crosstalk bandwidth of 14.2 nm
was achieved with output-port-exchanged element switches, and an aver-
age polarization-dependent loss (PDL) of 3.2 dB was achieved with a non-
duplicated polarization-diversity structure enabled by SiN overpass wave-
guides. In the 8 x 8 switch, we demonstrated wider than 100-nm band-
width for less than —30-dB crosstalk with double Mach-Zehnder element
switches, and less than 0.5 dB PDL with polarization diversity scheme
which consisted of two switch matrices and fiber-type polarization beam
splitters. Based on the switch performances described above, we discuss
further improvement of switching performances.

key words: silicon photonics, optical switches, photonic integrated cir-
cuits, optoelectronics

1. Introduction

Demand for cloud-services generates massive data flows in
data centers [1]. To handle the data flow, fast and energy-
efficient network systems based on optical switches attract
attention [2], [3]. Figure 1 summarizes several kinds of op-
tical switches, in which their port counts are plotted against
the switching time. Free-space optical switches (Piezo actu-
ator and MEMS mirror) can provide hundreds of switching
ports. However, their switching time is longer than 1 ms.
Generally speaking, the switches for the data centers are re-
quired less than 1 ms switching time [2], and hence the silica
switches are also challenging to deploy them. On the other
hand, integrated switches based on semiconductors (Si, InP,
etc.) can provide from several tens of us to 1 ns switch-
ing time. As for the port count, some reports say that a
port count of 32 is acceptable for the large scale data cen-
ters [2], and which is achievable port count for the integrated
switches.

Among several kinds of the integrated switch platforms
and switching architectures, we focused on the Si photonics
with thermooptic phase shifter. The Si photonics platform
possesses high-density and homogeneous integration and
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Fig.1  Summary of optical switch technologies. MEMS: micro electro
mechanical systems, TO: thermooptic. SOA: semiconductor optical ampli-
fier

mass-producibility enabling low-cost production. More-
over, the thermooptic phase shift offers low-loss switching
with the order of a microsecond. Therefore, we think that
the combination is suitable for the multi-port optical switch.

As for the Si photonics with carrier plasma phase-shift,
it can operate nanoseconds order. However, the loss caused
by the carriers is a problem for the optical switches in which
element switches are cascaded. Similarly, the InP platform
with carrier plasma has the same challenge. Although the
SOA based switch can provide nanoseconds order switching
with low-loss, the large scale integration is difficult due to
fabrication and energy concerns. The Si photonics with the
MEMS switch enables large port count (more than 200) and
less than microseconds switching with low insertion loss.
However, its electrical packaging is challenging, and hence
transmissions of all-paths have not been demonstrated yet.

In this paper, we review our researches and devel-
opments of Si-photonics strictly non-blocking multi-port
switches. This paper is composed as follows. In Sect.2,
we discuss the reduction of the fiber-to-fiber insertion loss,
and 32 input port X 32 output port optical switch. In Sect. 3,
we describe operating bandwidth expansion. In Sect. 4, we
describe polarization-independent operation. In Sect. 5, we
discuss further improvement of the switching performances.
Finally, in Sect. 6, we conclude this paper.

2. Fiber-to-Fiber Insertion Loss
The fiber-to-fiber insertion loss of the multi-port switch in-

cludes propagation loss of the Si waveguides, the insertion
loss of the intersections, and fiber-to-chip coupling losses.
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Fig.2  Propagation loss of Si waveguide fabricated on semiconductor-
on-insulator wafer by using immersion ArF lithography at a wavelength of
1.55 pm.

Here, we assumed that the insertion loss of the element
Mach-Zehnder (MZ) switch is included in the propagation
loss of the Si waveguide because the element MZ switch
consists of the thermo-optic phase shifters and directional
couplers (DCs), which are inherently lossless components.

Figure 2 shows the propagation loss of the Si wave-
guide, which is 430-nm wide and 220-nm thick. The mea-
sured propagation losses of the transverse electric (TE) like
mode and that of the transverse magnetic (TM) like mode
were 1.05 dB/cm and 1.49 dB/cm, respectively. The Si
waveguide is defined with an immersion ArF lithography
to reduce the sidewall roughness and variation of waveguide
core width. Compared with a KrF lithography, in general,
higher resolution and homogeneity of the immersion ArF
lithography provide higher optical performances and yield.
The propagation loss for the TE-like mode is lower than that
of the TM-like mode, indicating that the main contribution
to the propagation loss is not side-wall roughness.

