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Abstract

We review recent progress in optical switches based on planar lightwave circuit (PLC) technology.
First, we describe the basic configuration and fabrication of silica-based PLC switches. Then, we
describe the configuration and characteristics of NxN strictly nonblocking matrix switches (mainly a
16x16 switch), 1xN switches (mainly a 1x128 switch), a 128x128 switching sub-system consisting of
256 1x128 switch modules, and an optical add/drop multiplexing circuit consisting of arrayed waveguide
gratings and 2x2 switches. We also report alow power consumption trial for large-scale PLC switches

and the results of reliability tests.

1. Introduction

To handletheincreasein Internet traffic, the bit rate
of time division multiplexing (TDM) systems has
increased rapidly and wavelength division multiplex-
ing (WDM) systems have been introduced. To date,
WDM systems have mainly been employed in point-
to-point transmission systems. In such cases, the sig-
nals are processed in the system nodes after optical-
electrical (O-E) conversion. This O-E conversion
limitsthe throughput and increasesthe hardware cost.
Optical nodes such as optical cross-connect (OXC)
and optical add/drop multiplexing (OADM) nodes
handlesignalsintheoptical path layer; they aretrans-
parent as hardware and provide ahigh throughput [1].
Space division optical switches are key devices in
these systems, and many types of switchesincluding
micro-electro-mechanical systems (MEMS) [2], bub-
ble [3]-[4], and planar lightwave circuit (PLC) type
switches have been devel oped.

At NTT Photonics Laboratories, we have been
developing optical switches using silica-based PLC
technology since the 1980s. A silica-based PLC is
essentially a passive device. However, it can be used
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to realize an optical switch by combining the thermo-
optic (TO) effect and an interferometer configuration.
PLC switches have low insertion loss and polariza-
tion dependence, are easy to attach to fibers, and are
suitablefor mass production. They are also stable and
highly reliable. Many switches have been developed,
and 2x2 and 8x8 matrix switches are already being
marketed by an NTT group company. Currently, PLC
switches capable of large-scale integration and offer-
ing high performance levels are attracting consider-
able attention because of the wavelength increase of
WDM systems, and we have expanded the switch
scale and improved their performance.

This paper reviews recent advances in silica-based
PLC switches developed by NTT Photonics Labora-
tories. First, we provide a brief description of aPLC
and describe the basic structure of PLC switch units.
Wethen move on to the configuration and typical per-
formance of NxN matrix switches and 1xN selection
switches. Finally, we review atrial designed to reduce
driving power consumption, and mention the reliabil-
ity of our PLC switch modules.

2. Silica-based PLC

The silica-based PLC is an optica circuit with the
same structure as an optical fiber that can provide
several functions including filtering and switching.
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Figure 1 shows the process used for fabricating asil-
ica-based PLC switch. This fabrication technique
combines flame hydrolysis deposition (FHD) and
reactive ion etching (RIE), as used for other silica-
based PLCs such as splitters and arrayed waveguide
gratings (AWGS) [5]. First, silica glass particles for
the under-cladding and core layers are deposited on a
silicon substrate by FHD. The basic components are
pure silica (SiOy) for the under-cladding and germa-
nium-doped silica (SiO2-GeOy) for the core. Next,
the Si substrateis heated in an electric furnace to con-
solidate the fine glass particles. Then, unwanted areas
of the core layer are removed by photolithography
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Fig. 1. Fabrication process of silica-based PLC switch.
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Table 1. Waveguide parameters used in silica-based PLC

switches.
HA SHA
Relative refractive index difference (%) |  0.75 15
Core size (m) 6x6 x4
Propagation loss (dB/cm) <001 <0.05
Minimum bending radius (mm) 5 2
Optical fiber coupling loss (dB/point) 0.4 >1

and RIE. After that, the core ridge structures are cov-
ered with an over-cladding layer by FHD and consol-
idated again. Finally, thin film heaters for switching
are deposited on the waveguides by the lift-off tech-
nique.

