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Abstract—We review our recent results in multi-port strictly
non-blocking optical switches based on silicon photonics. Silicon
photonics switches are one of the most important devices to realize
future datacenters capable of processing a large amount of data
with high efficiency. This is because silicon photonics enables fast
(ns - µs) switching, dense integration with high uniformity, low
power consumption, and mass production leading to low cost. Thus
far, we demonstrated switching, all-paths transmission, and fully-
loaded operation of up to 32 input ports × 32 output ports silicon
photonics switches. The remaining challenges for practical appli-
cations are polarization insensitivity and broadband operation.
Regarding the polarization-insensitivity, we presented the non-
duplicated polarization-diversity 32× 32 switch with SiN over path
waveguides and demonstrated polarization-insensitive operation in
limited paths. Regarding the broadband operation, we achieved
∼90 nm bandwidth for −30 dB crosstalk with polarization-
insensitivity in the 8 × 8 switch. We review these, and then dis-
cuss how to achieve a large port count (>32 × 32), polarization-
insensitivity, and broadband operation simultaneously. Moreover,
to broaden the range of applications, integration with wavelength
filters and expanding operating wavelengths are important. We
demonstrated hybrid integration with the silica platform that is
suitable for wavelength filters and the 8 × 8 switch operating in
the O-band.

Index Terms—Optical switches, photonic integrated circuits,
strictly-non-blocking switches.

I. INTRODUCTION

THE data flow within data centers has increased with the
recent spread of on-demand movies, cloud-based services,

and teleworking. Furthermore, the availability of new devices
such as AI accelerators will require even greater transmission
capacity in the future. To meet this throughput demand, one
of the key components is the network switch, because network
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switches and optical fiber links connect many servers. In
this situation, the application-specific integrated circuit in the
network switch has expanded its bandwidth at a rate of doubling
in every two years and reaching 25.6 Tb/s [1]. This bandwidth
expansion occurs along with an increase in electric power
con sumption, which is a bottleneck for further bandwidth
expansion. Hence, to continue scaling up the bandwidth with
reasonable power consumption, technological breakthroughs
are required. One technology that is expected to overcome these
bottlenecks is optical switching. One of the reasons is that the
power consumption of the optical switches is not proportional
to the symbol rate of the transmitting signals but to the port
counts. Some researchers have proposed network systems that
exploit optical switches [2], [3], [4].

A silicon photonics platform is one of the most suitable
options for optical switches because it offers many advantages:
fast (micro-to nanoseconds) switching, large-scale integration
with high uniformity, and mass production. Thus far, the maxi-
mum port counts we reported were 32 input ports × 32 output
ports, which exhibited an average fiber-to-fiber insertion loss of
10.8 dB [5]. The basic components are 2 × 2 Mach-Zehnder
(MZ) switches with thermo-optic phase shifters and adiabatic
intersections [6]. These basic components are aligned to form
a path-independent insertion loss (PILOSS) topology [7]. The
32 × 32 switch was tested under fully loaded conditions, and
we demonstrated 0.29 pJ/bit wall-plug efficiency and 81.9 Tb/s
throughputs [8]. These performances exceed those of electric
switches, as shown in Fig. 1. However, the 32 × 32 switch
can operate only for transverse-electric (TE) polarization and its
bandwidth is narrow (3.5 nm for −20 dB crosstalk). Therefore,
polarization insensitivity and broadband operation are future
challenges. Regarding polarization insensitivity, our approach
involves a polarization-diversity scheme [9] in which two iden-
tical switch matrices are used for the two orthogonal polariza-
tions. As a preliminary demonstration, we prepared two sets of
optical switches and their control electronics, and demonstrated
polarization-insensitive operation by combining them [10]. Re-
cently, we demonstrated a single-chip integration version of a
polarization-diversity 8 × 8 switch [11]. Moreover, we propose
a polarization-insensitive 32 × 32 switch with a single-switch
matrix [12]. For broadband operation, a double-MZ element
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Fig. 1. Comparison of energy efficiency and switch bandwidth among elec-
trical and optical switches.

switch, in which the two MZ switches are cascaded, is suitable
for the PILOSS topology [13]. We demonstrated a bandwidth of
∼ 90 nm for a crosstalk bandwidth of −30 dB [11].

In this study, we review our recent progress in the polarization-
insensitive and broadband operation of silicon photonic switches
and discuss how to achieve this in a large port-count switch,
such as 32 × 32 ports. In the following sections, we focus on
polarization diversity 32 × 32 switch with a non-duplicated
diversity scheme and polarization-diversity double-MZ 8 × 8
switch. Furthermore, the integration of other functions, such as
wavelength filters and the extension of the operating wavelength
range, is important for increasing the applicability of optical
switches. We demonstrated a hybrid integration with a silica
planar lightwave circuit (PLC) that can offer commercially
acceptable performance filters and an O-band operation that is
prevalent in data center networks. We also review these two
technologies, which are extensions of the review in [14].

