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(57) ABSTRACT

A multi-wavelength or white-light optical switch including
an array of mirrors tiltable about two axes, both to control
the switching and to provide variable power transmission
through the switch, both for optimization and for power
equalization between wavelength channels in a multi-
wavelength signal. The output power of a channel is
monitored, thereby allowing feedback adjustment of the
transmitted power. The mirrors are preferably formed in a
micro electromechanics system array to be tiltable in
orthogonal directions and having electrostatically controlled
tilting by two pairs of electrodes beneath the mirrors. Input
power of the separate channels may also be monitored.
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VARIABLE TRANSMISSION MULTI-
CHANNEL OPTICAL SWITCH

RELATED APPLICATIONS

This application claims benefit of U.S. Provisional Appli-
cations Nos. 60.n"234,683, filed Sep. 22, 2000, and 60r‘26"r',
285, Filed Feb. 7, 2001.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates generally to optical switches. In
particular, the invention relates to optical switches used in
multi-channel optical communications networks and having
controlled transmissivity for different channels.

2. Background Art

Modern communications networks are increasingly based
on silica optical fiber, which offers very wide bandwidth
including several transmission bands usable for communi-
cations. In a conventional point-to-point optical communi-
cations link, at the transmitter, an electrical data signal is
used to modulate the output of a semiconductor laser
emitting, for example, in the 1550 nm band, and the modu-
lated optical signal is impressed on one end of the silica
optical fiber. Other transmission bands at 850 nm and 1310
nm are also available. On very long links, the optical signal
may be amplified along the route by one or more optically
pumped erbium-doped fiber amplifiers (EDFAS) or other
optical amplifiers. At the receiver, the optical signal from the
fiber is detected, for example, by an optical p-i-n diode
detector outputting an electrical signal in correspondence to
the modulating electrical signal. The transmission band-
width of such systems is typically limited by the speed of the
electronics and opto-electronics included in the transmitter
and receiver. Speeds of 10 gigabits per second (Gbs) are
available in fielded systems, and 40 Gbs systems are reach-
ing production. Further increases in the speed of the elec-
tronics will be dimcult. These speeds do not match the
bandwidth inherent in the fiber, which is well in excess of
one terabit per second. Furthermore, such fast optical trans- 40
miners and receivers are expensive and may require special
environmental controls.

Transmission capacity of fiber systems can be greatly
increased by wavelength division multiplexing (WDM) in
which the optical signal is generated in a transmitter includ-
ing multiple semiconductor lasers emitting at dilferent
respective wavelengths within the transmission band. The
1550 nm transmission band has a bandwidth of about 35 nm,

determined by the available amplification band of an EDFA.
Other amplifier types and amplification bands are being
commercialized so that the available WDM spectrum is
growing each year. In a WDM system, each laser is modu-
lated by a dilferent electrical data signal, and the different
laser outputs are optically combined (multiplexed) into a
multi-wavelength optical signal which is impressed on the
optical fiber and which together can be amplified by an
EDFA without the need to demultiplex the optical signal. At
the receiver, an optical demultiplexer, such as one based on
a difiraction grating, an arrayed waveguide grating, or a
thin-film filter array, spatially separates the diflerent wave-
length components, which are separately detected and out-
put as respective electrical data signals. For an N wavelength
WDM wavelength grid, the fiber capacity is increased by a
factor of N using electronics of the same speed. Dense
WDM (DWDM) systems are being designed in which the
WDM comb includes 40, 80 or more wavelengths with
wavelength spacings of under 1 nm. Current designs have
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wavelength spacings of between 0.4 and 0.8 nm, that is,
frequency spacings of 50 to 100 GHZ. Spectral packing
schemes allow for higher or lower spacings, dictated by
economics, bandwidth, and other factors.

Point-to-point WDM transmission systems as described
above enable very high transmission capacity in networks
having simple connectivity. However, a modem communi-
cations network 10, such as that illustrated in FIG. 1, tends
to be more complex and requires that the WDM concept be
expanded to cover not only transport but also switching in a
complex communication network. This network 10 has
multiple switching nodes 12 switching signals between
multiple terminals 14 at the edges of the network 10. Fiber
optic links 16 interconnect the switching nodes 12 and
terminals 14. The switching nodes 12 should be capable of
switching single-wavelength WDM channels in different
directions with the directions being changeable over some
time period. The network diagram of FIG. 1 is highly
conceptual but emphasizes the switching requirement of the
illustrated complexly connected network. Such a WDM
network 10 achieves high capacity through multi-
wavelength channel transport along complexly fiber-
interconnected routes. To achieve a flexible dynamic inter-
connection within the network 10, it is desirable that the
fiber infrastructure be wired dilferently for dilferent wave-
lengths. As a result, the optical switches 12 should not only
be dynamically reconfigurable between multiple ports but
also the switch state should be able to be wired

simultaneously, yet independently in each wavelength chan-
nel. That is, the crcss-connects 12 should be wavelength
selective. Channel paths 20 are illustrated in FIG. 1 in which
three wavelength channels at wavelengths X1, 7&2, 7»; can
enter a switching node 12 on a single fiber 16 but be
switched at its outputs to three different fibers 16. Also note
that this architecture allows the reuse of wavelengths
between dilferent pairs of terminals 14, for example, the
wavelength X, as illustrated. Frequency reuse further
increases the trafic capacity of the network 10. Such switch-
ing requirements apply as well to a more regularly config-
ured ring network having switching nodes distributed
around a fiber ring with a terminal associated with each
node.