The intersections are important components for the
multi-port optical switches because the multi-port switch
contains many intersections. Their insertion loss and leak-
age to an opposite output port (i.e. crosstalk) affect the op-
tical performances of the whole switch matrix. As the in-
tersections, we use an adiabatic taper intersection which is
numerically optimized [12]. Figure 3 (a) presents the trans-
mission spectra of the fabricated test device. The through-
port transmission spectrum exhibits flat response against
wavelength. The leakage spectrum is lower than that of the
through-port by < —47 dB. The insertion loss of the intersec-
tion is 0.024 dB, as shown in Fig. 3 (b). This insertion loss is
acceptable for the multi-port switch which has several tens
of input/output ports. For example, 32x 32 switch has 31 in-
tersections on a path, contributing 0.024 dB x 31 = 0.74 dB
loss.

The fiber-to-chip coupling loss is one of the largest
causes of the insertion loss due to the mode field profile
mismatch between the optical fiber and the Si waveguide.
To minimize the coupling loss, we developed an optical con-
nector based on a high-A optical fiber array and an extremely
high-A silica planar lightwave circuit (PLC)[13]. A stan-
dard single-mode fiber (SMF) is connected to the high-A
fiber by a thermally-diffused expanded core technique. The
high-A optical fiber is butt-coupled to the PLC, in which the
fiber pitch is 127 ym. In the PLC, the fiber pitch is reduced
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Fig.3 (a) Through-port transmission and leakage spectra of adiabatic
taper intersection. (b) Insertion loss at a wavelength of 1.55 um. The inter-
section is designed for the TE-like mode.
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Fig.4 Microscope image of connection facet between extremely-high-A
PLC connector and Si chip.

to 50 um. Finally, the PLC is butt-coupled to the Si chip
with a UV-cured glue, as shown in Fig. 4. The structure of
the edge coupler on the chip is conventional inverse-taper,
of which core width is 170 nm for the TE mode and 140 nm
for the TM mode. For the TE mode, we demonstrated an
average SMF to Si-waveguide loss of 1.54 dB/facet (Max:
1.6 dB/facet, Min: 1.4 dB/facet), and negligible wavelength
dependence over C and L band.

By using the technologies and the components de-
scribed above, we fabricated a 32 X 32 path-independent
insertion loss (PILOSS) switch. The PILOSS topology
gives strictly non-blocking switch with the lowest on-chip
loss [14]. The switch chip was prepared with a CMOS pi-
lot line. The two facets of the chip having the edge cou-
plers were polished, then the electrodes on the chip were
flip-chip bonded to a ceramic interposer. After that, the
optical connectors were attached to the polished edge. Fi-
nally, the interposer was inserted into a socket on a printed
circuit board with control electronics. Figure 5 shows the
assembled 32 x 32 switch. The 32 x 32 switch was com-
posed of 1024 element MZ switches, and which were con-
trolled with a pulse width modulation technique [15].
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Fig.6  (a) Fiber-to-fiber insertion loss and (b) leakages to non-target port
distributions of 32 x 32 switch at a wavelength of 1.547 um.

Figure 6 (a) shows the distribution of the measured
fiber-to-fiber insertion losses of all 1024 paths. The maxi-
mum, minimum, and average insertion losses were 12.8 dB,
8.9 dB, and 10.8 dB, respectively. The standard deviation
was 0.54 dB. The minimum insertion loss includes the fol-
lowing losses: 1.4 dB SMF-to-chip coupling loss, 0.70 dB
propagation loss of an input routing waveguide, 4.0 dB in-
sertion loss of the MZ switches, 0.74 dB insertion loss of
the intersections, 0.63 dB propagation loss of an output
routing waveguide, and 1.4 dB chip-to-SMF coupling loss.
Figure 6 (b) shows the distribution of the leakages which
are output powers from non-target output ports. The maxi-
mum, and average leakages were —31.0 dB, and —48.5 dB,
respectively.

