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Chapter 10
Optical Switches

Shifu Yuan and John E. Bowers

Abstract After a detailed introductory discussion of general concepts, which ap-
ply to optical switches regardless of their implementation technology, the following
sections cover opto-mechanical switches and liquid crystal technologies for optical
switching, including small matrix switches and wavelength selective switches. Pla-
nar lightwave circuit (PLC) based optical switch technologies constitute the topic
of the next section, and the treatment includes switches in various material systems
such as LiNbOs, polymer, silicon-on-insulator (SOI), and switching by means of the
electro-optic- or thermo-optic effect. The following, major part of the chapter co-
vers MEMS-based switches including 2D and 3D switches, switching matrices and
wavelength selective switches as well. The chapter concludes with a brief discussion
of piezo-electric actuator-based matrix switches. The description of optical switches
includes their fundamentals, including underlying physics, operation principles, and
generic implementations, typical characteristics of commercially available devices,
and recent developments of switches that are still in the R&D stage.

10.1 General Concepts of Optical Switching
10.1.1 Introduction

Optical switches are important devices for optical fiber communication sys-
tems where they are used for protection, restoration, wavelength routing, fiber-
management, automatic patch panel, and in optical cross-connects [1-3]. As the
majority of optical communication systems use single mode fibers (SMFs), we will
focus on SMF optical switches in this chapter. An optical switch offers to optically
switch fiber circuits without doing expensive optical-electronic-optical (OEO) con-
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versions. Such a switch is transparent to all protocols, data formats, and modulation
formats since it only rearranges the physical fiber circuit.

The various classes of optical switches include 1 x 2, 2 x 2, 1 x N, and large
scale N x M matrix switches, wavelength selective switches (WSSs), and multi-
cast N x M switches. Each category of optical switches has different technolo-
gies for implementation including liquid crystal (LC), planar lightwave circuit
(PLC), micro-electro-mechanical-system (MEMS), and piezo-electronic actuator
based technologies.

Most optical switches use an electronically controlled mechanism to switch an
optical signal into different directions. However, there are also all-optical switches
that use optical signals to control switches [4] but these are beyond the scope of the
present chapter. We will also not deal with optical switches that comprise optical
gain elements (e.g. optical amplifiers) designated as active optical switches [5] but
we will restrict ourselves to passive optical switches, and the present chapter will
be organized as follows: Sect. 10.1 discusses general concepts that apply to opti-
cal switches regardless of their implementation technology. Section 10.2 discusses
opto-mechanical switches, and Sect. 10.3 covers liquid crystal technologies for op-
tical switching, including small matrix switches and wavelength selective switches.
The topic of Sect. 10.4 are planar lightwave circuit based optical switch technolo-
gies, Sect. 10.5 is devoted to MEMS-based optical switches, including 2D MEMS
switches, 3D MEMS switches, and MEMS-based WSSs, and Sect. 10.6 briefly dis-
cusses piezo-electric actuator-based matrix switches.

10.1.2 Basics

The most simple, generic switching elements are 1 x 2 and 2 x 2 switches. As
illustrated in Fig. 10.1, a 2 x 2 switch can switch between its “bar” and “cross” state,
and switching may be digital or continuous, depending on implementation of the
switch. An illustration of a 2 x 2 switch using a digital actuator is also illustrated in
Fig. 10.1. 1 x 2 and 2 x 2 switches can be devices in their own right (see Sect. 10.2)
and they can be cascaded resulting in larger switching matrices.
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Fig. 10.1 Simple 2 x 2 optical switch, schematic (leff) and mechanical switch using prism as
digital actuator (right)
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10 Optical Switches

10.1.3 Optical Matrix Switches

10.1.3.1 General Aspects

An optical matrix switch [6] has input ports and output ports and the switch selec-
tively sets up a connection between one input port i and one output port j which
can be described as a pair of ports, e.g., (i, j). When a connection is (not) set up,
the connection is called in the on (off) state, and it might be worthwhile to note that
a port can only be used in one connection at a given instant. Optical paths are essen-
tially bidirectional so that a signal from port i to port j can equally propagate from
port j to port i. However, if a switch has optical power monitoring for feedback
control, the light propagation direction is important, and with respect to monitoring,
such switches may be classified as unidirectional.

An optical matrix switch can be called an M x N optical switch with M input
and N output ports. Telcordia definition GR-1073 [6] does not specify which ports
are input and output ports since the switch is typically bidirectional. However, in
order to avoid confusion, we will consider an M x N switch to have M input and
N output ports with the understanding that the signal might be bidirectional.

An optical matrix switch should meet a number of requirements including: small
insertion loss, low crosstalk, fast switching time, good directivity, and small foot-
print. In addition, non-blocking operation may also be required or may even be
mandatory [6] where “non-blocking” includes the following variants:

Strict-sense non-blocking: it is possible to establish a new path from any unused
input to any unused output port, no matter what paths are set already.

Wide-sense non-blocking: after connections have already been set, it is still possi-
ble to connect any unused input to any unused output using dedicated algorithms
without interrupting the connections set-up already.

Re-arrangeably non-blocking: the switch enables any connection from inputs to
outputs provided all connections to be made are known in advance. If connections
have been made before, disconnecting and resetting existing connections may be
required in order to make the new connections.

Blocking switch: new connections from free input to free output ports cannot be
made at all once a certain number of connections have been set.

For most telecom applications switches need to be strict-sense or wide-sense non-
blocking while blocking and re-arrangeable non-blocking switches are typically not
acceptable.

10.1.3.2 Optical Matrix Switch Architectures
Optical Matrix Switches Using Digital Switching Elements Optical matrix
switch architectures are essentially based upon two types of actuators: either

digital actuators that switch/steer light paths digitally to the ‘on’ or ‘off’ posi-
tion, or analogue actuators that enable directing optical signals to many positions
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Fig. 10.2 Example of 8 x 8
crossbar switch using 2 x 2 1 E[HE:’:\&D%ED%ED:\EB:HE:HL‘
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continuously with an analogue driving signal. Larger digital switches can be im-
plemented with multiple 2 x 2 (or 1 x 2) switches. Figure 10.2 shows an N x N
crossbar switch architecture that uses 2 x 2 switches as basic switching elements,
arranged in N horizontal lines and N vertical lines in a 2D plane. Each cross point
has a switching element and in total N2 switching elements are needed. A cross-
bar switch has intrinsic non-uniform insertion loss due to different path lengths and
different numbers of switching elements for different connections.

The 2 x 2 switches of an N x N crossbar architecture can also be arranged in
such a way that light from any input to any output port passes N switching ele-
ments resulting in path-independent insertion loss (PI-IL) [7, 8]. Both, the general
and the PI-IL crossbar switch architectures are strictly non-blocking. There are other
architectures that use smaller numbers of switching elements, e.g. the Benes archi-
tecture [9] but depending on the structure of such switches these architectures may
cause switches to be blocking. Larger switching matrices using digital actuators do
generally suffer from higher insertion loss since IL increases proportionally to the
amount of switching elements in the light path. In addition, crosstalk from each 2 x 2
switch accumulates in the case of multistage switches, which is another drawback.

Optical Switch Architectures Using Analogue Actuators Analogue actuators,
including MEMS mirrors, liquid crystal devices, and piezo-electric actuators, can
move an optical beam freely to multiple space positions so that a single actuator
enables a 1 x N optical switch.

With 2N 1 x N optical switches arranged in an architecture proposed by Spanke
a strictly non-blocking N x N switch can be achieved [10]: Each input port directs
the incoming beam to the appropriate output N x 1 switch which then switches
the signal to the output port. Corresponding switches become complicated for large
port numbers N since there are N2 optical fibers to be physically interconnected.
However, the design can be made better scalable if the interconnects are realized as
free space 1 x N and N x 1 switches at the input and output, respectively, resulting
in 2N actuating elements for an N x N switch with analogue actuators.

Since 2D analogue actuators can steer optical beams along two axes so that the
optical beams are traveling in 3-dimensional space inside the switch, switches of this
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kind are typically called 3D optical switches. On the other hand, integrated crossbar
switches using digital actuating elements are called 2D optical switches.

The number of required switching elements scales differently as the number of
ports gets larger as illustrated in Fig. 10.3 for (i) 2D crossbar, (ii) Benes switches
based upon 2 x 2 switches, and (iii) 3D analogue N x N switches, and the advan-
tages of analogue actuators for larger N x N switching fabrics is obvious.

Clos architecture for Very Large Scale Optical Switches Clos proposed a
scheme to build large scale non-blocking N x N switches by using multiple smaller
switches in three stages and requiring fewer crosspoints than a complete cross-
bar [11]. Key features are: a first stage with m = % non-blocking n x k switches
(n inputs, k outputs), a second stage consisting of k crossbar switches of size of
m x m, and a third stage consisting of m non-blocking k x n switches with k inputs
and n outputs.

A Clos network is a strict-sense non-blocking switch if kK > 2n — 1, and it is
re-arrangeably non-blocking if k > n. In addition, it can also be implemented in a
folded architecture [12].

10.1.4 Wavelength Selective Switches (WSS)

10.1.4.1 General Aspects

A wavelength selective switch (WSS) [13—17] is a device capable to switch opti-
cal wavelengths between several optical fibers. Each fiber carries multiple DWDM
wavelengths, and wavelength selective means selectively switching a particular
wavelength between fibers. WSSs are blocking in the wavelength domain since there
is no wavelength conversion inside the switch.

Being hitless is a feature required for most telecom systems [15]. Although the
telecom system can use non-hitless WSSs to implement hitless operation, it is de-
sirable for WSSs itself to be hitless. For a WSS that is non-hitless, the switched
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wavelength may be swiping through (the) other un-intended channels shortly during
the transient time of switching. For a hitless WSS, this does not happen. That means
when switching a wavelength with the hitless WSS, only the specific wavelength in
the present port and the target port are affected, while all the other wavelengths and
other ports won’t be affected.

Currently (most) optical transmission systems align operation wavelengths to
the traditional ITU standard with 50 GHz and 100 GHz channel spacing. However,
tighter channel spacing (25 GHz, 33 GHz) or 87.5 GHz instead of 100 GHz might
enable higher total transmission rates per fiber [16], and in order to be compatible
with such systems, flexible grid or gridless operation of WSSs has been proposed
as a future proof technology. To enable gridless operation of a WSS, 12.5 GHz or
25 GHz granularity is required, and as a consequence much more actuators (4 x for
12.5 GHz or 2x for 25 GHz granularity) are needed for a WSS with 50 GHz chan-
nel spacing. Technologies like liquid crystal on silicon (LCoS) have no problem in
offering more pixels but for others like MEMS it is difficult to do so. Currently, most
WSSs are specified for operation at fixed ITU grid frequencies with either 50 GHz
or 100 GHz channel separation. However, how important future proof flexible grid
WSSs might be, is a matter of ongoing and controversial discussion.

10.1.4.2 Optical Architectures for 1 x N WSSs

A 1 x N WSS can be constructed with discrete components such as demultiplex-
ers (demuxes), switches, and multiplexers (muxes), but such a switch will be bulky
with hundreds of fiber terminations to interconnects. This is unfavorable for telecom
applications, where device size, i.e. small WSS footprint, has become particularly
important. Furthermore, cascading discrete demux/mux components narrows the de-
vice wavelength passband, which makes this approach even less attractive.

Currently most 1 x N WSSs deployed in reconfigurable optical add-drop multi-
plexers (ROADMs) use diffraction grating-based free-space-optics coupled with an
optical switching engine [16, 17]. The switching engine manipulates the particular
wavelengths from one port to another by changing the phase, polarization, angle
or position of a wavelength-dispersed optical beam. The switching engine can use
digital or analogue actuation elements as described in Sect. 10.1.3.2.

The diffraction grating in a WSS is usually in the Bragg or Littrow configuration,
where the diffraction angle of the —1st order is equal to the incidence angle for
the central wavelength [18], see also Chap. 9, Sect. 9.5. The diffraction grating for
WSSs is designed to have maximum diffraction efficiency (e.g., >90%) in the Bragg
configuration.

In recent WSS designs, the ports are typically arranged as 1D arrays of fibers or
fiber collimators at the input/output as shown in Fig. 10.4(a). These linear ports are
arranged parallel to each other, and different wavelengths, after passing the optical
lens, will be focused to different positions in the back plane of the optical lens where
the optical switching elements are located. These switching elements redirect each
individual input beam to the selected output port.
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Fig. 10.4 1 x N WSS basic architecture. (a) Input/output ports in a 1D array, (b) input/output
portsina j x k 2D array

The direction of the port spreading may be either parallel or perpendicular
to the direction of wavelength spreading produced by the grating (as shown in
Fig. 10.4(a)). If it is parallel, then adding more ports increases the size of the optics
in the wavelength dispersion direction and the optical design needs to consider the
different path lengths. If it is perpendicular, which is more common in current WSS
designs, then adding more ports increases the size of the optics perpendicular to the
dispersion direction.

The switching elements can steer the beam in two axes, therefore it is possible
to arrange the input/output fibers in 2 dimensions as j x k, so that it is possible to
increase the device size along two axes. Figure 10.4(b) shows the schematic of a
1 x N WSS switch with an j x k 2D configuration for the input/output ports.