PLCs are highly stable and reliable because they
have no moving parts, and the waveguide material,
silica glass, is physically and chemically stable. In
addition, they are suitable for large-scale integration
and mass production because they are fabricated by
PLC technology. PLCs offer ease of fiber attachment
and alow propagation loss, which is lower than 0.01
dB/cm at a wavelength of 1.55 um, because their
material and structure are the same as those of optical
fiber. Typical waveguide characteristics for PLC
switches arelisted in Table 1. Waveguides with arel-
ative refractive index difference A of 0.75% between
the core and cladding (High-A: HA) are mainly used
for PLC switches because they have a small mini-
mum bending radius of 5 mm and can be densely
integrated. We have been developing optical switches
using 1.5%-A waveguides (Super High-A: SHA) with
a minimum bending radius of 2 mm to achieve an
even higher degree of integration [6].

3. Silica-based PL C switch

3.1 Basic configuration

Our basic TO-switch unit is essentially a balanced
bridge Mach-Zehnder interferometer (MZI) com-
posed of two 3-dB directional couplers and two
waveguide arms, as shown in Fig. 2. The waveguide
arms are equipped with thin film heaters on their
cladding that operate as TO phase shifters. The opti-
cal path length difference AnL between the two arms
is designed to be zero (symmetric-MZI) or a half-
wavelength (asymmetric-MZI). The MZI is in the
cross-state when AnL=0: an optica signa is guided
frominput port 1 to output port 2 or from input port 2
to output port 1. It isin the bar-state when AnL isthe
half-wavelength: an optical signal is guided from
input port 1 to output port 1 or from input port 2 to
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Fig. 2. Basic configuration of silica-based PLC switch.

output port 2. By varying the refractive index of one
waveguide arm of the MZI using the TO effect, we
can change AnL by half awavelength, which changes
the switch state. The typical temperature increases at
the core and the heater are 15 and 40°C, respectively.
The switching power is 0.35 to 0.45 W. The switch-
ingtimeis1to 3 ms, whichissufficient for OXC and
OADM systems.

3.2 NxN matrix switches

Large-scale switches are made by integrating the
basic switch units. One such switchisthe NxN strict-
ly nonblocking matrix switch*l. We have already
developed NxN matrix switches with ascale of up to
16x16 [7]-[12]. Figure 3 shows the configuration of
these switches. We use the double-MZI switching
units shown in Fig. 3(a) as cross-point switches to
obtain a high extinction ratio. The double-MZI
switching unit consists of two asymmetric MZI units
and an intersection. The optical signals are propagat-
ed along the cross-path (from input port 1 to output
port 2 or from input port 2 to output port 1) when no
driving power is supplied to the TO heater of either
MZI unit (OFF-state) or along the bar-path (from
input port 1 to output port 1 or frominput port 2 to the
dummy port) when driving power is supplied simul-
taneously to the TO heaters of both MZI units (ON-
state). In matrix switches, the amount of light leaking
from input port 1 to output port 1 in the OFF-state
should be kept sufficiently small becauseit travelsto
an output port of the matrix switch and increases the
crosstalk. The double-MZI switching unit blocks the
light leaking at each MZI unit, thus achieving a high
extinction ratio: twice that of the basic MZI unit. In

*1 nonblocking matrix switch: matrix Switch that can guide optical
signals through arbitrary optical paths without obstructing other
optical paths.
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contrast, light leaking from input port 1 to output port
2 in the ON-state is acceptable in terms of crosstalk,
because it is ultimately guided to an idle output port
of the matrix switch. Figure 3(b) shows the logical
arrangement of the NxN matrix switch. Thisiscalled
the path-independent loss (PI-loss) arrangement, and
consistsof N switching stages, each with N switching
units, and is nonblocking. This arrangement can
reduce the total circuit length to half that of the con-
ventional diamond-shaped crossbar arrangement
(2N-1) [7]-[9], because it requires half the number of
switching stages.