3. Operating Bandwidth Expansion

In the DC-based MZ switch shown in Fig.7 (a), the low-
crosstalk bandwidth is limited by the wavelength depen-
dence of the DC. A straightforward way to achieve broad-
band operation is replacing the DCs to some broadband
couplers such as multi-mode interference (MMI) couplers
or adiabatic DCs. However, the MMI possesses high
(~0.5 dB) insertion loss, and the adiabatic DCs requires se-
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Fig.7 (a) Conventional Mach-Zehnder (MZ) switch based on directional
coupler. (b) Output-port-exchanged MZ switch. (c) Double-MZ switch.

vere (< 0.1 nm) fabrication control. Therefore, we decided
to evaluate two kinds of the element switches: an output-
port exchanged MZ switch (Fig.7 (b)) [16], and a double-
MZ switch (Fig.7(c))[17]. These are originally proposed
in the silica PLC platform.

In PILOSS switch, most of the element switches are
in the cross-state (input port 1 (2) is connected to output
port 2’ (1)), and the leakage to the bar-port (output port 1’
(2’) when the input port is 1 (2)) becomes the crosstalk.
Therefore, the suppression of the leakages to the bar-port
is important. However, according to the coupled-mode the-
ory, the complete suppression of the leakage to the bar-port
occurs only for a wavelength in which the splitting ratio of
the two 3-dB couplers is exactly 50 : 50 or complemen-
tary [18]. This indicates that bar-port suppression possesses
high wavelength dependence. On the other hand, the com-
plete leakage suppression to the cross-port (output port 2’
(17) when the input port is 1 (2).) requires identical splitting
ratios even though they are not equal to 50 : 50. This means
that the cross-port suppression exhibits low wavelength de-
pendence. Based on these facts, the output-port exchanged
MZ switch can expand the low crosstalk bandwidth [19].

The double-MZ switch provides broad low crosstalk
bandwidth because the leakage from the front MZ switch
is suppressed with the rear MZ switch. In the cross-state,
input port 1 (2) is connected to output-port 2’ (1’). In the
bar-state, input-port 2 is connected to output port-2’. The
connection from input-port 1 to output-port 1’ is not neces-
sary for PLOSS topology in which the element double-MZ
switches are placed normal and upside-down positions in
turns [20]. In this PILOSS switch, the number of the MZ
switches on a path increases by one, and that of the intersec-
tions increases by N — 1 for N x N switch.

Figure 8 compares the measured fiber-to-fiber trans-
mission spectra of one of the severest paths and the sum of
leakages to the severest path among the three element-MZ-
switches. Here, the crosstalk is defined as a ratio between
the insertion loss of the path and the sum of leakages from
other paths. In the standard MZ switch shown in Fig. 8 (a),
—20-dB crosstalk bandwidth was 3.5 nm[7]. By using
the output-port exchanged MZ switch, —20 dB crosstalk



IEICE TRANS. ELECTRON., VOL.E103-C, NO.11 NOVEMBER 2020

PBS

630
0
3.50m @
10F
20F -20dB Sum of Leakages
from Other Paths
-30F
— 40 L L L
3 0
b
s 14.2 nm ®)
w
a
£
w
c
©
=
9]
2
Y
je)
5
2 L /A
153 1.54 1.55 1.56
Of
- 110 nm ()
-10F
-20F
30f -30 dB
-40F
50 \—‘\M -,
1.50 1.55 1.60
Wavelength [pm]
Fig.8 Measured fiber-to-fiber transmission spectra of one of the severest

paths and sum of leakages from other paths. (a) 32 X 32 switch based on
conventional Mach-Zehnder (MZ) element switches. (b) 32 x 32 switch
based on output-port-exchanged MZ element switches. (c) 8 x 8 switch
based on double-MZ element switches.

bandwidth was expanded to 14.2 nm (Fig. 8 (b)), corre-
sponding to four times expansion [19]. Figure 8 (c) presents
the crosstalk of the double-MZ 8 x 8 PILOSS switch. Al-
though the port count is 8 x 8, —30 dB crosstalk bandwidth
covers 110 nm wavelength range [21]. As shown in Fig. 8,
the low crosstalk bandwidth is expanded by using the mod-
ified element switches. However, there is some drawbacks:
an increase in the number of intersections, the MZ switches,
etc. The pros and cons will be discussed in Sect. 5.