Switching/actuation of 1 x N WSSs may be achieved by 1D arrays of MEMS
mirrors, polarization-based liquid crystal arrays, or LCoS-based phase only spatial
light modulators (SLM), or other types of actuating devices.

For 1 x 2, 2 x 2 and some of the 1 x N WSSs, digital switching elements like
polarization liquid crystal cells or Texas Instruments digital micromirror devices (TI
DMD), i.e. digital MEMS mirrors, can be used [19]. However, most of the 1 x N
switches use analogue switching elements such as 3D MEMS mirror arrays or LCoS
phase only SLMs for optical beam steering.

10.1.4.3 M x N WSSs

An M x N WSS is also called a wavelength selective cross-connect (WSXC)
[13, 14]. The designation 1 x N or M x N refers to the fiber terminals and is es-
sentially equivalent to the switch matrix size. A WSS can handle m DWDM wave-
lengths, e.g., m =40 or 96. These channels are separated by 50 GHz or 100 GHz
according to the ITU grid. A 50 GHz channel spacing, n channel M x N WSS
means (a) The WSS under consideration has M input fiber terminals and N output
fiber terminals, (b) each WSS terminal fiber carries n DWDM wavelengths, (c) the
WSS has n M x N switches, one switch for each wavelength, and (d) the DWDM
wavelengths have a channel spacing of 50 GHz.
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In principle, M x N WSSs can be built with the same grating technologies as
1 x N WSSs to separate wavelengths in space while a 3D M x N switch architecture
is used for space switching. It is highly desirable to build M x N integrated wave-
length selective switches due to their low cost and low loss nature. The schematic of
an M x N WSS capable of handling n wavelengths is shown in Fig. 10.5 [13-15],
and a specific M x N optical wavelength selective (n wavelengths) optical cross-
connect switch architecture as proposed by Solgaard [20] is illustrated in Fig. 10.6.
This M x N switch uses 2D arrays of switching/actuating elements to implement

Fig. 10.6 M x N WSS.
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10 Optical Switches

Fig. 10.7 Comparison of Switching Element Numbers: 1xN WSS, NxN
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the full-functionality of M x N ports optical wavelength switching. Each connection
(i, j, Ax) needs two switching elements to steer an input beam to the output mirror
and steer the output mirror to let the beam to point to the right output port. A diffrac-
tion grating separates the multi-wavelength signal into individual wavelength chan-
nels (Fig. 10.6) in such a way that different wavelengths are all spread in one direc-
tion, and light from different input fibers is spread perpendicularly to the wavelength
spread direction. After the lens, wavelengths from one input fiber are separated verti-
cally, and the same wavelengths from different input fibers are lined up horizontally.

Input and output fibers are arranged to have parallel demultiplexed beams (see
Fig. 10.6(a)), and these are coupled with a matrix switching system using two
switching element arrays (see Fig. 10.6(b)) so that a fully functional M x N WSS
is obtained. The switching/actuation elements need to be analogue, and the total
amount of required switching elements is (M + N) x n. The switching elements can
be 3D MEMS or LCoS. A comparison of the minimum number of switching ele-
ments needed for 1 x N WSS, N x N WSSs and N x N matrix switches as shown
in Fig. 10.7 demonstrates the difficulties in designing N x N WSSs because the
number of required switching elements increases very rapidly with port count. To-
day’s largest commercially available optical matrix switch port count is 320 x 320,
which has about 640 switching elements [21], and for a 96 wavelength 4 x 4 WSS
a total of 768 switching elements is required.

10.1.4.4 Multicast Optical Switches

An M x N multicast switch is a unidirectional switch that can route any input port
to any one or to multiple (up to N) output ports [22, 23]. The operation principle is
(i) splitting any incoming light at each input into N optical beams, (ii) connecting
each split portion to a different M x 1 switch, and (iii) setting each switch in such
a way that the channel(s) wanted pass to the corresponding output. The output port
count determines the splitting ratio, the typical number of output ports of this switch
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varies from 4 to 24, and if the output port number is large, the IL is correspondingly
high due to the high splitting ratio. This architecture is called Broadcast and Select,
which we call multicast switch type “A”.

Another type of multicast switch (“type B”) uses a larger optical switch for
optical switching and the splitting ratio can be customized to different ratios. For
example, if we use 1 x L splitters for the input ports, the multicast switch can only
route at most L (L < N) ports to any L output ports, and in order to make type B
multicast switches strictly non-blocking, an (M - L) x N matrix switch is required.

Most currently available multicast switches are of type A and are based on PLC
technologies. Switch sizes include 2 x 8,4 x 4,4 x 8, 8 x 8, 8 x 16, and 8 x 24 [23].
Type B multicast switches offer better flexibility in fiber interconnects but need
large-scale optical matrix switches.

10.2 Opto-Mechanical Switches

Small opto-mechanical 1 x 1, 1 x 2,2 x 2 and 1 x N switches have been widely
used in telecom systems in central offices and in un-controlled environments. These
optical switches have been among the first commercially available ones and have
been widely deployed for protection and restoration and are widely used for optical
testing for about 40 years [24].

The switching function of opto-mechanical switches relies on mechanical ac-
tuation [24], accomplished by mechanically moving or rotating fibers, prisms, or
mirrors. Opto-mechanical switch design involves collimated optics, free space op-
tics and fiber coupling, and specially designed optical components in a mechanical
moving mechanism.

10.2.1 Fiber Collimators

Fiber collimators are used to either couple light from free space into an optical
fiber or collimating light from a fiber to form a “collimated” optical beam. The
basic structure of a fiber collimator consists (in most cases) of at least a lens and an
optical fiber. Lenses which can be used include fiber lenses, ball lenses, aspherical
lenses, spherical singlets and doublets, GRIN (GRaded INdex) lenses, microscope
objectives, or cylindrical lenses. In the case of thermally expanded core (TEC) fiber
no lens is needed at all. Lens materials vary from glass to silicon. Currently, most
fiber collimators use GRIN lenses [25, 26] or so called C-lenses [27]. A C-lens is a
miniature lens with similar performance as a GRIN lens but slightly better insertion
loss, lower cost, and longer working distance compared to GRIN-lens collimators,
so that C-lens fiber collimators are more popular for micro-optic devices.
Furthermore, collimators can be single fiber or multiple fiber collimators using
a single lens or multiple fibers with multiple lenses to form a fiber collimator ar-
ray. Their diameters can be as small as the fiber itself, for example 125 um, or as
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large as tens or hundreds of millimeters, all depending on the optical design and
purpose. Based on optical beam waist size and waist position the optimum working
distance can be determined. Another important specification for fiber collimators is
insertion loss, which is due to the lens and coupling imperfections. The alignment
tolerance for insertion loss due to misalignment and beam spot size mismatch of
two collimated Gaussian beams was treated in [28-30].

10.2.2 Opto-Mechanical Actuators

An opto-mechanical actuator controls or moves optical parts, and opto-mechanical
switches require actuators. These may typically involve a relay, a solenoid, a drive
motor, a deflection opto-mechanical scanner, or other mechanical rotation compo-
nents or even a high precision mechanical robotic arm for larger switches [32-44].
The actuators under consideration here produce either linear (straight line), rotary
(circular), or oscillatory motion and are typically driven with electric current. One
important feature of an actuator is to have a latching mechanism which ensures that,
after the end of the movement, the switch will remain in its actual status/position
and does not need any additional power to hold the moveable part in position.

The opto-mechanical actuators most widely used for optical switches are
solenoid relays and stepper motors, and their most important characteristics are
accuracy, speed, and cost. Stepper motors can be used as a rotatory actuator which
can move around a rotational axis to multiple positions (degrees), but the rotation
of stepper motors can also be translated into a linear movement.

10.2.3 1 x1,1 x 2,2 x 2 and Small Port Count N x N
Opto-Mechanical Switches

1 x 1 (on/off), 1 x 2 and 2 x 2 opto-mechanical switches were the first optical
switches available and have been widely used for over 30 years. These 1 x 1, 1 x 2,
and 2 x 2 opto-mechanical switches have about 1 dB insertion loss, very high isola-
tion, low crosstalk, and a switching time between 5 ms to 20 ms. They use a digital
actuator, such as a solenoid-based electro-mechanical relay. 1 x 1 on/off switches
only require a light blocker to be moved in and out of the light path, and 1 x2 or 2 x 2
switches most frequently use solenoid electro-mechanical relays as digital actuators.

A simple 2 x 2 opto-mechanical relay switch may use two dual fiber collimators
with a glass ferrule with 250 or 127 um separation, a common collimating lens, and
a reflective mirror on a relay as actuator [32]. When the reflective mirror is moved
into the light path by the solenoid electro-mechanical relay, the switch is changed
from the bar to the cross state. The structure is robust and has good misalignment
tolerance due to the very short free space path length. Another widely used variety of
1 x 2 and 2 x 2 switches uses prisms (see Fig. 10.1 and [33-35]). Moving the prism
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into the light path changes the switch from the bar to the cross state due to refraction
of the prism. The prism can be moved vertically or horizontally, and the architecture
can also be used for 1 x 1 and 1 x 2 switches. The cube prism architecture is very
robust, and an angular misalignment of the prism will only generate a small lateral
beam offset. Another variant of a 1 x 2 prism switch uses a prism with specific shape
and takes advantages of dual fiber collimators with shared collimating lens, so that
the cost for alignment, assembly, and materials is lower and the light path is more
robust [35].

For achieving larger than 2 x 2 switches with opto-mechanical actuators, several
approaches using electro-mechanically driven prisms to deflect optical beams in free
space have been proposed, and 4 x 4 and 8 x 8 switches have been demonstrated
[36, 37].

10.2.4 1 x N Opto-Mechanical Switches

1 x N opto-mechanical switches with larger N are available from many vendors and
have been widely deployed for protection, restoration, testing & measurement, and
monitoring in telecom applications. Compared to other kinds of optical switches,
a 1 x N switch is particularly simple since the switch can be implemented with a
single analogue controlling opto-mechanical actuator.

A straightforward way to build a 1 x N opto-mechanical switch is using a linear
actuator for fiber movement, either along one axis or along two axes. The basic
principle is shown in Fig. 10.8 with the input fiber loaded in a movable stage. Index
matching glue or gel between the interface of input and output fibers reduces back-
reflections.

Since the moving parts are optical fibers, the accuracy requirements for this ac-
tuator type are as high <0.5 um in the linear moving direction and <0.5 um fiber
position accuracy, which can be achieved by using V-grooves on silicon, Pyrex glass,
or fused silica substrates [31]. Instead of using fiber to fiber direct coupling, similar
1 x N switches can be built using fiber collimator arrays instead of fiber arrays,
however, this adds cost and also increases insertion loss. On the other hand, a col-
limated beam greatly reduces the insertion loss sensitivity for the switch since the
beam spot size for a fiber collimator is typically 100 um (depending on design),
compared to a single mode fiber core of about 10 pum.

Although 1 x N switches based upon moving fibers or collimators are simple,
they exhibit several shortcomings: (a) the displacements required are large, which

Fig. 10.8 Basic architecture Index Matching Gel

of a1 x N optical switch that

moves the input ﬁbers using Moving i

a stepper motor linear Input | direction \

actuator Outputs
V-grooves
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Fig. 10.9 Basic architecture
of an 1 x N optical fiber
bundle switch by using a
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ultimately limits the switch size, (b) switching time may not be uniform and depend
on fiber position (c) moving fibers or fiber collimators may cause dynamic crosstalk.
This might require special measures in order make switching to be hitless.

Ford and DiGiovanni have proposed a fiber bundle scanning switch, illustrated
in Fig. 10.9(a), which offers a cost effective approach for large 1 x N switches
[38, 39]. The input and all output fibers are carried in one fiber bundle and share a
single lens. A two axis moveable reflective scanner in the aperture stop back-reflects
incoming light with an appropriate deflection angle so that it can be coupled into any
output fiber. The cost of a fiber bundle switch is nearly independent of the number
of outputs, in contrast to switches with individually lensed fibers, and the number of
outputs is only limited by the scan area and the density of fibers held in the bundle.

Figure 10.9(b) shows a high-resolution scanner that enables beam deflection by
two rotating prisms held between a lens and a fixed mirror. When one prism is ro-
tated, the spot on the bundle is deflected along an arc whose radius is set by the
prism wedge and the lens’ focal length. By rotating both prisms, the spot can be po-
sitioned anywhere within a 2D area. The smaller the prism wedge angle, the smaller
the arc swept out by the prism rotation so that the full angular excursion of a me-
chanical rotational actuator can be mapped into an arbitrarily small scan angle. With
appropriate lens focal length and prism deflection, the full mechanical scan range
matches the active area of the fiber bundle. Corresponding switches can have hun-
dreds or even thousands of ports, e.g. 1 x 160 has been demonstrated and 1 x 4096
has been designed [38, 39].

10.2.5 Large Scale N x N Opto-Mechanical Switches with
Robotic Arms

Robotic optical switches with large scale N x N non-blocking cross-connect func-
tionality have been developed for quite some time [40-48]. Although there are ap-
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Fig. 10.10 Schematic of N
N x N optical switch based )

on robotic motor arms, arms 1

can move in/out fibers in &
x-direction and y-direction,
respectively [45, 46] &

Output Ports 1 2 N

proaches of using fiber collimators for non-contact robotic optical switching, typi-
cally the large scale N x N robotic switches physically connect two optical fibers
together without mirrors, lenses, or collimators, in exactly the same way that fiber
connectors mate. Instead of doing so manually, the mating is done by robotic motor
driven arms.