The performance of the fabricated matrix switches
isshownin Table 2. Each switch wasfabricated using
0.75%-A waveguides. The circuit layout of a 16x16
matrix switch is shown in Fig. 3(c). The 100 x 100
mm chip was fabricated on a 6-inch wafer. A total of
256 cross-point switches, corresponding to 512 MZI
units, are integrated on one chip. This is the largest
number of integrated switches yet achieved in a
waveguide-type switch. We have already made 8x8
and 16x16 matrix switch modules. The NxN matrix
switch modulerequires N2 electrical terminalsto feed
switching power to each cross-point individually.
256 terminals will be needed in the 16x16 switch
module. Since such a large number of terminals
makes the module structure complicated, we devel-
oped a 16x16 switch module with a driving circuit
that has a serial/parallel control signal conversion

Table 2. Performance of fabricated NxN matrix switches.

Switch scale 4x4 88 16x16
Chip size (mm?) 2565 68x68 | 100x100
Waveguide length (cm) 14 29 66
Average insertion loss (dB) 26 5.1 56
Average extinction ratio (dB) 55 60 59
Power ion (W) 3 6 13
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Fig. 3. NxN matrix switch: (a) cross-point switching unit (double-gate configuration), (b) logical arrangement (path-
independent loss configuration) and (c) circuit layout of 16x16 matrix switch.
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Fig. 4. 16x16 matrix switch module: (a) schematic diagram of the driving circuit and (b) photograph of the module.

function, as shown in Fig. 4(a) [12]. As aresult, we
were ableto reduce the number of electrical terminals
to 3 control terminalsand 16 power supply terminals.
Figure 4(b) is a photograph of a fabricated 16x16
switch module. In this module, the 16x16 switch
chip, which was attached to two 16-arrayed fibers,
was mounted on a multi-layered ceramic substrate
integrated with the driving circuits. The module was
165 x 160 x 23 mm.

As shown in Table 2, each switch has alow inser-
tion loss and a high extinction ratio, which are the
same as those of mechanical switches. Specificaly,
the insertion loss was reduced by improving the fab-
rication process, and an average loss of 5.6 dB was
achieved in the largest-scale 16x16 switch module.
The power consumption was 13 W, which allows air
cooling.
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3.3 1xN switchesand their applications

We have also developed 1xN switches that have 1
input port and N output ports. These switchesare use-
ful for selecting optical light sources and a signal
monitor. We have already made a delivery and cou-
pling switch (DC-SW) for OXC systems that is com-
posed of several 1xN switches and couplers [13].

‘We adopted two types of logical arrangement for
these 1xN switches[14]. Oneisthetree arrangement,
which connects symmetric-MZI units with a binary
tree structure, as shown in Fig. 5(a). Thisisuseful for
achieving low lossand reducing the chip size because
the required number of switching stages is propor-
tional to log N. The other isatap arrangement, which
connects asymmetric-MZI units to the main wave-
guide, asshowninFig. 5(b). Thisisuseful for achiev-
ing low power consumption because only one MZI
unit is in the ON-state and al the others are in the
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Fig. 5. 1xN switch configurations: (a) tree structure (1x128 switch) and (b) tap structure (1x8 switch).

OFF-state regardless of the switch scale. Both
arrangements have additional asymmetric-MZ| units
in their final stage as gate switches to reduce
crosstalk. The gate switch can also be used as an
attenuator to adjust the optical output level at the
selected output path.

We have fabricated switches ranging from 1x8 to
1x128 [15] with the tree arrangement and a 1x8
switch with the tap arrangement [16]. Table 3 shows
the performance of our 1xN switches. The switches
not using superhighA 1x128 switch were fabricated
using 0.75%-highA waveguides. We obtained a low
insertion loss of 2.6 dB even with the 1x128 tree-type
switch and ahigh average extinction ratio of above 50
dB.