The practice in the recent past has been to form each link
16 in the network 10 as a separate point-to-point WDM
system so that each switching node 12 includes an optical
receiver and an optical transmitter for each wavelength
channel. The electrical data signals derived from the optical
receiver are spatially switched by conventional electronic
switches and then converted back to optical form for trans-
mission on the next link. However, a point-to-point design
does not integrate well into a complex network such as in
FIG. 1. The required number of optical receivers and trans-
mitters become very expensive.Also, such a system requires
the electronics and opto-electronics at each switching node
to be operating at the highest data rate supported by the
network. Such a system is unduly costly when some end-
to-end links require only modest data rates, and the system
is difficult to upgrade since all the nodes must be upgraded
at the same time.

For these and other reasons, there is much interest in
all-optical communication networks in which each switch-
ing node demultiplexes the multi-wavelength WDM signal
from an input fiber into its wavelength components, spatially
switches the separate single-wavelength beams in different
directions, and multiplexes the switched optical signals for
retransmission on one or more output fibers. Thus, a
wavelength-routing node will generally switch WDM chan-
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nels in an all-optical manner unless there is a specific need
to electrically regenerate a specific subset of channels, for
example, to remove accumulated optical noise through
electrical regeneration or to perform wavelength conversion.
Indeed, the goal is to reduce the number of conversions from 5
optical to electrical and back to optical at each intervening
node in a fiber optic end-to-end link.

An all-optical wavelength-selective switching node 12
may be implemented by a wavelength cross connect (WXC)
such as a 3x3 WXC 22, represented in the simple schematic
diagram of FIG. 2, coupling three input ports 24 to three
output ports 26, each port being typically equated with a
transmission fiber in the network. The WXC 22 has the

capability of switching any wavelength channel on any input
port 24 to the corresponding wavelength channel on any
output port 26. The design is not limited to a 3x3 cross
connect with three input and three output ports and may be
generalized to a WxW cross connect with W input ports and
W output ports, where W is greater than 1. Systems under
development have values of W up to 12, and further repli-
cation is possible. An unequal number of input and output
ports is possible but will not be further discussed here.

Although other designs are possible, the WXC 22 is
typically accomplished, as illustrated in the schematic dia-
gram of FIG. 3, by splitting the WDM channels into their
wavelength components and switching those wavelength
components by optical elements generally insensitive to the
wavelength values, often referred to as white-light elements.
The multi-wavelength signal on each optical input port 24
enters a respective one of 3 (more generally W) optical
demultiplexers 23 which separate the multi-wavelength sig-
nal into its N wavelength channels, here illustrated as N-4,
and outputs single-wavelength switching beams 30. The
single—wavelength switching beams 30 of the san:te nominal
wavelength enter a respective one of N white-light cross
connects 321 to 32”, which can switch any input switching
beam 30 to any of its output switching beams 34 without
regards to wavelength except that the switching beams 30,
34 in any plane have the same wavelength or color. W
optical multiplexers 36 each receive N single-wavelength
output switching beams of N different wavelengths and
combines them into a multi-wavelength signal impressed on
one of the W output ports 26. By such an arrangement, the
N wavelength channels on each of the W input ports 24 are
simultaneously and independently routed to selected ones of
the W output ports 26. The wavelength multiplexers and 45
demultiplexers may be accomplished in a number of ways
typically including dispersive elements such as Bragg
gratings, thin-film interference filter arrays, and arrayed
waveguide gratings (AWGs) that spatially separate wave-
length components.

There are a number of ways of achieving the wavelength
routing functionality represented by the wavelength cross
connect 2. The illustrated structure of FIG. 3 represents a
replicative approach using N distinct white-light cross con-
nects 32,, to 32”. A more integrated design, schematically
illustrated in FIG. 4, uses the same input and output ports,
multiplexers 36, and demultiplexers 28, but uses fibers 42,
44 on the switch side of the demultiplexers 28 and multi-
plexers 36 to route the single-wavelength signals to a large
white-light optical cross connect 46 having WN inputs and
WN outputs. The optical cross connect 46 needs to be
configured so that it connects inputs to outputs of the same
nominal wavelength. Any cross-wavelength connection
results in loss of that signal at the output multiplexers 36 and
perhaps corniption of another signal.