The robotic N x N approach was first described by Sjolinder with opposing
fiber connectors translating independently along separate, orthogonal, linear tracks
in two separate parallel planes so that any input optical fiber and any output fiber
can be coaxially aligned at an array of insertion points formed between the two
planes, as shown in Fig. 10.10 [45]. Based on this concept, FiberZone developed a
robotic optical switch based on a three-layer architecture with two active layers in
which robotic motors position input (or source) and output (destination) fibers in an
x- and y-plane, respectively, and a passive connection layer or adaptor layer where
connections are latched in place [46]. After completing a latched connection, the
switch systems are functionally equivalent to a manual patch panel with its purity
of signal and low loss characteristics. Transmission of optical signals maintains full
connection integrity, even if electrical power is lost.

Since each input and each output fiber is moved in a straight line, fiber entangling
is no issue. However, because all input (output) fibers need to be arranged in a
row (column), raising the switch size to more than 200 x 200 ports is difficult but
180 x 180 port switches are commercially available [47].

Kewitsch proposed another way to build large scale N x N switches using a
robotic motor actuator offering 1000 x 1000 switching capacity. This architecture
uses a single robotic motor actuator to do 3-axis pick-and-placement [48].

Based on this architecture, Telescent [49] developed an all-fiber, robotically re-
configured cross-connect that is scalable up to a true non-blocking 1008 x 1008
switch, based upon 48 modules enabling a pay as you grow strategy. The inser-
tion loss is identical to that of a manual patch panel by utilizing standard LC/PC,
LC/UPC, or LC/APC connectors. This flexible patch-panel is a latching matrix
switch.

The drawbacks of this flexible robotic N x N switch include: (a) switching time
is slow, typically 1 minute per connection, (b) switching cannot be done in paral-
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lel but in the 1 minute time frame one connection can be made only (c) it may be
difficult to reduce cost since each port needs individual assembly (e) repeatability
depends on cleanliness of connectors (which have to be cleaned), (f) mating dura-
bility is limited, connectors can be plugged in about 1000 times, after that reliability
may degrade.

10.3 Liquid Crystal (LC)-Based Optical Switching

10.3.1 Operating Principals of Liquid Crystal Material for Optical
Switches

Liquid crystals (LC) are rod-like molecules in a state of matter that goes from crys-
talline — smectic — nematic — liquid as it is heated [50]. The optical properties
(refractive index and birefringence) of LCs depend on molecular orientation [51, 52]
and can be controlled by applying relative modest electric fields across LC cells, and
the change of the optical properties can be exploited to build 1 x 2, 2 x 2, and larger
N x N optical switches, and in particular, 1 x N wavelength selective switches
[52-54].

Liquid crystals are used in two ways for optical switching: (i) as programmable
polarization rotator and acting as digital actuator [55], or (ii) as programmable spa-
tial phase modulator for performing spatial beam steering and acting as analogue
actuation element [56]. Both, operation in transmission or reflective configurations
are possible. Depending on the alignment of the LC molecules (typically either par-
allel, vertical, or twisted), phase only, amplitude, or polarization of an incident light
beam are modified. Currently the most frequently used liquid crystal types are par-
allel aligned nematic (PAN), twisted nematic (TN), and smectic liquid crystals.

Liquid Crystal Polarization Switching Principle Both parallel aligned nematic
and twisted nematic liquid crystal cells can be used as a controllable polarization
rotator. Without applied voltage such cells continuously rotate incoming linearly po-
larized by 90°, i.e., s-polarized light is rotated to p-polarized light while p-polarized
light is rotated to s-polarization, as shown in Fig. 10.11(a) and (b). On the other
hand, when an appropriate voltage is applied to the LC cell, it behaves like a
piece of glass and both, s- and p-polarized light, keep their original polarization
(Fig. 10.11(c) and (d)).

For polarization induced switching a half-wave retardance is required as a half-
wave retarder can rotate the polarization of linearly polarized light to twice the angle
between the retarder fast axis and the plane of polarization. Therefore, placing the
fast axis of a half-wave retarder at 45° to the polarization plane results in a polariza-
tion rotation of 90°.

For switching the polarization state between two angles only, for example 0 and
90°, a twisted-nematic device is an excellent solution as it has a very simple driving
scheme [55, 57]: a high voltage (e.g. above ~5 V) gives 0 rotation and a low voltage
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Fig. 10.11 Functionality of LC Polarization LC Polarization
LC polarization rotator Rotator Rotator
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(a) (b)
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(e.g. below ~0.5 V) gives 90° rotation, so that no tight control of operation voltage
is required nor are temperature changes an issue.

Multiple elements of TN or PAN LC polarization switches can be easily fabri-
cated by appropriately patterning an indium tin oxide (ITO) film on top of the LC.
ITO is transparent and electrically conducting and can be deposited as a thin film.
With a specially patterned ITO layer containing multiple electrodes, the pixels can
be controlled and switched (on/off) individually with an electric field.

Liquid Crystal Spatial Light Modulator Operating Principle A liquid crystal
spatial light modulator (LC SLM) has a pixel array of LC cells [56]. Both PAN
and TN LCs can be used for SLMs, and LC SLMs can be either transmissive or
reflective. An example of an LC SLM is a transmission PAN liquid crystal display
(LCD) SLM.

LCD SLMs based on transmissive LCD technology frequently have a small pixel
fill factor (around 60%), and the relatively large amount of optically inactive space
makes it difficult to achieve hitless and flexible passband operation. In addition,
compared to reflective solutions, the thickness of the LC layer needs to be doubled.

Another important LC SLM technology is liquid crystal on silicon (LCoS)
[58, 59]. LCoS technology has been developed for many years for image and video
display applications. This technology combines the unique light-modulating proper-
ties of LC materials and the advantages of high-performance silicon complementary
metal oxide semiconductor (CMOS) technology through dedicated LCoS assembly
processes. An LCoS device is reflective. LCoS SLMs can be used to modulate the
amplitude, phase, and/or polarization of optical beams with different configurations
and LC alignments. The architecture of LCOS devices is similar to that of conven-
tional LC devices except that a silicon backplane constitutes one of the substrates.

A schematic of an LCoS structure is shown in Fig. 10.12.

The silicon CMOS backplane comprises high-performance driving electronic cir-
cuitry, buried underneath the pixel array(s), which has (have) a very high fill factor
(>99%). The pixels are aluminum mirrors deposited on the surface of the silicon
backplane, typical sizes are in the range of 3 to 32 um, and chips with XGA resolu-
tion have 1024 x 768 pixels, each with an independently addressable voltage so that
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Fig. 10.12 Liquid crystal on silicon spatial light modulator basic structure [58, 59]

the phase retardation of each pixel can be controlled. Typical LCoS cell dimensions
are: 1 to 3 cm? size, ~2 mm thickness, and a minimum pixel pitch of ~2.8 um.
A common voltage for all pixels is supplied by an ITO layer on the cover glass.
The dimensions of the LCoS cell are determined by the pixel size and the pixel
pitch.

For optical switching LCoSs are typically operated as spatial phase modulators,
and both PAN and TN LC technology can be used for “phase only” LCoS SLMs.
If the polarization of the incident light beam is parallel to the slow optical axis of
a PAN LCoS device, and if an appropriate phase distribution has been generated
across the pixels of the SLM, optical beam steering is achieved [60, 61]. For appro-
priate beam steering the phase modulation required is at least 27 in order to fully
modulate the phase of each pixel.

The principle of optical beam steering using LCoS SLMs is the same as phased
array beam steering. The diffractive optical phased array can be thought of as a quan-
tized, programmable multiple level phase grating [60]. As illustrated in Fig. 10.13
each ramp comprises several LCoS pixels, each pixel with an increasingly larger
phase delay, ranging from zero to 2.

Detailed descriptions of the general characteristics of diffraction gratings can be
found in physics or optics text books (see also Chap. 9, Sect. 9.5) and will not be
repeated here. For beam steering the first diffraction order is usually chosen since it
has the highest diffraction efficiency.

Fig. 10.13 Generating a Phase Delay
digitized liquid crystal phase

grating using spatial light 2T
modulation

Electrodes —

Applied

Voltage
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The more phase levels are used in the array, the closer the ramp comes to an
ideal ramp (instead of stair steps), and the higher the diffraction efficiency [60]. For
example, a binary phase grating ideally provides a diffraction efficiency of 40.5%
in each of the two first order diffracted beams. For a quantized phase grating using
three phase levels/pixels the ideal first order diffraction efficiency is 68.4%, and it
increases to 81% (87.5%, 94.9%) for 4 (5, 8) phase levels/pixels, respectively.

LCoS-based beam steering results in highly wavelength dependent switches in
contrast to fairly wideband operation of TN LC polarization switching. Therefore
optical space switches typically use TN LC polarization switching if wide passbands
are required. On the other hand, WSSs do not require wide passbands and therefore
LCoS beam steering is typically used for WSSs.

10.3.2 Liquid Crystal Optical Matrix Switch: 1 x 2,2 x2, N x N
and 1 x N Switches

1 x 2 Switches The basic principle of LC polarization-based optical switches [57,
62—-67] is illustrated in Fig. 10.14 where PBS and PS represent a polarization beam
splitter and a polarization switch, respectively. It is obvious, that this 1 x 2 LC switch
is polarization dependent.

Polarization independent optical switching even with polarization dependent LC
devices can be accomplished, and Fig. 10.15 illustrates one example of turning the
polarization dependent 1 x 2 switch shown in Fig. 10.14 into a polarization in-
dependent 1 x 2 switch using polarization diversity optics. The beam displacing
prism (BDP) separates the un-polarized light into s- and p-polarized beams. The
p-polarized beam passes the half-wave plate (HWP) and is changed to an s-polarized

Fig. 10.14 Liquid crystal Fiber PBS Fiber
polarization switch-based Collimator Collimator
1 x 2 polarization dependent Input —mm— ' . +—E— Output 1
optical switch. (a) Switch to '
output 1, (b) Switch to LCPS '
output 2. PBS: polarization (on) '
beam splitter, LC: liquid
crystal, PS: polarization Output 2
switch (a)
Fiber PBS Fiber
Collimator Collimator
Input —mm S EE— Output 1
LCPS
(off) ‘
Output
2

(b)
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beam. When the PS is in its “on” state, both beams are switched to p-polarization
and pass through the PBS and the HWP. After that both beams are changed to
s-polarization, pass through the polarization combining optics and are coupled into
output port 1 (Fig. 10.15(a)). When the LC PS is in its “off” state, both beams re-
main s-polarized, are reflected by the PBS, combined by the polarization combining
optics and coupled into output port 2 (Fig. 10.15(b)).

LC polarization switching typically has a polarization extinction ratio of about
20 to 25 dB, which is generally insufficient to meet crosstalk requirements of op-
tical switches. Double LC-PS elements in the light path enable to achieve double
crosstalk rejection so that the crosstalk level can be improved significantly.

Figure 10.16 illustrates how first order crosstalk from the first LC-PS1 can be
removed from the light path. When PS1 and PS2 are in the “on” state (Fig. 10.16(a)),
the switch is in the 1 — 1 state. First order crosstalk from PS1 is s-polarized light.
It is reflected by PBS to PS3 which is in its “on” state and changes the first order
s-polarized light to p-polarization, and as a consequence it is directed to other spots
instead of being coupled to output port 2. When PS1 and PS3 are in their “off” state
(Fig. 10.16(b)), the switch is in the 1 — 2 state. First order crosstalk from PS1 is
p-polarized light that passes through PBS to PS2, which is in its “oft” state so that
p-polarized light remains p-polarized and is directed out of the light path. By using
this approach crosstalk of LC-PS-based optical switches can be improved to 40 to
50 dB.

In another configuration, but based upon the same principle, Fujii proposed to
use PBS and BDP and four TN-LC devices to achieve low crosstalk 1 x 2 optical
switching [65].
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2 x 2 Polarization Independent Optical Switches LC-PS-based 2 x 2 optical
switches with polarization diversity optics were reported by Wagner [62] and later
by Soref [63, 64]. The 2 x 2 switch reported by Wagner used multi-mode fiber,
but the switching architecture applies to single mode fiber switches as well. The
schematic of the 2 x 2 optical switch, which uses a single LC-PS only, is shown
in Fig. 10.17. When the LC-PS is in the “on” state (no voltage applied), the switch
is in the bar state, i.e. 1 — 1 and 2 — 2 (Fig. 10.17(a)) while the “off” state (with
voltage applied) to the LC-PS corresponds to the cross state of the switch, i.e. 1 — 2
and 2 — 1 (Fig. 10.17(b)). Since only one LC-PS cell is used, the crosstalk for this
2 x 2 switch structure is about 20 dB.

Polarization independent 2 x 2 switches with lower crosstalk, enabled by using
four LC-PS elements, were reported in [66]. The concept is similar to that shown in
Fig. 10.16 and ~40 dB interchannel crosstalk has been achieved.

Liquid Crystal-Based 1 x N Optical Switches Both LC-PS and LCoS enable
1 x N optical switches. LC-PS-based 1 x N switches require multiple stages to
enable multiple outputs. A total of log, N stages of LC-PS cascaded switching
elements are required, and for the reduction of transient and static optical crosstalk
another stage of LC-PS is needed to turn the target channel off before the actual
signal is switched to that channel.