II. NONDUPLICATE POLARIZATION-INSENSITIVE 32 × 32
SWITCH

We believe that the polarization-diversity scheme is one of
the most practical options for achieving polarization-insensitive
operation because it does not require a high fabrication accu-
racy that is essential for making silicon photonic components
polarization insensitive. In the polarization-diversity scheme,
two identical switch matrices are used to handle two orthogonal
polarizations. This may become a problem for large port-count
switches because the electrodes for the element switches and
the footprint of the switch matrix are doubled. To avoid these
drawbacks, we propose a non-duplicated polarization-diversity
structure that bidirectionally utilizes the PILOSS topology [15].
Moreover, to eliminate many intersections for bidirectional
routing on the switch chip, we integrated the SiN overpass
waveguides above the Si waveguide layer.

Fig. 2(a) shows the fabricated non-duplicated polarization
diversity 32 × 32 switch chip [12]. A total of 74 (input:32,
output:32, test device:8, Si waveguide for fiber-array alignment)
edge couplers were fabricated on the left side of the chip and con-
nected to a polarization splitter/rotator (PSR), which is based on
an asymmetric structure and directional coupling [16]. In PSR,
the TE and TM modes are separated, and then the original TM
mode is rotated to the TE mode (all the propagating light through

Fig. 2. (a) Microscopy image of fabricated non-duplicated polarization-
diversity 32 × 32 switch chip. (b) Magnified image of element Mach-Zehnder
switches, upper SiN waveguides, and electrodes.

the chip is TE mode). The original TE mode (X component)
was transferred to the SiN overpass waveguide (Fig. 2(b)) using
a SiN/Si transfer coupler. The X component then propagates to
the right side of the chip and is transferred to the Si waveguide
layer with another SiN/Si transfer coupler. Subsequently, the X
component propagates through the switch matrix and reaches the
output PSR. In contrast, the original TM mode (Y component)
propagates through the switch matrix and is then transferred to
the SiN overpass layer with a SiN/Si coupler on the right side.
Subsequently, the Y component propagates the SiN overpass
waveguide, transfers the Si waveguide with the output SiN/Si
coupler, and reaches the output PSR. In the output PSR, the X
component is rotated to the TM mode and the Y component
propagates through without any changes.

Fig. 3(a) shows the polarization-dependent losses (PDLs)
of sampled 32 paths, which are chosen so that the input and
output ports are not adjacent to each other to prevent interference
between the scattered input light and output light. The average
PDL was 3.5 dB and 75% of the measured PDLs were less
than 3 dB. We suspect that the interference between the light
propagating through the established paths, the leakages from
the path of the oppositely polarized component in the switch
matrix, and the insufficient polarization splitting and rotation
in the PSR degrade the PDL. Therefore, optimization of the
device and fabrication process can improve the PDL. Fig. 3(b)
shows the measured differential group delay (DGD) of path 23
– 23. The measured DGD is 1.7 ps. In this switch topology, the
propagation lengths of all the paths are identical. Therefore, a
1.7 ps DGD can be expected for all paths.

Here, we discuss the merits and demerits of the nonduplicated
diversity scheme. The largest merit of this switch topology
is that polarization diversity is possible without doubling the
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Fig. 3. (a) Measured polarization dependent loss of fabricated 32× 32 switch.
Measured paths: 1 (input) - 1’ (output), 2 – 2’, 3 – 3’, …, 32 – 32’. (b) Observed
optical pulses propagating through 23 – 23’ in cases of maximum and minimum
output powers. The output powers were adjusted by controlling the polarization
of input pulses.

number of element switches. This is a desirable feature for
element switch counts that exceed 1000, such as 32 × 32 port
switches. Although the present operational demonstration was
limited due to imperfect polarization extinction ratios in the
polarization splitter rotators, by optimizing them we think we
could demonstrate characteristics similar to those reported in [5]
for each polarization. One demerit is that it is difficult to achieve
wideband operation above 15 nm. Broadband operation requires
a double MZ element switch, in which two MZ switches are
connected successively as described in the next section, however
the configuration of this topology precludes its use. However,
the nonduplicated topology could be used for narrow bandwidth
schemes such as LAN-WDM (1306 – 1318 nm).

III. POLARIZATION AND WAVELENGTH INSENSITIVE 8 × 8
SWITCH

Fig. 4 shows a polarization-insensitive broadband 8 × 8
switch [11]. To achieve polarization insensitivity, we used a po-
larization diversity scheme. Two identical 8 × 8 switch matrices
are nested (we call nested type), simplifying the connection of
the routing waveguide. To achieve broadband operation, we used
a double-MZ element switch [13], which comprises two cas-
caded MZ switches and an intersection. Therefore, the leakage
from the MZ switch underwent suppression twice, resulting in
low crosstalk and broad bandwidth.

