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1.   Optical switches and the optical
communication network

Optical switches can be broadly classified into two
types. One type has 1 input port and 1 output port, and
it switches on and off as required. This is generally
called a time switch (or gate switch). In particular, a
switch that can switch on and off under the control of
a high-speed binary data stream is called a modulator.
The other type has multiple input/output ports to redi-
rect optical signals. This is called a space switch. The
number of input ports is generally denoted by N and
that of output ports by M, so it is called an N × M
switch. This article explains such a space switch
(hereafter, space switch is shortened to switch). The
minimum switch is the 1 × 2 switch, which is used for
switching primary and secondary transmission
devices. The mechanical type (which switches the
light path by moving a fiber, prism, or mirror etc.) is
the conventional version.

More recently, along with the popularization of the
Internet, WDM (wavelength division multiplexing)
transmission systems have been introduced, and the
transmission capacity has been greatly increased
because one optical fiber can now transmit multiple
wavelength channels. In future, when triple-play ser-

vices (which bundle telephone, Internet connection,
and TV/video distribution) become common on fiber-
to-the-home (FTTH) systems, not only the backbone
but also metro or access layer networks are expected
to utilize WDM. At that time, the amount of traffic
that must be processed by nodes will be much greater.

In that context, recent research has studied how to
select particular optical signals arriving at the node
and pass them straight through without converting
them into electrical signals (namely without any
intervention by the router). This network node con-
figuration is called ROADM (reconfigurable optical
add/drop multiplexing) or OXC (optical cross con-
nect). As this configuration needs many optical
switches to redirect the optical signals, there is
increasing demand for optical switch technology that
offers miniaturization and integration—attributes that
are difficult for mechanical switches to provide.

2.   Principle and basic characteristics of PLC
switch

PLC (planar lightwave circuit) is a generic term
used to refer to an optical circuit consisting of a light
waveguide whose section size is of the order of
micrometers. As with an electronic IC (integrated cir-
cuit), it is formed on the surface of a substrate using
technologies such as thin-film formation, photolitho-
graphy, and dry etching. We use silicon as the sub-
strate and silica glass (the same material as used for
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optical fiber) as the waveguide. This provides us with
low loss and high reliability [1], [2] and lets us make
various PLC devices. Switches are one of the main
research topics.

We are developing various switches including two
that are described below. They all use the Mach-
Zehnder interferometer (MZI) as an element, as indi-
cated in Fig. 1. In this interferometer, the first coupler
splits the input light into two (50:50 power ratio) and
the second coupler merges them causing interference.
When it is not driven, 100% of the light is output from
the bottom-right port because it consists of two-tiered
couplers of 50%. When we drive the thin-film heater
and heat one waveguide, the light propagation speed
decreases and the two lights are out of phase when
they are merged in the second coupler, so the light is
output from the top-right port. This is the operating
principle of the MZI switch element.

As it has no moving parts, there is no fluctuation in
output characteristics due to external vibration or
shock. In addition, as the relationship between the
power supplied to the heater and the light output is
stable, there is no need for feedback control. This
means that we can achieve stable operation with a
simple electronic drive circuit. As indicated in the
cross-section view of the waveguide in Fig. 1, we
tried to lower the power consumption by forming
heat insulating grooves around the thin-film heater to
prevent horizontal heat loss. The ordinary power con-
sumption of one element is 100–200 mW (depending
on the design), but at the research level, it is now as
low as 45 mW [3]. In addition, the time required to
switch the output after powering the heater is just a
few milliseconds.

3.   Optical switch for ROADM

In the ROADM system, each node can switch opti-
cal signals of any wavelength; that is, it can let the
signal pass straight through or connect the signal
channel to a transponder. There are several types of
node configurations, but the basic configuration is the
combination of demultiplexer-switch-multiplexer, as
indicated in Fig. 2. Each switch has two states, i.e.,
the through state and the add-drop state, and it can
choose the state for each wavelength. The most recent
node we have made is a 32-wavelength ROADM
device in which 32 of these switches are integrated on
a 24 mm × 56 mm chip. As shown in Fig. 3 (right), it
is very compact [4].