Figure 10.18 shows a 1 x 4 optical switch using three LC-PSs in two switch-
ing stages. The BDP1 and HWP are used for polarization diversity in the vertical
direction. The BDP1 and HWP in the input side are used for separating the s- and
p-polarized beams in the vertical direction (that is perpendicular to the paper sur-
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Fig. 10.18 Optical structure of the LC-PS-based 1 x 4 optical switch. LC PS: liquid crystal polar-
ization switch; BDP: beam displacing prism; HWP: half-wave plate

face) and make both beams to have the same s-polarization direction. The HWP and
BDPS in front of the output ports are used for combining the two s-polarized beams
in the vertical direction.

Recently, chiral smectic liquid crystals (SmC*) polarization insensitive binary
phase gratings were reported. The LC is used as a programmable wave-plate and
the advantage of this configuration is that it offers polarization insensitive binary
phase modulators so that no polarization diversity is needed. Based on this, both
1 x N and 8 x 8 switches were reported, however, with high IL [69-72].

Performance of Liquid Crystal-Based 1 x 2,2 x 2, and 1 x N Switches LC-
PS-based 1 x 2,2 x2,and 1 x N space switches have been developed and commer-
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cialized in the past with reasonably good optical performance. These switches have
typically less than 1.5 dB IL, about 45 dB optical crosstalk, 1 to 20 ms switching
time, and they are very reliable with billions of switch cycles due to no moving parts.
The switches operate over the whole 1.55 um band but the passband is not as wide
as that of opto-mechanical switches. In addition, LC-PS-based 1 x 2, 2 x 2, and
1 x N optical switches require a large number of optical components and are more
complicated than their opto-mechanical counterparts, which makes manufacturing
more demanding. For this reason opto-mechanical or MEMS switches dominate the
market for 1 x 2,2 x 2, and 1 x N optical switches.

Liquid Crystal-Based N x N Optical Switches There were some proposals of
building N x N space switches using LC-PS activation elements [68]. Basically,
the 1 x 2 switching elements shown in Fig. 10.14 to Fig. 10.16 can be used to build
N x N optical switches with crossbar architecture (see Fig. 10.2). However, these
approaches are not very practical due to high loss and difficulties in manufacturing
and packaging.

10.3.3 Wavelength Selective Switches Using Liquid Crystal
Techniques

The first liquid crystal-based 1 x 2 and 2 x 2 WSSs were developed and manufac-
tured by Corning Inc. [54]. 1 x 1,2 x 2,and 1 x N WSSs using LC PS devices have
found widespread use [73] and are currently commercially available from CoAdna
Technologies [74]. The other kind of widely deployed liquid crystal 1 x N WSSs
uses LCoS SLMs and has become commercially available first from Finisar [75, 79]
and now from many vendors. Since liquid crystals easily scale in pixel number, these
WSSs can handle 96 or more DWDM wavelength channels and are operational with
flexible grid.

Liquid Crystal Polarization Switching-Based 1 x 2, 2 x 2, and 1 x N WSSs
The switching core of 1 x N WSSs are multiple 1 x N switches. One implemen-
tation, proposed by Kelly and coworkers, uses LC-PS and birefringent wedges to
direct the input optical beam to two or more output directions controlled by LC po-
larization switches [76], as illustrated in Fig. 10.19. The birefringent wedge deflects
s-polarized light at a larger angle than p-polarized light, the polarization of the light
hitting the wedge is controlled by the voltage across the LC PS cell, and as a con-
sequence the output beam can be switched between two different output directions
(Fig. 10.19(a) and (b)).

1 x N switches can be obtained by cascading log, N stages of such LC-PS and
birefringent wedge assemblies as shown in Fig. 10.19(c). Finally, Fig. 10.19(d)
shows a 1 x 4 switch based on two LC-PS/birefringent wedge assemblies plus a
regular wedge prism to adjust the deflection angles of the beams to be symme-
tric. The four possible output beams exhibit two different polarization directions
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Fig. 10.19 Beam deflection by LC PS plus birefringent wedge(s) [76]. (a) Single LC PS stage in
“off” state (voltage applied), (b) Single LC PS stage in “on” state (no voltage applied), (¢) 1 x N
switch (schematic), (d) 1 x 4 LC PS switch with symmetric output
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Fig. 10.20 Schematic illustration of 1 x 4 LC/wedge switching array-based WSS [76]

(Fig. 10.19(d)), and if that is not desirable, a third LC-PS may be added to manage
the polarization directions so that all possible output beams have the same orienta-
tion of polarization.

Figure 10.20 shows an actual 1 x 4 LC/wedge switching array-based WSS. There
are 1 input and 4 output fibers, and both input and output ports have fiber collimators
and polarization diversity optics. A dispersive reflective grating separates the input
beams into different angles according to the wavelengths.

The number of discrete wavelengths to be handled by a WSS determines the pixel
number of the LC-PS array. A fixed (e.g. 50 GHz) channel spacing, 96 wavelength
1 x 4 WSS requires 96 pixels. For a flexible passband with 25 GHz resolution, the
minimum number of pixels is 192.

LC-PS can operate either reflectively, transmissively or transflectively, but ope-
rating in reflective mode offers several advantages. A reflective device has a much
smaller footprint and lower part count since a reflective device utilizes the same
components for demultiplexing and multiplexing of the optical signals. In addition,
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the optics of a reflective device is self-aligning in contrast to transmissive devices
where the multiplexing optics must mirror the demultiplexing optics to a very high
degree to obtain best performance. Also, double pass through the LC PS cell may
improve the extinction ratio, the size of the channel blocking window, and switching
speed.

There are many other kinds of 1 x N WSS architectures using LC PS devices,
however, the basic principle is still the same. Liquid crystal PS-based 1 x N WSSs
have been widely deployed for optical transport network and other applications.
Commercially available 1 x N WSSs have up to 30 output ports with variable attenu-
ator function and packaged in a small package. Insertion loss is typically <5 dB with
about 30 dB extinction ratio. These WSSs also offer flexible, flat top passband with
25 GHz resolution. Switching times are in the 1 ms to 100 ms range.

Liquid Crystal-on-Silicon-Based 1 x N WSSs WSSs using LCoS switching el-
ements rely on multiple phase gratings formed in LCoS technology where each
phase grating is used for steering a particular wavelength to the output port wanted.
The concept shown in Fig. 10.4 enables LCoS-based 1 x N WSSs, however, due
to various reasons these tend to be bulky and difficult to fit into a standard telecom
shelf/blade and therefore alternative approaches are required.

Frisken proposed a modified LCoS-based 1 x N WSS architecture that uses
cylindrical lenses (CL) to handle the optics requirement of both the switching and
wavelength axis [77]. Figure 10.21 shows a schematic of the 1 x N WSS operating
in reflective mode. The top view (Fig. 10.21(a)) shows the dispersion plane while
the side view (Fig. 10.21(b)) shows the switching plane. The key points of this
solution are: (i) CL1 and CL3 collimate light in the wavelength dispersion plane
but do not affect light beams in the switching plane, while CL2 collimates light in
the switching plane and does not affect light beams in the wavelength dispersion
plane. (ii) The diffraction grating element (in transmissive mode) angularly sepa-
rates the input wavelength channels into multiple channelized wavelength beams.
(iii) The image of each of the spatially separated beams is a highly asymmetric el-
lipse (~700 pm x 25 pm) with its major axis in the switching plane, and the zones
of the LCoS device match the elongated spatially separated wavelength bands.

X _
Switching Pla
X I_> Z Wavelength Dispersion Plane y 7 witehing Flane
CL2 CL3K1 CL2 CL3 LCoS
% — ]
— {
13— —
Fiber U 2 — UH H
Array Z Fiber L]
CL1  Transmission LCoS Array CL1  Transmission
Grating Grating

(a) (b)
Fig. 10.21 Schematic representation of 1 x N WSS operating in reflective mode (after [77]).

(a) Top view illustrating wavelength dispersion plane, (b) side view illustrating switching plane.
CL: cylindrical lens
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Fig. 10.22 General concept
of 1 x N WSS using liquid
crystal on silicon with
polarization diversity optics,
(a) perspective view, (b) top
view [77]. FA: fiber array,
MLA: micro-lens array, WP:
Wollaston prism, BC:
birefringent crystal, HWP:
half-wave plate, CRM:
cylindrical reflective mirror,
RGP: reflective grating prism,
RAP: right angle prism

X I LCoS RAP
—> 7
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LCoS SLM switches have a number of advantages compared to MEMS solutions
such as large modulation depths, no moving parts, low power dissipation, poten-
tial for large aperture operation, and low cost. Nematic LCoS devices are used for
commercially available 1 x N WSSs from Meadowlark Optics [55], HOLOEYE
Photonics AG [59], Hamamatsu [80], and others.

A compact polarization independent 1 x N WSS switch using an LCoS and a
reflective grating is shown in Fig. 10.22 [77]. The design has been widely used
for commercially available 1 x N WSSs offered by Finisar Corporation [78, 79].
In this approach light is dispersed and focused in one plane and collimated in the
orthogonal plane so that the LCoS utilized for switching between input and output
ports operates on one polarization state of light only and this polarization diversity
scheme does not require two sets of switching elements for the two polarization split
beams (Fig. 10.22(b)).

Operation of the device can be understood from Fig. 10.22(a) where the vari-
ous sub-components of the switch are: fiber array (FA), micro-lens array (MLA),
Wollaston prism (WP), birefringent crystal (BC) e.g., YVO4 or calcite, half-wave
(A/2) plate (HWP) assembly, cylindrical reflective mirror (CRM), reflective grat-
ing prism (RGP), and right angle prism (RAP). Any port can be chosen to be the
input port and all others are the output ports. The BC and the HWP can be im-
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plemented in such a way that polarization dependent path length differences are
reduced, and furthermore the CRM can include a conic term in the definition of
its curvature (to produce a cylindrical mirror) as an additional means for equaliza-
tion path length differences of differently polarized beams, and as a consequence
the WSS will have low polarization mode dispersion. The top view (Fig. 10.22(b))
illustrates the polarization diversity operation. If light from differently polarized
beams overlaps in the same LCoS region, the same grating can be used for redirect-
ing both images, and this is possible if light paths have been equalized sufficiently.
The phase shift applied by the LCoS determines to which output port the light is
directed.

There are applications that require a certain amount of coupling between ports
including less efficient “images” for optical signal attenuation or optical power split-
ting, and these demands can be met by many different algorithms. There are also
other ways to do polarization diversity, e.g. using two different LCoS zones for the
two orthogonal polarization directions. That will double the control complexity, but
requires less strict optics.

LCoS 1 x N WSSs have become a mature technology that has proven itself in
current applications of 50 GHz multiport WSSs for ROADMs. The introduction of
flexible grid for 1 x N WSSs doesn’t introduce any new hardware requirements to
be qualified and can be implemented on existing optical hardware designs without
compromising in any way the reliability of the devices. LCoS-based 1 x N WSSs
can offer about 12.5 GHz channel spacing and the flexible grid for the LCoS is
intrinsic. LCoS-based 1 x N WSSs typically have ~5 dB insertion loss and ~35 dB
extinction ratio.

Recently, a WSS approach that uses a silica-based PLC-front end and LCoS has
been proposed to achieve very high port count, in particular a corresponding 1 x 95
WSS [81].

Liquid Crystal-on-Silicon-Based N x N WSSs N x N WSS technologies are
not mature enough for industry applications but have gained much research interest.
One example are LCoS-based 2 x 2, 3 x 3, and 2 x 4 WSSs [77, 82]. Higher port
count N x N WSSs are based so far on multiple 1 x N WSSs using e.g. the Spanke
architecture.

It has also been suggested to use the 1 x N WSS architecture shown in Fig. 10.22
for making 2 x 2 or 3 x 3 WSSs by using a more complicated LCoS phase only
SLM image, which is a programmable hologram that combines multiple deflection
properties for different beams [77]. However, this method cannot scale to larger
N x N WSSs with N > 3.

Recently Han et al. demonstrated a similar 2 x 4 WSS based on LCoS techno-
logy [82]. Optical beams from two input ports can be simultaneously switched on
a 50 GHz grid to any one of the four output ports. The 2 x 4 WSS demonstrated
has 8 dB insertion loss, ~25 dB isolation, it is polarization dependent, and the im-
plementation of polarization diversity will significantly increase the overall system
complexity. Based on these principles, Finisar introduced a 4 x 16 wavelength-
selective optical switch covering the entire C-band that has a worst case 6.5 dB
insertion loss [79].
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10.4 Waveguide-Based Optical Switches

10.4.1 Generic Aspects

Waveguide-based optical switches enable the manipulation of light guided in in-
terconnected planar waveguides based upon different activation mechanisms such
as the electro-optic-, thermo-optic-, acousto-optic-, and the magneto-optic effect
[2, 83]. There are also waveguide-based MEMS optical switches, which will be dis-
cussed in Sect. 10.5.2.2.

Waveguide-based optical switches are 2D devices, they constitute 1 x 2 or 2 x 2
switches in their own right but larger switching fabrics can also be built by cas-
cading, and many different architectures have been proposed and realized already.
The operating principle of generic planar 2 x 2 (or 1 x 2) switching structures is
illustrated in Fig. 10.23 but there are quite a few other variants [2, 83].