The switch chip, which was fabricated by AIST’s pilot line,
was flip-chip bonded to a ceramic interposer and then inserted
into a socket on a printed circuit board (PCB). The PCB has
two FPGAs that generate 1 MHz electric pulses. The width of
the electric pulses was controlled to adjust the electric power
applied to the heater phase shifters on the switch chip. The size

Fig. 4. Polarization-diversity double Mach-Zehnder 8 × 8 switch assembled
onto printed circuit board with control electronics. The magnified switch chip
is shown at the bottom of the figure.

of the assembled 8 × 8 switch was 13.5 cm × 9 cm, which is
comparable to that of a smartphone.

We evaluated fiber-to-fiber insertion loss, crosstalk, PDL, and
DGD. The average and minimum fiber-to-fiber insertion loss
was 11.9 dB and 11.0 dB, respectively. A major part of the
insertion loss was the fiber-to-chip coupling (∼5 dB). Hence,
the optimization of the edge coupler may improve the insertion
loss. Fig. 5(a) shows the crosstalk spectrum of one of the most
severe paths. Crosstalk of less than −30 dB was obtained in the
wavelength range of 90 nm. Fig. 5(b) and (c) show the measured
worst PDL and DGD of path 7 – 6’, respectively. Theoretically,
the PDL for any path should be the same. However, due to
variations in the polarization extinction ratio of the PSRs and
their combination, a worst case exists. The PDL and DGD were
less than 0.4 dB and 1.8 ps in a wavelength range from 1.52 to
1.6 µm, respectively.

Here, we discuss the merits and demerits of the duplicated
diversity scheme. Although the merits and demerits of the nested
type are inversely related to those of the nonduplicated type, the
merit of the nested type is that a wider bandwidth can be achieved
by using double MZ element switches. As shown in Fig. 5, an
8 × 8 switch can provide less than −30 dB of crosstalk in a
wide bandwidth of about 90 nm. Therefore, a duplicated type
is needed to realize a switch that can operate in the entire O-,
C-, and L-band range, for example. The disadvantage is that
the number of element switches increases. Since the number of
electrodes also increases, technology capable of handling them
is required. This is discussed in Section V.

IV. EXPANDING APPLICATION FIELDS OF SILICON PHOTONICS

SWITCHES

In this section, we describe some technologies to expand
applications of silicon photonics switches. Especially, we fo-
cus on two technologies: hybrid integration with silica PLCs
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Fig. 5. (a) Measured one of the worst crosstalk spectra of the fabricated
8 × 8 switch. (b) Wavelength dependence of polarization-dependent loss. (c)
Differential group delay. The measured path of PDL and DGD was input port 7
to output port 6’, in which are the worst cases.

and O-band operation. The silica PLC platform can provide
a high-performance wavelength filter that can be accepted at
the commercial application level and is difficult for the silicon
photonics platform. The O-band operation has recently become
important because the demand for optical switches in the data
center is increasing. The reviews of these two technologies are
described below.

A. Hybrid Integration With Silica PLC

In silicon photonics, the high refractive index contrast be-
tween the core and cladding enables large-scale photonic in-
tegration with a compact size, low power consumption, and
low-cost manufacturing. However, its strong optical confine-
ment to the core has some disadvantages, such as modal field
incompatibility with optical fibers and large phase errors in
interferometers, gratings, and resonators. Conversely, the sil-
ica PLC platform can provide a fiber-compatible modal field
and a small phase error, which are commercially acceptable.
Therefore, the hybrid integration of silicon photonics and silica
PLC can compensate for each other’s limitations and bene-
fit from each other’s advantages. In this concept, we demon-
strated a wavelength (DE)MUX-and-switch device consisting
of a polarization-diversity double-MZ 8 × 8 silicon photonic
switch and a SiO2-ZrO2-based (5.5% Δ) 100-GHz 8-ch arrayed
waveguide grating (AWG) [17].

Fig. 6. Hybrid device of 5.5%-Δ planar-lightwave-circuit (PLC) chip and
silicon-photonics chip. The PLC chip has arrayed waveguide grating (AWG).
The silicon chip has polarization-diversity double Mach-Zehnder 8 × 8 switch.
The hybrid device is capable of wavelength (DE)MUX-and-switch, and switch-
and-MUX functions.

Fig. 7. Schematics of wavelength DEMUX-and-switch operation. (a) Switch
state 1. 1 (input) −1’ (output), 2 – 2’, 3 – 3’, 4 – 4’, 5 – 5’, 6 – 6’, 7 – 7’, and 8
– 8’. (b) Switch state 2. 1 – 8’, 2 – 3’, 3 – 7’, 4 – 1’, 5 – 5’, 6 – 4’, 7 – 6’, 8 – 2’.