4. Polarization Independent Operation

Polarization-independent operation is another important
characteristic because the optical switches deal with dual-
polarization, and/or polarization scrambled signals. To
achieve this, we chose a polarization-diversity scheme. Al-
though the polarization-insensitive devices are alternative
options, we think that they are not realistic options in
the silicon photonics platform because they require thick
(~1.5 um) silicon waveguide core [22], or precise fabrica-
tion control beyond the capability of typical CMOS-based
pilot line [23].

As the polarization-diversity schemes, we ex-
ploited three schemes: off-chip (Fig.9 (a))[20], on-chip
(Fig.9 (b)) [14], and non-duplicated polarization diversity

(a

3_
4

15
2

AWM=

H—
s
&H

4 X4 Switch Chip
for TE mode

Hwn-=

|
1
AWN =

4 X4 Switch Chip
for TM mode

-

2 N

3 HN—23
& .

’I_

2_—

T

P

(%]
b

L5t

1 1
2 4X4Switch 2’
3 forTEmode 3
4 4

1 1
2 4X4Switch 2'
3 forTM mode 3’
4 4

-1
-2’
-3
iy

Chip ™

—_
O

IEEIEN R

AN wN R W

X Comp.

Sit — SiN access waveguides: —
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grated on chip, and (c) based on non-duplicated switch matrix configuration
with SiN overpass access waveguides.

schemes (Fig.9 (c)) [24]. The off-chip scheme consists of
the two switch chips, which are packaged on each control
board, and polarization beam splitters (PBSs) with fiber pig-
tails. The originally TE mode (X component) propagates
the switch chip through the input PBS, then is converted
to the TM mode with the output PBS. The originally TM
mode (Y component) is separated with the input PBS, then
is launched to another switch chip as the TE mode. The out-
put from the switch chip is combined with the X component.
Hence, X and Y components are exchanged. The on-chip
diversity scheme works as the same fashion as the off-chip
diversity except that the PBSs are replaced with on-chip po-
larization splitter rotators (PSRs) and all the components are
integrated into a single switch chip. The non-duplicated di-
versity scheme utilizes full ports of PILOSS topology and
SiN overpass waveguides. X component is separated by
using the input PSR and is transferred to the SiN overpass
waveguide layer. After the propagation to the right side of
the switch matrix, the X component is transferred to the Si
waveguide layer. X component propagates switch matrix
from right to left, then is converted into the TM mode and
combined with Y component in the output PSR. Y compo-
nent is separated and converted to TE mode with the input
PSR, then propagates the switch matrix from left to right.
After the transfer to the SiN overpass waveguide layer, the
Y component comes back to the left side, then is transferred
to the Si waveguide layer. Finally, the Y component is com-
bined with the X component with the output PSR.
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We composed an off-chip polarization-diversity 8 x 8
switch [20]. Figure 10(a) shows the distribution of the
polarization-dependent loss (PDL) of all (64) paths at a
wavelength of 1.535 yum. The PDL was less than 0.5 dB.
We infer that the residual PDL is caused by the polarization
fluctuation of the experimental setup. Figure 10 (b) shows
the distribution of the differential group delay (DGD) of all
paths. The DGD was less than 8.5 ps. This DGD is at-
tributed to optical fiber length (from the PBS to the Si chip)
difference (< 1 mm) between the two polarizations. These
results indicate that the off-chip diversity can achieve low
PDL, however, approximately 10 ps DGD is inevitable.

Next, we fabricated the on-chip diversity 8 X 8
switch[14]. In the on-chip diversity switch, we used the
on-chip PSR based on mode conversion and vertically-
asymmetric directional-coupling using a rib waveguide [25].
Figure 11 (a) shows the structure of the PSR. The TE mode
propagates through the PSR to output 2°. The TM mode
is converted to the first order TE mode with tapered wave-
guide, then coupled to the fundamental TE mode of the ad-
jacent waveguide. The fundamental TE mode propagates
to output port 1°. Figure 11 (b) presents the transmission
spectra in the case of the TE mode input. Most of the input
TE mode propagates to output port 2° (TE2’). TM2’ indi-
cates that the residual TM component of the input light, and
which can be eliminated if a polarization clear was placed
on the output of the PSR. Figure 11 (c) shows the trans-
mission spectra in the case of the TM mode input. The
TM mode propagates to output port 1’ (TE1’). The com-
ponent of TM2’ can be also eliminated with the polarization
cleaner. The insertion loss was estimated to be less than
4-dB in the C and L band. This insertion loss contains
the insertion loss of the PSR itself and the loss related to
the residual TM component which is suppressed with a
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successive polarization cleaner.