Switching relies on the modification of the effective refractive index in one or
both waveguide (WG) arms, which is accomplished by external means, in particular
an applied voltage or heating, i.e. by exploiting the electro-optic- (see e.g. Chap. 8,
Sect. 8.2.1.4) or the thermo-optic effect. The refractive index change introduces a
phase change of the propagating wave and this modifies coupling between modes
(a) or interference at the device output (b). Operation of a digital optical switch
(DOS) relies on mode sorting in such a way that light propagating in the funda-
mental mode is directed to the arm with higher index of refraction, and the index
difference required can be achieved electro- or thermo-optically [83, 84]. A DOS ex-
hibits a step-like response once the WG asymmetry has become sufficiently large,
and therefore DOSs are highly insensitive to wavelength, polarization, and other
physical parameters that may normally affect device operation.

Microring resonators (MRR) are another generic element for the implementation
of switches and switching matrices, and corresponding devices have been fabricated
in [II-V semiconductors (GaAs- and InP-based alloys) and in the SOI material sys-
tem as well, and switching has been demonstrated thermo-optically [85] and by

+V Electrodes

Input 1 3dB Coupler Output 1

Input 1 Output 1
Electrodes

InputZ# Output 2 Input 2 D 3dB Coupler Output 2

(a) (b)

Heater A

N & Output 1
Input (==
K—_ Output 2

Heater B
(c)

Fig. 10.23 Generic 2 x 2 electro-optic switch structures: (a) directional coupler (switch),
(b) Mach-Zehnder interferometer switch, (¢) digital optical switch
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carrier injection also [86]. Switching based upon the resonance shift of a single
MRR is of limited practical use as the resonance is rather narrow [87], but higher
order MRR with multiple rings enable sufficiently broad pass bands, and an 8 x 4
TO switching matrix has already been demonstrated [85]. However, as it is a 2D
switch architecture, the number of switching elements scales as N 2 foran N x N
switch, which limits the fabrication and usefulness of larger MRR-based switching
matrices. Switching power can be fairly low while the total insertion loss tends to be
large due to the multi-stage cascade. A flexible-bandwidth WDM crossbar switch
architecture suitable for use in high performance computing and data center appli-
cations has recently been proposed and analyzed [88]. Its capability ranges from
static all-to-all wavelength connectivity to on-demand ps-scale dynamically allo-
cated multiple-wavelength connectivity and its realization in silicon photonics is
estimated to be quite feasible.

Altogether MRR-based switches have not yet achieved commercial relevance
but are still in the R&D stage and will therefore not be treated in more detail in the
present chapter.

10.4.2 Electro-Optic Waveguide Optical Switches

Electro-optic (EO) switches fall essentially into two categories: They either rely
on the Pockels effect (see e.g. Chap. 8, Sect. 8.2.1.4), which modifies the material
refractive index by an applied voltage (LiNbOs3, III-V semiconductors), or on carrier
injection in materials without Pockels effect (Si).

10.4.2.1 LiNbO3-Based Switches

LiNbO3 (LN) exhibits a large electro-optic effect, high quality large wafers (>4 inch
diameter) are readily available, waveguides can be fabricated by proven planar tech-
nologies (Ti diffusion or proton diffusion) [2, Chap. 2], and LN-based EO switches
have been investigated and fabricated over the past 30 years [89-94].

LN-based EO switches are reliable, compact, and thermally stable. The underly-
ing physics of EO switches offers switching times <1 ns although the capacitance
of the electrodes renders this time somewhat longer in reality. Their drawbacks in-
clude relatively high insertion loss and crosstalk, and they may exhibit polarization
dependence including PDL. Polarization independence is possible, but at the cost of
higher driving voltage, which in turn limits the switching speed. LN EO switches
are particularly attractive for high speed switching and small port counts.

Commercially available devices include 1 x 2,2 x 2,1 x 8,1 x 16, and 8 x 8
optical switches [94]. They may have <10 ns switching time (sub-ns on request),
about <4 dB insertion loss fora 1 x 2 or 2 x 2, and <5 dB for a 1 x 8 switch,
and driving voltages are typically several volts. Crosstalk is ~18 dB, which is fairly
high compared to other kinds of optical switches, however, double-stage designs can
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suppress the crosstalk to better than 30 dB. 1 x 2 and 2 x 2 switches do also find
application as high speed modulators and are offered with >30 GHz bandwidth,
suited for 40 Gbit/s modulation [94], and polarization switches are also commer-
cially available. Higher port count switches are generally obtained by cascading
2 x 2 switches, and the accumulated loss essentially limits this approach to 1 x 16
switches. Operation wavelengths of LN switches do typically cover the C- and the
L-band.

Digital optical switches have also been realized in LiNbO3 beginning with the
demonstration of the concept [84] and including a 1 x 32 switch matrix [95] or a
4 x 4 switch matrix [96]. For a detailed treatment of DOSs see e.g. [97, 98].

10.4.2.2 Electro-Optic Switches in SOI

Silicon photonics [99] (silicon-on-insulator (SOI) -based photonics) enables the
monolithic integration of electro-optic switches or switching matrices with digi-
tal complementary metal-oxide-semiconductor (CMOS) drivers, and this is consi-
dered particularly promising [100, 101]. As there is no Pockels effect in silicon, EO
switches operate with free carrier injection. SOI-based electro-optic switches have
been demonstrated with both MRR [102, 103] and MZI [104-108] architectures.
MRR architecture electro-optic switches typically have narrow wavelength pass-
band while broad wavelength band switches have been achieved with MZI struc-
tures. The power consumption of such a switch is caused by the electro-optic modu-
lation to attain a m-phase shift, and using longer modulation arms has been verified
to have lower power consumption. A 2 x 2 switch element exhibited 0.6 mW power
consumption and 6 ns switching time [106]. Another example of a device realized
in SOI is a non-blocking 4 x 4 electro-optic switch matrix, which exhibits fairly
low (routing state dependent) power consumption in the range for various states
from about 2 mW to 24 mW and 5 to 6 ns switching time, enabled by 1.2-mm-long
modulation arms [108].

Typically SOI electro-optic switches have switching times comparable to that of
LN-based electro-optic devices but with sub-mW power consumption only. How-
ever, these switches still suffer from high IL and low extinction ratio and may only
be used for building very small port count switches. The 2D nature of the underlying
switch architecture limits scalability.

10.4.3 Waveguide-Based Thermo-Optic Switches

Thermo-optic (TO) switches have been realized both, as Y-branch (DOS) and as
interferometric structures in various materials [83]. The main difference between
EO and TO switches is the much longer switching time of TO switches, which
ranges from sub-ms to tens of ms.
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10.4.3.1 Silica-Based PLC Thermo-Optic Switches based on MZI Structures

Silica-based PLCs [109, 110] have been developed for many applications and with
a multitude of subcomponents, including thermo-optic switches, e.g. for building
wavelength selective switches and ROADMs. One important design parameter for
WGs in PLCs is the index difference A between core and cladding. Typically
0.5% < A <2% is used as a compromise between sufficiently low loss (the smaller
A the better) and compact PLC design (the larger A the better). Table 10.1 compares
properties of silica WGs for A =0.75% and A =1.5% [111].

Additional aspects of silica-based PLC technology are covered in numerous pub-
lications (see e.g. [109, 110]) and will therefore not be repeated here.

Single MZI 2 x 2 switches exhibit typical extinction ratios of about 25 to 35 dB.
Improved optical crosstalk levels can be obtained using two cascaded MZIs for
building a 2 x 2 cross-point switching unit (which is not a full 2 x 2 crossbar switch)
as shown in Fig. 10.24. This double-MZI design achieves a particularly high extinc-
tion ratio in the bar-path because light power leaking from the first MZI is blocked
by the second MZI in the off-state [110—114], and this property is important for ma-
trix switches where the bar-path extinction ratio is more important than that of the
cross-path [9, 111].

PLC-based thermo-optic 1 x N switches and N x N switching matrices have
been a research topic for many years [112—-120], and 1 x N thermo-optical switches
have become commercially available with sizes up to 1 x 128, to be used e.g. for
sharing a single optical channel monitor in multiple channel power monitoring.
PLC-based non-blocking switching matrices with port count up to 16 x 16 have
been made commercially available also, serving as a compact, stable, and reliable
solution for the implementation of optical cross connects [118]. Characteristics of
the 1 x N and N x N devices include <3 dB insertion loss (or <3.5 dB for swit-
ching matrices), loss uniformity <1 dB, PDL <0.4 dB (<0.5 dB for matrices),
extinction ratio >40 dB, and <3 ms switching time. Total power consumption is
<45 W (<9W)foral x 8 (1 x 128) switchora 8 x 8 (16 x 16) switching matrix.

Table 10.1 Properties of Silica Waveguides

Waveguides A=0.75% A=15%
Propagation loss 3.5dB/m 7.9 dB/m
Fiber coupling loss 0.4 dB 2.0dB
Minimum bend radius 5 mm 2 mm
Fig. 10.24 Basic2 x 2 Thermooptic Heater Intersection

cross-point switching unit
with double-MZI switch

configuration for crosstalk R A
reduction —_— 0

Input Port 2 Output Port 1
O

i Output Port 2
O ILLD 3

., ON

Optical Signal !
WAL
First MZI Second MZI
3-dB Coupler AnL=Wavelength/2
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Larger switching matrices (32 x 32) have already been reported but are still in
the R&D stage [119]. PLC-based switching matrices tend to be fairly large, e.g. a
16 x 16 matrix based upon WGs with A = 0.75% and using double-MZI cross-point
switching units has been reported to result in 100 x 107 mm? chip dimensions so
that the switch (just) fits into a 6 inch wafer [111-114] while a 1 x 128 switch using
WGs with A = 1.5% has been demonstrated on a 4 inch wafer [115].

10.4.3.2 Polymer-Based PL.C Thermo-Optic Switches

Polymers on silicon constitute another highly mature materials platform (besides
silica or SOI). It enables the fabrication of complex PLCs including thermo-optic
switches, variable optic attenuators (VOA), and power taps, but it also serves as a
platform for hybrid integration of passive and active elements (see Chap. 13).

The refractive index change of amorphous polymers is predominantly due to
their density change, so that a high coefficient of thermal expansion (CTE) re-
sults in a large thermo-optic effect. Enablence [122] has developed polymers with
dn/dT ~ —4 x 10~*/°C, which is 40 times larger than the TO coefficient of silica,
and 3 to 5 times larger than that of common optical polymers such as polymethyl-
methacrylate (PMMA) and polycarbonate. An important benefit is that power con-
sumption of TO switches gets the lower the higher the EO coefficient is. Further-
more, organic polymers exhibit low insertion loss (<0.1 dB/cm at all key com-
munication wavelengths, i.e. 840 nm, 1310 nm, 1550 nm), low fiber to waveguide
coupling loss (<0.3 dB), two orders of magnitude smaller birefringence than sili-
ca, wide controllability of refractive index contrast (maximum An is an order of
magnitude larger than that achievable in silica), environmental stability, ease of hy-
bridization, high yield, and low cost [122-124].

Polymer-based PLC TO switches include DOSs, a schematics of which has been
shown in Fig. 10.23, and it should be added here that the angle of the Y-branch
is very small, typically 0.1° [122]. The power consumption for such a switching
unit (by heaters on top of the WG arms) is about 35 mW, which is much smaller
than for TO switches in silica. Y-branch DOS units can be connected with bends
and crossings to form M x N switching matrices, and a 1 x N switch requires
(n — 1) 1 x 2 Y-branch switching units. A strictly non-blocking N x N switching
matrix can be fabricated with 2N (N — 1) 1 x 2 switches using a recursive tree
structure, as shown in Fig. 10.25. The total number of 1 x 2 DOSs needed for N x
N non-blocking, recursive tree structure switches as a function of N is shown in
Table 10.2.

Figure 10.26 shows a 2 x 2 (or cross-bar) DOS built with four 1 x 2 units. This
switch operates in the bar state by powering the four inner electrodes while powering
the four outer electrodes results in the cross state. Switch sizes from 2 x 2, 4 x 4,
8 x 8, to 16 x 16 are currently commercially available. The 8 x 8 cross-bar switches
exhibit 40 mW power dissipation per DOS (total ~2 W), 3 dB insertion loss, and
45 dB extinction ratio, mainly limited by crosstalk at the crossings. Switching time
is about 3 ms.
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Fig. 10.25 Architecture of

8 x 8 DOS-based switching
matrix based on recursive tree
structure. Each box represents
a1l x 2 switch [122]

Ta'?le 10.2 Nun}ber of 1 x2 N Number of 1 x 2 switches
switches needed in planar
strictly non-blocking N x N 2 4
switches using recursive tree 4 24
structure [122] 112
16 480
32 1,984
64 8,064
128 32,512
256 130,560
512 523,264
1024 2,095,104
Fig. 10.26 Schematic rs

diagram of a 2 x 2 Y-branch
digital thermo-optic
switch [122]

Inside
heaters

Path-independent loss N x N architectures with twice the number of 1 x 2 DOSs
are possible in the same way as for silica-based MZI switches. However, the larger
number of 1 x 2 switches raises power consumption and insertion loss. On the other
hand, silica-based MZI 16 x 16 switches cannot use a recursive tree structure since
the number of electrodes in combination with the much higher power consumption
per switching unit will result in unacceptably high total power consumption.
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Concerning power consumption of switching matrices it is worthwhile to note
that a single actuation unit in silica-based technology requires about 15 times more
energy than a polymer Y-branch DOS unit. On the other hand, an asymmetric MZI
switching unit does not need power when in the bar (off) state. As a result the total
power consumption of 8 x 8 switches is comparable, no matter whether they are
based on a silica MZI-switch or a polymer Y-branch DOS architecture.