These 1xN switches can also be used to construct a
large-scale strictly nonblocking NxN switching sub-
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system. Figure 6(a) shows the logical arrangement of
our 128x128 switching subsystem. This consists of
2N 1xN switch modules and over 16,000 optical
fibers. We developed the switch board on which we
mounted two 1x128 switch modules, and the subsys-
tem consisted of two 19-inch rack mounts. The fibers
that connected the 1x128 switch modules were com-
pactly stored by using a fiber management technique
[17] developed in our laboratories. A photograph of
the fabricated 128x128 switching subsystem is
shown in Fig. 6(b). We fabricated part of this subsys-
tem and measured its performance. Theinsertion loss
was below 6.5 dB (average: 5.7 dB) and the extinc-
tion ratiowas over 90 dB, proving that this subsystem
can be used for large-scale OXC systems.
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Table 3. Performance of fabricated 1xN switches.

Switch scale AR
Waveguide A HA HA HA SHA
Chip size (mm?) 18x60 | 35x74 | 67x74 | 60x66
Waveguide length (cm) 6 17 13 1
Average insertion loss (dB) 12 13 15 2.6
Average extinction ratio (dB) 52 56 55 63
Power consumption (W) 15 05’ 22 35
*: Switch unit: Low power consumption type
3.4 Reconfigurable optical add/drop multiplexer DEMUX 2x2 switches MUX
Thesilica-based PL C switch can be monolithically (AWG) (AWG)
integrated with other PLC devicesincludingan AWG >
multi/demultiplexer because their fabrication M g

processes are the same. We have demonstrated a
reconfigurable monolithic 16-channel OADM with
athermal operation [18]. The OADM consists of two .
AWG multi/demultiplexers and an array of 16 2x2 .
PLC switches as shown in Figs. 7 and 8. The 2x2
switch unit is composed of 4 MZI units to reduce the
crosstalk, and 64 MZI units may be activated simul- N | g
taneously. The refractive index of silica-based wave-
guides changes with chip temperature, which means
such AWG characteristics as center wavelength
would also change. To solve the problem in this
OADM, we made the AWG characteristics tempera-
ture independent by filling grooves formed in the Fig. 7. Configuration of optical add/drop multiplexer.
arrayed waveguides with asilicon resin having aneg-

ative refractive index temperature dependence that

cancels out the positive dependence of the silica-
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Figure 9 shows the transmission spectra from the
main input port to the main output port for the 10-
80°C temperature range, when the 27, 5 and 10
channels were dropped. We obtained insertion losses
below 12 dB and crosstalk below 36 dB. The spectra
in Fig. 9 aimost al coincide with each other; that is,
the characteristics of all the channels are almost com-
pletely insensitive to temperature change. Thus, this
OADM works stably when there are chip temperature
variations caused by changesin the add/drop channel
number.

The increase in traffic volume means that large-
scale and more compact switches are required. We
have made |arger-scale PLC switches by using 1.5%-
A waveguides. Finding away to reduce the switching
power of the MZI unit is very important for larger-
scale PLC switches. We have already achieved
switching power as low as 90 mW using a Si trench
structure and heat-insulating grooves with 0.75%-A
waveguides [19]. Moreover, we have already suc-
cessfully reduced the switching power to 45 mwW by
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Fig. 9. Transmission spectra of OADM.
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using heat-insulating grooves
with 1.5%-A waveguides and
optimized structural parame-
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Waveguide

ters[20].