Fig. 6 shows assembled device chip with a ceramic interposer.
The PLC with AWG was butt-jointed to silicon photonics switch
chip. Here, the modal field diameter for the butt-joint was set
to 3 µm, which is acceptable for the 5.5%-Δ silica PLC [18]
and silicon photonics. The ceramic interposer was inserted into
a land-grid-array socket on a PCB.

Fig. 7 shows the wavelength DEMUX and switch operation.
The unpolarized broadband light from the ASE light source is
divided into eight wavelength channels. Each channel output
was connected to the input port of an 8 × 8 switch. The switch
state was set to state 1 (Fig. 7(a)) or state 2 (Fig. 7(b)). The
wavelength spectrum of the output light was observed using
an optical spectrum analyzer. Fig. 8 shows the fiber-to-fiber
transmission of the hybrid device in switch states 1 and 2. We
did not observe any spectral degradation for either switch state.
These results indicate that this hybrid platform has the potential
for compactness, low power consumption, fast switching, and
good device performance.

B. O-Band Operation

In data center network applications, the O-band (1260 –
1360 nm) is commonly used (e.g., 400G CWDM8 [19],
400GBASE-LR/FR8 [20]). This is because it does not require
dispersion compensation techniques, such as digital coherent de-
modulation, resulting in a low cost. Therefore, when considering
applications in data centers, it is important to design switches to
operate in the O-band.

Fig. 9 shows the fabricated double-MZ 8 × 8 switch for the O
band. For the O-band operation, the waveguide core dimensions
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Fig. 8. Fiber-to-fiber transmission spectra of hybrid device at switch state 1
(a) and 2 (b), shown in Fig. 6.

Fig. 9. Double Mach-Zehnder 8 × 8 switch operating in O-band. The magni-
fied switch chip is shown in the top of figure.

were 320-nm-wide and 220-nm-thick. The propagation loss in
TE-mode was 2.1 dB/cm. Using the waveguide, we composed
the element MZ switches and intersections, which exhibited
almost the same characteristics as at a wavelength of 1.55 µm.

The average fiber-to-fiber insertion loss were 16.6 dB. In
this preliminary trial, we used an edge coupler designed for
wavelength of 1.55µm (5.6 dB/facet). Hence, if we used the edge
coupler designed for the O-band (2.3 dB/facet), a fiber-to-fiber

Fig. 10. Fiber-to-fiber transmission spectra of path 6 (input) – 7’ (output) and
sum of leakages from other paths. Path 6 – 7’ is one of the worst crosstalk paths.

insertion loss of less than 10 dB could be feasible. Fig. 10 shows
the spectra of the fiber-to-fiber insertion loss of path 6 – 7’ and the
sum of leakages from other paths. Path 6 – 7’ is one of the most
severe crosstalk paths. Less than−20 dB crosstalk was achieved
in the entire O-band. Moreover, less than −30 dB crosstalk was
obtained over a bandwidth of 70 nm.

V. DISCUSSION

As discussed above, we achieved large-scale, polarization-
independent, and broadband operations. Our next challenge is to
achieve these characteristics simultaneously. One of the largest
obstacles is the fan-out of electrodes on the switch chip. The fab-
ricated 32× 32 switch had 2112 electrodes. The number of elec-
trodes was doubled by adopting a double-MZ element switch.
Moreover, by composing the polarization-diversity scheme, the
number of electrodes was further doubled. Therefore, we must
achieve a fan-out of more than 8000 electrodes from the chip.
This number is larger than that for the latest CPU packaging (e.g.,
LGA 3647). To realize a polarization-insensitive broadband
32 × 32 switch, a new packaging technology that can handle
such a large number of electrodes is necessary. We think that
one of the candidates for fan-out of many electrodes is the Si
interposer [21]. The Si interposer is based on through-Si-via
technology and can realize fine wiring which is difficult with
conventional ceramic substrates. Otherwise, the integration of
control circuits and silicon photonic switches into a single chip
may be an alternative [22].

VI. CONCLUSION

We reviewed our recent results for strictly non-blocking sili-
con photonic switches. Thus far, we have demonstrated a 32×32
switch. Regarding polarization insensitivity and broadband op-
eration, we demonstrated up to an 8 × 8 switch scale. To realize
polarization insensitivity and broadband operation in a 32 × 32
switch, we pointed out that fan-out of more than 8000 electrodes
is one of the largest obstacles. To overcome this, we need to
develop new packaging technology that can deal with a large
number of electrodes or one-chip integration with a control
electric circuit. When considering data center applications, a
silicon photonic switch operating in the O-band is important.
We confirmed that the O-band operation can be achieved by
optimizing the design parameters. As mentioned above, some
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problems remain to be solved. However, we believe that silicon
photonic switches can pave the way for future energy-efficient
data-center networks.
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