The largest strictly non-blocking N x N switch fabricated so far has been
16 x 16 [122] while significantly larger devices have been designed and are in early
development stages [125]. However, due to complexity, power consumption, and
limited wafer size, building matrix switches larger than 32 x 32 using polymer WGs
is still very challenging.

10.4.3.3 SOI-Based Thermo-Optic Switches

SOI-based thermo-optic switches [126] have also found an increasing interest re-
cently, and silicon wire-based TO switches that use the large TO coefficient of
silicon can be considered very promising. Table 10.3 gives a comparison of key
characteristics of silica- and SOI-based PLCs [127]. The higher refractive index of
Si enables very compact devices, which is favorable for the fabrication of larger
switching fabrics, the significantly higher TO coefficient is particularly useful for
TO switches in general, and switching matrices ranging from 2 x 2 to 32 x 32 have
been reported [128-133].

One interesting proposal has been a silicon-silica hybrid TO switch architecture
that integrates low power silicon optical switches in a hybrid silica structure so that
the low-loss fiber chip coupling and the long term stability of silica PLCs is com-
bined with a silicon low power consuming optical switch [127].

10.4.3.4 Thermo-Optic Switch-Based 1 x N WSS

The integration of multiple wavelength demuxes/muxes plus a 1 x N switch for each
wavelength results in a 1 x N WSS that can be realized on a single chip, and a cor-
responding 1 x 9 WSS with 8 wavelength channels has been demonstrated in [134].
The (potential) advantages of waveguide-based 1 x N WSSs include low cost and

Table 10.3 Characteristics of silica-based PLC and silicon photonics [127]

Characteristics Silica-based PLC Silicon photonics
Refractive index 1.45 34

Core size (um X pm) 5x5 0.5x0.2

Fiber connection loss Small Large

Minimum bending radius (mm) 1 0.005
Thermo-optic coefficient (per °C) 1x 1076 18 x 1076
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high reliability, but with respect to narrow passband, low channel count, and inser-
tion loss these switches are inferior to alternative solutions, and as a consequence
TO switch-based 1 x N WSSs have not found as widespread use as LC-based 1 x N
WSSs.

10.4.3.5 Thermo-Optic Switch-Based M x N Multicast Switch

An optical multicast switch (MCS) is a compact and cost-effective optical switch
with colorless, directionless, and contentionless functionality, which enhances the
operational flexibility of multi-degree reconfigurable optical add/drop multiplexers
[135-137]. Optical MCSs combine silica- or polymer-based PLCs, TO switches and
splitters/couplers, integrated on a single chip.

An M x N multicast switch comprises M 1 x N splitters as input units and N
M x 1 switches as output units, which are interconnected in between. An M x N
MCS works as an MCS for optical signals propagating from one of the M inputs
to the output ports. On the other hand, if an M x N MCS is operated in the back-
ward direction, i.e. optical signals propagate from the N output ports to the M input
ports, the switch works only as a select-and-combine optical switch without multi-
casting function. Depending on IL and isolation specifications, different structures
of M x N MCS can be utilized. Figure 10.27 shows examples of TO 8 x 8 MCSs
(for light propagation from right to left they represent an 8§ x 8 MCS, while they
constitute a 8 x 8 select-and-combine switch for light propagating from the right
to the left). A conventional 8 x 8 MCS comprises 8-arrayed 1 x 8 splitters or cou-
plers and 8-arrayed 8 x 1 switches, and those chips are separated and connected
via a 64-fiber circuit sheet in order to avoid too many waveguide crossings on a
PLC chip, as shown in Fig. 10.27(a). Corresponding chips were packaged into a
240 mm x 95 mm x 12.5 mm module [135, 136]. A different circuit configuration
that integrates the 1 x M splitters and the TO switches into a single chip was pro-
posed and fabricated to offer a smaller package and lower insertion loss [135, 137],
as shown in Fig. 10.27(b). It should be pointed out that in references [135-137] the
authors treated the 8 x 8 MCS as a select-and-combine switch from left to right
and described it to have 8-arrayed 1 x 8 switches (comprising eight 1 x 2 switch-
ing elements cascaded serially, with a gate switch placed after each 1 x 2 switching
element) and 8 x 1 combiners (comprising seven 2 x 1 coupler/combiner elements,
placed between the stages of the switch elements). Considering signals propagating
through the 8 x 8 MCS from right to left, the optical signal passes a 1 x 8 splitter
and a 8 x 1 switch before it exits from one of the output ports. This circuit config-
uration reduces the maximum number of waveguide crossings by 75%, establishes
an even number of crossings between the paths, and allows single chip integration
of 8 x 8 multicast switches with 110 mm x 15 mm chip size, and a fiber pigtailed
module size of 150 mm x 45 mm x 13 mm.

Optical 4 x 8, 8 x 8, 8 x 16, and 8 x 12 MCSs have been commercialized and are
available from Enablence [121], Neophotonics [138] and other vendors with similar
optical performance.
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Fig. 10.27 (a) Conventional and (b) single chip circuit configuration of PLC-based multicast
switch

10.5 MEMS-Based Optical Switch Technologies

10.5.1 Generic Aspects

One of the most promising technologies for optical switches with up to hundreds of
ports is micro-electro-mechanical systems (MEMS) technology [139-144]. MEMS-
based optical switches exhibit low loss, low crosstalk, low power consumption,
small size, and reasonable speed adequate for most network reconfigurability re-
quirements. Furthermore, MEMS fabrication techniques allow the integration of
micro-optics, micro-actuators, complex micromechanical structures, and possibly
microelectronics on the same substrate to realize integrated optical microsystems.

MEMS fabrication techniques utilize the mature fabrication technology of the In-
tegrated Circuit (IC) industry. The fact that silicon is the primary substrate material
used in IC circuitry and that it also exhibits excellent mechanical properties makes
it the most popular micromachining material. MEMS optical switches can be fabri-
cated using two popular micromachining technologies, surface micromachining and
bulk micromachining, or a combination of both [141-143].

Bulk micromachining is the most mature and simple micromachining techno-
logy, sometimes called the etching/subtraction process as silicon is removed from
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the bulk silicon substrate by etchants, anisotropic or isotropic ones. Anisotropic
etchants etch different silicon orientation planes at different rates while isotropic
etchants remove silicon evenly in all directions.

Surface micromachining is a more complex fabrication technique, and complex
3D mechanical structures can be created using alternate layers of sacrificial and
structural materials. Free-standing 3D mechanical structures are formed by etching
away the sacrificial layers. The patterned material is left as thin-film free-standing
mechanical structures, suspended over the substrate according to the thickness of
the etched sacrificial layer.

There are two approaches to implement MEMS optical switches: 2D and 3D
MEMS switches that use digital or analogue actuators, respectively, and 2D MEMS
switches can be classified into two types: 2D free-space MEMS switches and 2D
MEMS waveguide switches. Furthermore, 3D MEMS can be arranged in arrays to
realize multiple 1 x N switches for switching individual wavelengths in WSSs.

10.5.2 2D MEMS Switches

10.5.2.1 2D MEMS Free-Space Optical Switches

2D MEMS free-space switches use digital actuators/mirrors for switching and can
be used to implement 1 x 2,2 x 2, and N x N free-space optical switches.

Figure 10.28 shows a generic schematic of a 2D switch [139, 144] with vertical
reflective “digital” mirrors: They reflect a light beam by 90° if they are in the light
path, while light propagates straight if the mirrors are out of the light path. One
micromirror only in a column and in a row can be activated to be in the reflection
position during operation. Light propagates in free space, and collimation of light
coming from and going to the fibers is accomplished by micro-lens arrays.

The first 2 x 2 MEMS switch was reported in 1996 [145], and 1 x 2 and 2 x 2
switches were subsequently commercialized for testing, measurement, and optical
protection applications [34, 145-149]. Insertion loss was <0.6 dB and some the
devices had latching functionality [149].

Fig. 10.28 Schematic of 2D “ADD" Channels
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There are two basic ways for the actuation of 2D MEMS mirrors: (i) the mirrors
are parallel to the substrate in the off position and, when actuated, are turned to the
vertical (on) position by rotating the mirror by 90° [145, 150-152], (i1) the vertical
micromirrors are moved in and out of the optical path vertically or laterally with-
out changing the mirror angle [146, 147, 153—155]. 2D switches have been imple-
mented by using both bulk-micromachining [145-147] and surface-micromachining
technologies [150, 151, 153], and most approaches use electrostatic actuation but
magnetic actuation has also been demonstrated [146, 151].

The (maximum possible) port count of free-space 2D MEMS switches is de-
termined by various factors such as MEMS mirror size, fill factor (mirror width
divided by unit cell width), mirror angle accuracy, beam spot size, and path length
differences, which can be kept sufficiently small up to 64 x 64 switch size. Chip
size may also be a limiting factor, but the main limitations for reaching large port
count free-space 2D MEMS optical switches are not so much fundamental physical
limits but rather related to the N? dependence of scalability, i.e. chip size, complex-
ity, amount of mirrors, and control electrodes grow ~N? for N x N port switches
[156, 157]. This affects overall reliability and packaging so that the port count is
essentially limited to ~32 x 32 ports while 8 x 8 and 16 x 16 switches had become
commercially available. Typical characteristics are <3.5 dB insertion loss, switch-
ing time <7 ms, crosstalk >50 dB, and PDL can be managed to be sufficiently small
(<0.4 dB).

10.5.2.2 2D MEMS Waveguide Switches

2D MEMS waveguide switches use optical waveguides for beam propagation and
MEMS actuators to enable switching. A corresponding solution implemented in the
SOI materials platform with 50 x 50 ports and scaling potential to even 100 x 100
ports has been recently reported, a schematic and an SEM picture of the structure
are shown in Fig. 10.29 [158-160].
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Fig. 10.29 (a) Schematic and (b) SEM picture of 2D MEMS waveguide optical switch in SOI
materials platform [158-160]
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The N? switching elements of this N x N switch are implemented as pairs of
directional couplers with one arm of the directional coupler placed on a MEMS
cantilever serving as activation element. In the off state the spacing between the two
waveguides in the directional couplers is >1 um preventing any light coupling. For
the on state, the spacing is reduced to 250 nm so that light couples to the waveguide
on the MEMS cantilever, is then turned by 90° through the waveguide, and finally
couples back to the substrate waveguide through the second directional coupler.

The waveguides around the directional couplers have been made fully suspended
by selectively etching the buried oxide and are anchored at the waveguide crossings.
The size of the unit cell is 160 x 160 pmz, and the reported 50 x 50 switch with 2,500
switching elements has a chip size of 7.6 x 7.6 mm?. The insertion loss of such
N x N switches is determined by the waveguide propagation loss (~0.2 dB/cm),
insertion loss due to waveguide crossings (0.01 dB/crossing, number of crossing
passed varies between N — 1 and 2N — 1), and the switching element loss (measured
as 0.2 dB). The reported 50 x 50 switch has a maximum on chip insertion loss of
9.6 dB (8.8 dB loss for propagation through 98 cells and 0.8 dB loss for switching)
and high extinction ratio (>50 dB). For a 100 x 100 switch the total on chip loss is
estimated to be 10 dB [160]. Switch response times have been measured as 0.85 ps
(on) and 0.47 pus (off), the fiber coupling loss from waveguide to standard single
mode fiber is <6 dB/interface, and the adiabatic coupler switch ensures broadband
operation (1400 to 1700 nm wavelength range).

10.5.3 3D MEMS Switches

10.5.3.1 General Aspects

3D MEMS mirrors switch a signal from one input fiber to a selected output fiber
using a pair of MEMS mirrors and fiber collimators and applying analogue beam
steering, and an N x N switch requires 2N switching elements [160, 161]. 3D
MEMS constitutes one of the most promising concepts for achieving very large
switching port counts (e.g. from 32 to 2000).

10.5.3.2 3D MEMS Mirror Arrays

The key building block of 3D MEMS switches are MEMS mirror arrays, and the
relevant parameters include:

MEMS Mirror Size and Fill Factor: The typical size of MEMS mirrors for large
scale optical switches is in the range from 100 um to 2 mm. The mirror matrix
can have a simple or an interleaved j x k design, and the mirror reflective sur-
face can be round, elliptical, or square. Larger mirror size and higher fill factor
enable better tolerance and shorter path lengths. However, high fill factors tend to
raise static and dynamic crosstalk, and making mirrors too big increases the pitch
resulting in greater path lengths or the need of higher deflection angles.
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MEMS Mirror Deflection Angle: 3D MEMS mirrors deflect optical beams indepen-
dently in both the x- and the y-axis direction. Higher deflection angles allow
shorter optical path lengths, which make the overall system more compact and
less sensitive to vibrations and improve insertion loss. On the other hand, high
deflection angles reduce the reflectivity and raise polarization dependent loss.