The average loss is 0.76 dB between the IN-OUT
ports and 0.69 and 0.61 dB between the ADD-OUT
and IN-DROP ports, respectively. The average
extinction ratio is 72.2 dB between the IN-OUT ports
and 56.5 dB between the ADD-OUT ports. These
values are satisfactory for ROADM operation. In
addition, we studied the effect of changes in environ-
mental temperature on the optical characteristics and
found that there was little fluctuation in insertion loss
and extinction ratio within the range of 15–80°C (Fig.
4). This is because the MZI is unaffected by the tem-
perature of the chip itself since its operating principle
is based on the temperature difference between the
two waveguides.

The multiplexer/demultiplexer is an AWG (arrayed-
waveguide grating) wavelength multiplexer/demulti-
plexer, which also uses PLC technology. As indicat-
ed in Fig. 3 (left), we have succeeded in developing a
module incorporating three PLC chips: one switch
and two AWGs. By integrating all optical compo-
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Fig. 1.   Switch element based on MZI.
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nents required for ROADM operation, we can mount
optical modules on printed circuit boards as easily as
normal electronic components. This means that this
module is not merely smaller, but has reached the
practical level. Preliminary devices have passed reli-
ability tests etc. and have been put on the market.

4.   Matrix switch

The matrix switch connects N inputs and M outputs
in any combination. An OXC or ROADM network
needs to be able to switch multiple light paths or flex-
ibly assign the wavelengths in conjunction with

wavelength-tunable light sources. As indicated in
Fig. 5 (for N=M=4), it is generally configured by
connecting N × M sets of 2 × 2 switches in the form
of a mesh. The extinction ratio of our Mach-Zehnder
interferometer is generally 20–30 dB. To obtain an
extinction ratio of over 40 dB, we used the double-
gate configuration where two MZIs are connected to
form a single 2 × 2 switch. The maximum number of
ports in the current matrix switch is 16 × 16. In this
case, we need to integrate 512 MZIs onto one PLC
chip. The silica waveguide we usually use can be bent
with a minimum radius of 5 mm, but this time, we
chose to use a waveguide with a minimum radius of 2
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Fig. 2.   ROADM node configuration.

Fig. 3.   32-channel ROADM module and PLC switch chip.
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Fig. 4.   Temperature dependence of ROADM switch.
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mm, which we achieved by doubling the difference
between the refractive indices of the core and
cladding (called ∆) from the conventional 0.75% to
1.5% so that the light is strongly confined in the
waveguides.

Figure 6 shows the chip design of the conventional
and new 16 × 16 matrix switches [6]. By grouping 32
MZIs together, we were able to align them into four
groups of four rows in the new design. Since the dead
space is considerably reduced, the chip area is 60%
less (conventional: 100 mm × 107 mm, new: 85 mm
× 45 mm). This time we used a waveguide with high-
er ∆, so the fiber-waveguide coupling loss and the
propagation loss are higher than ever before, and the
average insertion loss is 6.5 dB. However, these loss-

es should be reduced through future improvements.
The average extinction ratio is 55 dB, a value good
enough for OXC operation. The power consumption
of one MZI is 0.15 W. As only 32 heaters need to be
driven at the same time, the maximum power con-
sumption of the switch is only 4.8 W. Thus, even
though it actually has 512 thin-film heaters, which
might lead one to expect the power consumption to be
very high, the actual power consumption is less than
that of the CPU (central processing unit) of an ordi-
nary personal computer. Moreover, this switch can
easily be used in a practical system because we can
pack the drive/control circuit of the thin-film heaters
and the external communication interface circuit with
the matrix switch onto a single board.
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5.   Future plans

The optical switch is the key to making flexible net-
works like ROADM or OXC networks, where wave-
length paths of WDM signals can be configured/mod-
ified flexibly without any optical-electrical-optical
conversion. The PLC switch is expected to be intro-
duced into commercial systems in the future because
it is compact and has high stability and reliability.
After that, complex integration or monolithic integra-
tion of the switch and AWG chips will be needed to
further reduce the size and cost of the optical mod-
ules. In addition, the switch scale, i.e., the number of
wavelength channels or transmission paths connected
to each node, is expected to increase in response to
increases in traffic. To meet these needs, we will con-
tinue to actively promote the research and develop-
ment of our PLC switches.
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