Figure 10 shows the struc-
ture of an MZI switch unit
with low power consumption.
It has heat-insulating grooves
arranged symmetrically with
respect to the TO heater. The
switching power depends on
the thickness of the under-

signal light

G

/

cladding used to suppress heat
radiation into the Si substrate
and the width of the cladding
ridge used to suppress lateral
heat diffusion. With a thicker
under-cladding, the response
timeisslower becausethe heat
flow into the Si substrate
becomes slower. Therefore, a
narrow cladding ridgeis much
more effective than a thick
under-cladding for reducing
the switching power while 4
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response time. Figure 11
shows the dependence of the
experimental switching pow-
ersonthecladding ridgewidth
at under-cladding thicknesses
of 20 and 50 pm. The solid
plots are obtained experimen-
tally, open plots show data for the conventional
switches, and the solid lines are theoretical curves.
The switching power decreases as the cladding ridge
becomes narrower and the under-cladding becomes
thicker. We achieved very low switching power of 45
mW with an under-cladding thickness of 50 pm and
acladding ridge width of 20 pm. This power is about
one-tenth that of a conventional switch and half that
of a conventional low-power-consumption switch
[19]. The switching response time was about 3 ms,
which is the same as that of the conventional switch.
With this low-power MZI, the total power consump-
tion of a 16x16 matrix switch should be only 1.4 W.

Fig. 10.
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Table 4. Reliability test results: changes in mean performance value.

S — Loss Extinction Heater Driving
(dB) ratio (dB) | resistance (%) | power (%)
Long periods in ON-state (65°C, 5003 h) 0.2 -15 0.0 07
Damp heat (75°C, 90%, 5007 h) 0.2 09 0.0 0.2
High temperature (85°C, dry, 5003 h) -0.1 00 0.0 -0.2
Low temperature (-40°C, 2014 h) 03 0.2 0.0 02
Heat cycle (40 to 75°C, 500 cycles) 0.0 04 0.0 0.1
Vibration (20 to 2 kHz, 4 min, 4 cycles) 0.2 0.2 0.0 05
Impact (500 G, 6 directions, 5 cycles) 0.0 03 0.0 03

5. Réliability

The reliability of PLC devicesincluding fiber con-
nections has been confirmed with splitters and
AWGs. Since PLC switches use additional compo-
nents such as thin-film heaters and power feed elec-
trodes, their reliability must be verified. We carried
out a long-term reliability test for switch modules
where we also took into account the active conditions
[21]. Our test samples were eight arrayed 2x2 switch
modules for OADM systems. We performed two cat-
egories of test, namely operational and storage tests.
Two of the eight arrays of switches were kept in the
ON-state in the operational test since the ratio of the
add/drop state in a conventional OADM system was
20-30% of all channels. We set the ambient tempera-
ture at 65°C to take account of the temperature
increase in the cabinet. We carried out six types of
storage test: heat-damp, high-temperature, low-tem-
perature, heat-cycle, vibration, and impact tests, in
accordance with Telcordia standards. The test results
are shown in Table 4. There were no problems such as
optimum point drift, heater resistance change, or
deterioration in loss and extinction ratio over the
5000-hour duration of the operational test. We also
encountered no problems in the ambient temperature
and mechanical tests. These results show that silica-
based PL C switch modules are highly reliable.

6. Conclusion

This paper reported recent progress in silica-based
PLC switches. First, we outlined the PLC, NxN
matrix switches (up to 16x16), 1xN switches (up to
1x128) and a 128x128 switching subsystem, which
combines 1x128 switches. Then, we introduced a
monolithic OADM, in which 2x2 switches and
AWGs are integrated, and low power consumption
technology. Finally, we reported on the reliability of
PLC switch modules.

Vol. 1 No.7 Oct. 2003

Optical switches are key devices for constructing
flexible and low-cost photonic networks, and many
types of switches have been devel oped by many com-
panies. Of these switches, one of the most useful is
the silica-based PLC switch, which is highly stable
and reliable. PLC switches with many configurations
and scales have been made and some integrated
switches are already being marketed by an NTT
group company. Further advances in PLC switch
technology will contribute greatly to the construction
of high-performance photonic networks.
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