MEMS Mirror Resonance Frequency and Driving Voltages: The MEMS mirror is a
mechanical resonator and has an intrinsic resonance frequency, and this is a very
important characteristics as well as the Q factor. The relationship between deflec-
tion angle and driving voltage is also important in designing the driving circuit and
the feedback control loop.

MEMS Mirror Reflectivity, Flatness, and Curvature: The MEMS mirror reflective
surface is typically coated with a layer of aluminum or gold, resulting in high re-
flectivity over a wide wavelength range (92% and >95% reflectivity, respectively)
from 1260 nm to 1700 nm. Flatness requirement is typically < A/10 at 632.8 nm
and the mirror curvature radius should be >0.5 m.

MEMS Stability, Angular Drift, and Control Systems: Stability of the mirror plays
a critical role in the complexity of the control schemes and the reliability of the
overall system. MEMS switches need to have a life time of longer than 10 years,
and in order to assure low insertion loss over its life time, some sort of power
monitoring and feedback control is needed but even under these circumstances the
long or short term drift of MEMS deflection angles is typically required to be <0.1
degree.

Yield of MEMS Mirror Arrays: A proven concept for assuring high yield of MEMS
mirror arrays comprising large numbers of mirrors is designing the mirror array
with an appropriate number of spare mirrors [161].

10.5.3.3 Examples of MEMS Mirror Arrays

Surface-micromachined two-axis mirror arrays for building MEMS N x N switches
with N of the order of 100s were reported in [162—164], and one early example of
such a mirror that was used for the Lucent/Agere WaveStar™ LambdaRouter™
switch, is shown in a scanning electron microscope micrograph in Fig. 10.30 [162—
164].

The basic element is a S00 ym-diameter round gimbal-mounted reflective mirror
suspended from a fixed frame using a gimbal ring and four torsional springs, two for
each axis. The MEMS mirror is attached to the ring by a second set of assemblies
and can rotate with respect to the ring around a second orthogonal axis, thus achie-
ving two degrees of freedom of tilt. The MEMS mirrors are arranged in an array
with 1 mm pitch. The mirrors are tilted by applying voltages to fixed electrodes
located underneath the mirror and the gimbal ring and have a mechanical deflection
angle of about 6.5°. Two electrodes per axis are necessary because of the attractive
nature of the electrostatic force. The electrostatic actuator is effectively a capacitor
with negligible steady-state power consumption and no heat dissipation on chip,
allowing for densely integrated arrays of many hundreds of micromirror devices.
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Fig. 10.31 Bulk-micromachined single crystal MEMS micromirror structure with simple parallel
plates [165]

Another bulk-micromachined single crystal MEMS design with simple parallel
plates was developed by GlimmerGlass Inc. [165]. A multilayer ceramic substrate
was used for the driving electrodes, routing, and sealing, and provided the mechani-
cal support for MEMS mirrors and drivers. The mechanical mirror structure is fab-
ricated separately, and the two parts are bonded to form a parallel-plate electrostatic
actuated 3D-MEMS mirror array, as shown in Fig. 10.31. The gimbaled mirror ar-
ray was micromachined into the device layer of an SOI wafer. An SOI handling
layer provided mechanical support and separation between mirrors and electrodes.
The parallel plate is prone to intrinsic snap down resulting in unstable MEMS mirror
operation, and in order to prevent electrostatic snap down failure, a third, snap guard
layer was bonded to the top of the MEMS mirror layer, serving as a mechanical hard
stop for the mirror movement. The mechanical deflection angle of these mirrors is
typically <4.5°.

The other kind of MEMS mirrors use vertical comb drive actuators, also based
on electrostatic actuation, was first reported in [166], and [167], and several varia-
tions of vertical comb drive mirrors have been reported subsequently, including self-
aligned vertical combs, angular vertical combs, electrostatically assembled vertical
combs, and thick vertical combs (100 um) attached to mirror edges on double sided
SOI wafers [167—174]. Bulk micromachined micromirrors with vertical comb drive
actuators do not have the snap-down failure effect, which increases both the stabili-
ty of such MEMS structures and the actual deflection angles. In addition, compared
to parallel plate structures, micromirrors with vertical comb drive offer much larger
torques so that the operating voltage can be smaller and the resonance frequency can
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be higher. At the same time vertical comb drive offers much higher deflection angles,
which is particularly advantageous for 3D MEMS switch applications. Calient has
been using vertical comb drive actuators to fabricate 2-axis MEMS mirror arrays
reliably since 2000 with mirrors having high mechanical deflection angles of more
than 20° [175, 176].

10.5.3.4 2D High Port Count High Precision Fiber Collimator Arrays

Fiber collimator arrays containing an array of optical fibers and a corresponding
array of micro-lenses constitute another key element of 3D MEMS-based switches.
An important characteristics of fiber collimator arrays is their beam pointing error,
which has been confirmed to be <1 mrad for 98% of the beams, and this can be
achieved if the fiber position accuracy is 1 um and the micro-lens pitch error and
focal length variations of the micro-lens array are sufficiently small: A wave front
aberration of a tenth of a wavelength may cause the path to have observable IL
penalty already.

Micro-lens arrays need to be monolithically integrated and can be manufactured
in high volume. So far refractive micro-lenses are the best choice for large port
count MEMS optical switches since they offer low loss performance over a broad
wavelength range. In contrast, diffractive lenses have high chromatic aberration that
causes high wavelength-dependent loss so that they should be used for narrowband
designs only. Both silicon and glass micro-lenses can be used for the telecom wave-
length range (1260 nm—1650 nm). The lens shape is typically spherical, and for the
same insertion loss target, lens shape accuracy requirements vary for different ma-
terials as a function of refractive index. For example, comparable radius curvature
non-uniformity causes much more focal length variations for glass than for silicon
lenses. The lens shape accuracy and the radius of curvature uniformity specifica-
tions for glass lenses are 5 times higher than those for silicon lenses so that silicon
micro-lens arrays [179] are better suited for the applications under consideration
here. A +1% focal length uniformity over the complete lens array guarantees suffi-
ciently uniform optical spot sizes, and a pair of fiber collimator arrays will typically
have about 0.4 to 0.6 dB IL.

10.5.4 3D MEMS N x N Optical Switches

10.5.4.1 3D MEMS Switch Architectures, General Aspects

Various 3D MEMS optical switch architectures have been proposed and realized
during the past 20 years with different switch port count, mirror deflection angle,
pitch, fill factor, MEMS mirror stability, path-length, total packaging size, and op-
tical performance such as insertion loss and crosstalk. For all these architectures,
the input and output fibers are either arranged in the same or in two fiber collimator
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Fig. 10.32 Different 3D MEMS switch architectures, (a) parallel dual plane design [162, 163,
175], (b) flat mirror single plane design [165], (¢) dual plane design with separated input/output
and Fourier lens [184—186], (d) curved mirror single plane design with separated input/output
[182]

2D array(s), and the optical beams are steered in three dimensions by two stages of
2-axis micromirrors. The two MEMS mirror arrays (for both, inputs and outputs)
can be in one chip or in two chips.

The most relevant designs are:

(a) Parallel dual plane design [162, 163, 175], as shown in Fig. 10.32(a)

(b) Flat mirror single plane design [165] that uses a fiber collimator array that has
both inputs and outputs (Fig. 10.32(b))

(c) Dual plane design with separated input/output and Fourier lens [184—186]
(Fig. 10.32(c))

(d) Curved mirror single plane design with separated input/output [182]
(Fig. 10.32(d))

(e) Roof-type mirror single plane design [189]

(f) 4F design with separated input/output [187]

Four examples of the architectures are shown in Fig. 10.32. The parallel dual
plane design, as illustrated in Fig. 10.32(a), constitutes one of the most important
and widely used structures [161-163], and the Calient switch as well as various
implementations by Lucent Technologies, discussed in more detail below, are based
upon this design. It has been demonstrated that optical switches with port count up to
thousands are possible with this architecture, however, larger maximum deflection
angles are required in order to keep the path lengths short [198, 199].
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10.5.4.2 Calient 3D MEMS Switches

Calient developed a 384 x 384 non-blocking optical switch with very good optical
performance based on the configuration shown in Fig. 10.32(a) [175, 176]. Due to
the symmetrical design, both input and output mirrors require the same maximum
deflection angles (up to £20°). The MEMS array is shown in Fig. 10.33(a). The
typical relationship between the driving voltage and the mechanical deflection angle
is shown in Fig. 10.33(b). The optical path length is 46 mm to 55 mm, with an
average mirror-mirror separation of 26.9 mm.

Large scale optical switches with 3D MEMS mirrors generally need a feedback
control system so that time and/or temperature dependent variations of (a) MEMS
deflection angles (b) high voltage driver output voltages, and (c) mechanical align-
ments can be compensated by fine-tuning the MEMS mirrors.

Switch feedback control can be implemented either as a direct or an indirect
monitoring system, and direct monitoring can be implemented in several ways, e.g.
using the customer input light and tap couplers or internal light of an un-used band
and wavelength division multiplexing. A 3D MEMS optical switch architecture with
direct power monitoring (similar to the one used by Calient) is shown in Fig. 10.34.
Each input/output fiber has a 1 x 2 beam splitting coupler to tap a small portion of
the power, which enables the switch path insertion loss to be measured.
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Fig. 10.35 Insertion loss performance of Calient 3D MEMS switch. (a) Theoretical and measured
insertion loss distribution for a 360 x 360 switch, (b) insertion loss distribution for different switch
sizes, all data for 1.55 um

The insertion loss for each path of an optical switch can be calculated by using
fiber collimator measurement data and taking the optical configuration into account.
Calculated and measured overall system insertion loss values at 1550 nm for all
129,600 paths of a 360 x 360 optical switch are shown in Fig. 10.35(a). The mea-
sured overall system insertion loss includes switch core loss and loss of connectors
and the power monitoring unit. Compared to the modeling the experimentally de-
termined loss is slightly higher and has a wider distribution, which is partly due to
connector variations. Furthermore, insertion loss increases as the port counts gets
larger as shown in Fig. 10.35(b), where the measured insertion loss from an actual
switch is shown for different port counts.

The wavelength dependent loss variation for the O-, S-, C-, and L-bands are very
small (<0.8 dB), with 1550 nm insertion loss typically larger than loss at 1310 nm
(in agreement with theoretical calculations). The E-band exhibits about 1 dB addi-
tional wavelength dependent loss due to the water peak of the fiber couplers. This
peak can be removed by using water-peak removed fiber couplers.

Other critical optical parameters of 3D MEMS switches are return loss, direc-
tivity, polarization dependent loss, crosstalk, and switching time. The return loss
is dominated by the return loss of the fiber collimators, and measured values vary
from 42 dB to 55 dB with typical values of 46 dB. The directivity is about 70 dB.
Different paths of a switch have different PDL, measured values are <0.2 dB and
typical PDL is 0.05 dB.

Static crosstalk is measured to be better than 60 dB and it is primarily due to
adjacent ports while non-neighboring ports have typically 80 dB static crosstalk.
Dynamic crosstalk occurs only when a new connection is set up, and worst values
observed during beam scanning amount to 30 dB. Switching time for Calient MEMS
switches is <50 ms. The resonance frequencies of the MEMS mirrors are of the
order of 400 to 600 Hz. Moving the mirrors too rapidly excites the resonant mode
of the mirror and causes ringing of the optical signal, but a special voltage or driving
profile to control the movement of MEMS mirrors assures low ringing of the optical
signal and fast switching time. The feedback control of the 3D MEMS switches
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may cause signal fluctuations during active control cycles and therefore the MEMS
mirror movement steps have to be carefully chosen in order to ensure small optical
signal fluctuations.

Finally it should be mentioned that the Calient 3D MEMS switch discussed so far
can be scaled to more than 1000 x 1000 ports with reasonably low optical insertion
loss with the same kind of MEMS mirrors and similar optical design [177].

10.5.4.3 Miscellaneous 3D MEMS Switches

Glimmerglass 3D MEMS Switches The flat mirror single plane design deve-
loped by Glimmerglass and illustrated in Fig. 10.32(b) [165, 178] uses a fiber col-
limator array that has both input and output ports and a MEMS mirror array in a
single plane, serving as both input and output MEMS mirrors. A flat mirror reflects
the optical paths back to the MEMS mirror array. In this design, any port can be used
as input or output port, any port can be switched to any port, and a non-symmetric
number of input and output ports is possible. For example, if the total switch has
192 mirrors, the switch size can be 1 x 191, 96 x 96, 32 x 160, etc. as long as the
input port count and output port count make the total amount of 192. Glimmerglass
offers a 96 x 96 switch based upon the flat mirror single plane design (Fig. 10.32(a))
and uses a dual plane design for its 192 x 192 3D MEMS switch (Fig. 10.32(c)).
The switch uses bulk-micromachined parallel plate beam-steering micromirrors (see
Fig. 10.31) with about <4° deflection angle [165]. The 192 x 192 switch has a typi-
cal (maximum) insertion loss of 1.7 (3.7) dB, 20 ms switching time, 70 dB crosstalk,
and offers direct optical power monitoring and feedback control loops.