Figure 12 shows the PDL of the on-chip diversity 8 X 8
switch. The PDL was less than 2.1 dB. We infer that this
PDL is caused by the variation of the insertion loss of the
PSR. If we made a new design for the PSR to be robust to
the structural variation, the PDL would be improved. On the
other hand, the DGD shown in Fig. 12 (b) is less than 1-ps
owing to full integration and path length equalized design.

Finally, we describe the optical characteristics of a
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non-duplicated diversity 32 x 32 switch [24]. Figure 13
shows the distribution of the PDL, in which 32 paths (1
(input) — 1’ (output), 2 — 2°, 3 — 3", ..., 32 — 32’) were
sampled. The average PDL was 3.5 dB and the minimum
one was 0.32 dB. Moreover, 75% of paths exhibited less
than 3 dB PDL. We guess that there are two reasons for the
PDL. The one is the interference between the light propagat-
ing the composed path and the leakages from the path com-
posed for the opposite polarization component. The other is
insufficient polarization splitting and rotating at the PSRs.
Therefore, there are some rooms for the improvement of
the optical characteristics by optimizing the device design,
fiber-to-chip coupling, and the calibration procedures of the
element switches. The inset of Fig. 13 shows optical pulses
that propagated the switch. By comparing the delay of the
two pulses, in which the polarizations were controlled the
maximum and minimum output power, the DGD was esti-
mated to be 1.7 ps.

5. Outlook

In this section, we describe our outlook for the performances
of the Si optical switches, including fiber-to-fiber insertion
loss, broadband and polarization-insensitive operations, and
port-count expansion.

As for the fiber-to-fiber insertion loss, we guess that
approximately 6-dB in the 32 x 32 switch is achievable
by adopting the optimized fabrication process (propagation
loss: 0.5 dB/cm) and the edge coupling (coupling loss (nu-
merical simulation): 0.6 dB/facet). Regarding the broad-
band operation, we believe that the double-MZ switch is
one of the most suitable options. By adopting the double-
MZ switch, the number of the MZ switch and the inter-
section on a path for N x N switch become N + 1 and 2
(N —1), respectively. This means that the additional one MZ
switch and (N — 1) intersections are inserted into a path by
comparing conventional MZ-switch based PILOSS switch.
We think that these increments are acceptable because the
loss increment from additional components is acceptable.
For example, in 32 x 32 switch, the loss increment would be
0.13 dB from the MZ switch and 0.024 dB x 31 = 0.74 dB
from the intersections. For polarization-insensitivity, we
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think that a polarization-diversity scheme is a realistic op-
tion as described in Sect. 4.

The port-count expansion is a remaining challenge.
The port-count is limited by electrical packaging. In our
32 x 32 switch, 2112 electrodes were drawn out to the
control board with the land grid array. If we compose a
64 x 64 switch by simply expanding the PILOSS topology,
we would have 8320 electrodes. Hence, we have to develop
some new technology to reduce the number of electrodes,
for example, the dynamic control of the phase-shifters [26],
the integration with an address decoder, etc.

6. Conclusion

We have reviewed our silicon-photonics strictly non-
blocking optical switches. The 32 x 32 switch is the largest
port count switch which exhibits the full port operation. The
switch was electrically and optically packaged. We demon-
strated an average fiber-to-fiber insertion loss of 10.8 dB.
We guess that the 6 dB insertion loss, which is comparable
to that of the silica switch, is achievable by the improvement
of our fabrication and packaging processes. The double-
MZ 8 x 8 switch exhibited 110 nm bandwidth for less than
—30 dB crosstalk. Furthermore, the polarization-insensitive
operation was demonstrated with the polarization-diversity
scheme. As a remaining challenge, we noticed that port
count expansion which requires some new packaging and/or
controls technology for the reduction of the number of elec-
trodes. Moreover, loss reduction and simultaneous achieve-
ment of the low PDL and the low DGD should be addressed.
Although there are some remaining challenges, we think
that the silicon photonics multi-port switches can bring new
functionality to networks for the data centers and telecom
systems.
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