Fujitsu 80 x 80 Switch Fujitsu has proposed and implemented a roof-type mirror
single plane design for an 80 x 80 switch, which uses two-axis tilt comb-driven 2D
MEMS mirror arrays with V-shaped torsion bars for the 3D MEMS switch [188].
The MEMS mirrors have maximum deflection angles of £5°. Mean insertion loss
amounts to 2.6 dB with a variation from 1.5 to 4.0 dB. Another characteristic feature
is the fact that input and output ports are pre-assigned [189].

Lucent Technologies 3D MEMS Switches Lucent Technologies has reported 3D
MEMS switches with different architectures, and the 3D MEMS switch commer-
cialized first was the “LambdaRouter” using the parallel dual plane design (see
Fig. 10.30 and Fig. 10.32(a)) [162-164, 180, 181]. The low deflection angles of
the MEMS mirrors used resulted in long optical paths and high insertion loss.
Lucent also demonstrated 238 x 238, 256 x 256, and 1100 x 1100 3D MEMS
switches using a lensed dual plane design, i.e. a structure with a Fourier lens between
the two MEMS mirrors [184—186] (see Fig. 10.32(c)). The Fourier lens enables
lower total insertion loss even if low deflection angles of the MEMS mirror ar-
ray (about 5° mechanical deflection angle on both axes) are used. The 238 x 238
switch exhibited 1.33 dB mean insertion loss with a loss variation from 0.8 dB to
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2 dB [184] while a mean fiber-to-fiber insertion loss of 2.1 dB and maximum inser-
tion loss of 4.0 dB across all possible connections were reported for the 1100 x 1100
switch [186]. This is the largest 3D MEMS switch demonstrated so far and clearly
demonstrates the potential of the Fourier lens in improving the insertion loss.

The 4F design with separated input/output is another concept developed by Lu-
cent Technologies and implemented for a 100 x 100 switch [187]. Its key features
are two 4F imaging systems, which make the design rather complex. It has been
demonstrated that the 4 F imaging system is more than ten times less sensitive to
microlens-to-fiber misalignment, however, the insertion loss (2.9 dB mean, variation
from 1.4 to 4.5 dB) is higher than observed for switches using similar MEMS mir-
rors with comparable port count but alternative design. Altogether the performance
of these switches did not meet expectation and the concept does not appear to be
particularly promising.

In general Lucent Technologies MEMS switches include integrated power moni-
toring for each fiber and feedback control [183], however, switch systems with open-
loop control were also reported [184].

NTT MEMS Switch NTT fabricated silicon single crystal 1024 channel parallel
plate MEMS mirrors for 3D MEMS switch applications [190], and also developed
a 100 x 100 switch and a fully functional 128 x 128 switching system with mean
loss of 2.6 dB and insertion loss variations from 0.6 to 4.8 dB [191-193]. NTT
also demonstrated a 512 x 512 optical switch based upon a curved mirror design
that also has two separated MEMS planes with separated inputs/outputs. The design
exhibits characteristics essentially similar to that of the design with flat mirror but
offers reduced deflection angles and smaller beam spot size on the mirrors, which
improves clipping loss. The 512 x 512 switch exhibited a mean insertion loss of
~5 to 6 dB and variations from 2 to 11 dB [194].

3D MEMS Switch with Indirect Monitoring An interesting variant of the 3D
MEMS architecture that uses the flat mirror single plane design and indirect optical
monitoring was proposed and demonstrated in [195]. The goal of the architecture
is to offer a cost effective feedback loop to control MEMS mirror movement with-
out directly monitoring the optical power inside an optical fiber. Out-of-band light
is injected along each of the beam paths and imaging sensors are used to moni-
tor the beams deflected from the MEMS mirrors so that the mirror position can be
monitored and direct feedback control for the MEMS mirrors is possible. The ad-
vantages of this indirect optical monitoring include compact design with dark fiber
connection ability. The feedback control system can track and correct MEMS mirror
drift and driver voltage drift, however, it cannot track mechanical structure changes
of the many optical components, so that the optimized position from the feedback
control system may not be the best position for the switch to have lowest insertion
loss. Since the optical power from the fibers is not directly monitored, the feedback
control system may have tracking errors.

Concluding Remark There are other approaches that seek to build modular
MEMS optical switches [196], which do not use monolithic but smaller MEMS

bowers@ece.ucsb.edu



10 Optical Switches

mirror chips in a modular way so that the switch size can be enlarged by adding
switching modules.

The Clos architecture can be used for the implementation of much larger port
counts, however, due to the three stage switching architecture, insertion loss in-
creases considerably.

Altogether, MEMS optical switches have matured in the past, commercial pro-
ducts have become available, and MEMS optical switches have been deployed
for lab automation, telecom applications, and recently in data centers. Scaling 3D
MEMS optical switches from about 360 x 360, which represents the current state-
of-the-art (see, however, the section on Lucent switches above), to extreme large
port counts in the range of several thousands is possible and corresponding research
and development is ongoing [197-199].

10.5.5 3D MEMS-Based Wavelength Selective Switches

10.5.5.1 3D MEMS-Based 1 x N Wavelength Selective Switches

The first MEMS-based WSS built was a wavelength blocker for an ROADM, which
isa 1l x 1 WSS [200-205]. Wavelength blockers use a 1D array of MEMS mirrors
with one axis of deflection to achieve the attenuation/blocking function on each
wavelength channel. A wavelength blocker is simpler than a 1 x N WSS, but the
basic principle is the same.

A 3D MEMS-based 1 x N WSS can be designed according to the generic il-
lustration in Fig. 10.4 (with a 3D MEMS mirror array with multiple mirrors in a
1D array taken as optical switching element) [206-211]. Incoming light is angu-
larly separated by the transmission grating, a collimating lens transfers the angularly
dispersed wavelengths to different MEMS mirrors which can pivot in both x- and
y-directions, and redirect each wavelength slice to the corresponding output port
through the diffraction grating.

For hitless operation, the 2-axis MEMS mirror movements have to follow a
special pattern to avoid unwanted leakage. Sometimes one axis is used for swit-
ching only and the other is used for switching and attenuation. Wavelength selective
switches should be compact so that the package fits into a blade space of a tele-
com rack, and reflective grating-based 1 x N WSS designs are favorable in this
respect as reflective gratings fold the optical light path resulting in compact design.
A corresponding 1 x 4 WSS was demonstrated by Lucent Technologies [207], and
Wu et al. reported a 1 x 32 WSS [208-211].

The WSSs reported in [207-211] have circular optical beams. However, since
the MEMS mirrors can be rectangular or elliptical, the optical beam must not nec-
essarily be circular. If the beam is elliptical and the long direction is aligned to
the grating dispersion direction, a better wavelength resolution can be achieved
while the short extension in the other direction keeps the height of the optics
small.
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Two corresponding architectures have been proposed already, one of them using
a cylindrical lens and a cylindrical reflector (see Fig. 10.36(a)), the other one using
an anamorphic prism pair (see Fig. 10.36(b)). In Fig. 10.36(a), the reflective grating
is used to disperse different wavelength beams to different MEMS mirrors in the
wavelength dispersive plane while the cylindrical lens combines the beams in the
switching plane. This way the beam in the x-direction is much bigger than in the
y-direction on the MEMS mirrors, and the beams in y-direction are much larger
than in x-direction on the diffractive grating surface. This architecture is used to
build many commercially available 1 x N WSSs [212]. In Fig. 10.36(b), the same
principal was implemented by an anamorphic prism pair. Based on this architec-
ture, a 1 x 43 WSS with 40 channels at 100 GHz channel spacing was demon-
strated [213].

The performance of the MEMS micromirror array has a significant influence
on the performance of the WSS [214]. Micromirror arrays used in 1 x N WSSs
include electro-magnetic or electrostatic actuations. The most important parameters
are high deflection angles, high fill factor, low angle drift, mirror size, and pitch to
match the grating dispersion. Most mirror arrays have a pitch of about 100 ym with
a fill factor of >98%. The total mirror number in a row is typically the same as the
channel number. However, in order to enable flexible passbands, a larger number of
mirrors (e.g. twice the channel number or even more) is needed, and that makes the
design of corresponding 1 x N WSSs difficult as flexible passbands require smaller
pitch and larger numbers of MEMS mirrors to be actuated.
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10.5.5.2 3D MEMS-Based N x N Wavelength Selective Switches

Making N x N WSSs is a very challenging task. N x N WSSs have N x m MEMS
mirrors where m is the total wavelength channel number. For an 8 x 8 WSS with
40 channels, each MEMS array has 320 mirrors. Furthermore, 100% MEMS mirror
yield is required, the MEMS mirror size is very small, it should have >92% fill
factor, and should be arranged in a 2D array with about 10 degree deflection angle,
which is also challenging.

The majority of N x N WSSs are constructed with multiple 1 x N WSSs in a
Spanke configuration, and due to the availability, reliability, and modularity of 1 x N
WSSs such N x N WSSs have been widely used in ROADMs.

However, there is research directed toward building integrated N x N MEMS
WSSs. One example of an N x N all optical wavelength selective optical cross-
connect switch architecture was proposed by O. Solgaard et al. [20]. This approach
uses an array of MEMS mirrors for the full functionality of N x N port optical
wavelength switching. It requires two MEMS mirror arrays to steer different wave-
lengths to different ports, and the wavelength selective routing apparatus uses a
diffraction grating to separate the multi-wavelength signals to individual wavelength
channels.

Another concept to build an N x N WSS has been proposed and demonstrated
by integrating AWG devices with MEMS mirrors [215-217], which resulted in par-
ticularly narrow passbands [217].

More recently, an experimental 5 x 5 WSS with 46 wavelength channels and
100 GHz spacing has been demonstrated [218]. The two MEMS arrays used as
switching engines are composed of 46 x 5 micromirror arrays monolithically in-
tegrated on each MEMS chip. The reported insertion loss is 35 dB with a 15 dB
extinction ratio.

A 4 x4 WSS for 8§ CWDM wavelength channels using a monolithic SOI chip
comprising four 4 x 1 MEMS wavelength-selective switches and four 1 x 4 pas-
sive splitters, together with a 4 x 4 waveguide shuffle network is another reported
approach [219]. An 8-element micromirror array matching the CWDM (1470 to
1610 nm) grid with 20-nm spacing was integrated in the waveguide, and the MEMS
mirror is actuated by a rotary comb-drive actuator. The demonstrated 4 x 4 WSS
has 24 dB insertion loss with 25 dB crosstalk.

All experimentally demonstrated N x N WSSs discussed above have very high
loss, and significant additional effort is needed in order to make these N x N WSSs
suited for system applications.

An alternative approach to build an N x N WSS is to use individual wavelength
demux/mux and a large port count optical switch to integrate them together. Using
Calient’s S320 320 x 320 switch, 8 demux and 8 mux, an 8 x 8 WSS with 40
channels and 100 GHz channel spacing has been implemented [220]. The WSS had
about 11 dB total IL and is a low cost solution. The drawback is the narrow passband
due to cascading individual mux and demux.
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10.6 Piezoelectric Optical Switches

Other variants of optical switches include piezoelectrically actuated optical switches
developed by Polatis [221-224]. Unlike 3D MEMS mirrors, the piezoelectric actu-
ators are used as the switching elements that steer the optical beams in free space
from input ports to output ports.

Two approaches for piezoelectric-actuator-based N x N switches have been im-
plemented by Polatis. One approach uses piezoelectric-actuators for moving the tip
of the fiber to steer the beam, as shown in Fig. 10.37. The lateral movement in x- and
y-direction is translated to the deflection angle of the optical beam through a lens.
Each fiber is associated with a lens for this purpose. The lens also collimates the
light signal from the fiber to a collimated beam. The optical signal passes directly
from the input to the output fibers in free space through two lenses. The design of
the switch is highly depending on how small the fiber/actuator assembly and the
maximum displacement of the piezoelectric actuator are. An alternative approach
uses a piezoelectric actuator to move a fiber collimator assembly as a whole unit
and making the connection [221-224].

Comparing the two approaches shows that moving fibers requires smaller dis-
placement while the loss is higher since the fiber is off the center of the lens, which
causes aberration induced insertion loss.

Polatis offers optical switches based on piezoelectric beam steering technology
from 4 x 4 to 192 x 192, with a recent announcement of 384 x 384 switches. The ad-

Fig. 10.37 Schematic of Output fibers in
piezoelectric N x N optical piezoelectric
switch [221-224] Actuators

Array of
Lenses

# Array of
Lenses

Input fibers in
piezoelectric actuators

(a)
Array of Lenses Array of Lenses
—
— —
R ——— —
Input fibers in Output fibers in
piezoelectric actuators (b) piezoelectric Actuators
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vantages of these switches are their low insertion loss (minimum 0.4 dB, worst case
2.8 dB not including connectors), modularity, and insertion loss stability. Disadvan-
tages include higher cost and difficulties in packaging density and displacement of
the piezoelectric elements.

10.7 Summary and Outlook

Optical switches continue to improve in performance with lower loss, lower back-
reflection, better spectral characteristics. Integration continues to expand, resulting
in lower cost, smaller size and higher reliability. Telecom and datacom networks
continue to increase in capacity, which drives the demand for high capacity op-
tical switching rather than electrical switching. The integration of optical ampli-
fiers allows such switching networks to scale to larger sizes, although with some
drawbacks. The optimum switch architecture depends on the application, and con-
sequently, a wide range of switch technologies and architectures continue to be re-
searched and commercialized.
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