Solgaard et al. in U.S. Pat. No. 6,097,859 (hereinafter
referred to as Solgaard) disclose a multi-wavelength cross
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connect switch based on an array of micro electromechani-
cal systeni (MEMS) mirrors. In this device, multi-
wavelength WDM signals are received on typically two or
more input ports. An input lens systems collimates these
beams and directs them to a diifraction grating that reflects
dilferent wavelength channels at difierent angles. The result-
ing two-dimensional array of beams, in which input beams
are separated in one dimension and the wavelength channels
are separated in the other dimension, is imaged onto an array
of electronically actuated MEMS micro-mirrors. Each beam
is reflected by its micro-mirror at a selected angle that
depends upon the voltage applied to the mirror actuator.
Because switching is performed between corresponding
wavelength channels of dilferent fibers, in the simplest
design the mirrors need to tilt only in a single dimension.

A more integrated design following the Solgaard design
includes the wavelength multiplexing and MEMS switching
in a single unit. A2-input, 2-output, 7-wavelength switching
system 50 is schematically illustrated in FIG. 5. Two input
fiber waveguides 52, 54 and two output fiber waveguides 56,
58 are aligned linearly parallel to each other to couple into
two free-space input beams 60, 62 and two free-space output
beams 64, 66. A lens 68 collimates the input beams 60, 62
to both strike a dilfraction grating 70.

Considering the first input beam 60, the diffraction grating
70 angularly disperses it into a fan-shaped collection 72 of
beams angularly separated according to wavelength, as is
well known in the art and taught by Solgaard. That is, the
grating 70 acts as a wavelength-dispersive element. The
wavelengths of the signals on the one input fiber 52, as well
as on all the other fibers 54, 56, S8 correspond to the WDM
wavelengths of one of the standardized grids, for example,
the ITU grid, and each optical carrier signal of the different
wavelengths on the separate fibers is modulated according to
its own data signal. Each of the beams in the collection 72
of beams corresponds to one of the wavelength channels of
the ITU grid. A lens 74 focuses these beams toward a first
row 75 of tiltable input mirrors 76, typically formed as a
two-dimensional array in the plane of a MEMS structure.
The mirrors 76 of the first row 75 are associated with the

wavelength channels of the first input fiber 52 while those in
second row 77 are associated with the second input fiber 54.
The mirrors 76 are also arranged in a second dimension in
which each column 78 is associated with one of the wave-

lengths A, through 7&—, for the illustrated 7-wavelength sys-
tem. The mirrors 76 described to this point are input mirrors.
Similarly arranged output mirrors 80 in rows 82, 84 are
output mirrors. The mirrors 76, 80 are tiltable about respec-
tive axes lying generally horizontally in the illustration so
that the input mirrors 76 direct each input beam 60, 62 beam
toward a folding mirror 86. Depending upon the tilt angle of
the respective input mirror 76, the folding mirror 84 refiects
that beam to the output mirror 30 in a selected one of the
output rows 82, 84. The two illustrated connections show
coupling to output mirrors 80 located alternatively in the
third and fourth rows 82, 84. The output minors of the third
row 82 are amociated with respective wavelength channels
on the first output fiber 56 while those of the fourth row 84
are associated with the wavelength channels on the second
output fiber 58. The optics are arranged and controlled such
that an optical signal from an input mirror 76 is reflected
only to one of the output mirrors S0 in the same column 78,
that is, associated with the same WDM wavelength. The
input and output mirrors 76, 80 typically have the same
construction and differ only by their placement in a two-
dimensional array in a single MEMS structure. Practically
speaking, in this configuration, the designation of input and
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output mirrors is arbitraxy and the input and output rows
may be interleaved.

In some applications, it is possible to dispense with the
folding mirror 86 and to use only a single set of micromir-
rors to directly reflect a wavelength-separated input beam
back to a selected output fiber although this configuration
presents problems with uniformity of coupling.

Each output mirror 30 is also tiltable in correspondence to
the tilt angle of the input mirror 76 to which it is coupled
through the folding mirror 86 so that the same optics 63, 70,
74 used to focus and demultiplex the beams from the input
fibers 52, 54 are also used to multiplex the wavelength-
separated output beams onto the two output fibers 56, 58.
That is, the diflraction grating 70 acts as both a demulti-
plexer on the input and a multiplexer on the output.

By means of the illustrated optics and MEMS micromir-
ror array, a wavelength channel on either of the input fibers
52, 54 can be switched to the same wavelength channel on

either of the output fibers 56, 58. It is of course understood
that the described structure may be generalized to more
input and output fibers and to more WDM wavelengths.

Another system 90, as illustrated in the schematic dia-
gram of FIG. 6, provides much of the functionality of the
system 50 of FIG. 5. Input fibers 92 are arranged in a first
linear array 94 and output fibers 96 are arranged in a second
linear array 96. The system includes a first two-dimensional
array 100 of input mirrors 102 and a second two-
dimensional array 106 of output minors 108. In both arrays
100, 106, the mirrors 102, 108 are arranged in row directions
according to fiber and in column directions according to
wavelength. The beams are directly coupled between the
input and output mirrors 102, 108 without the use of a
folding mirror. However, such a coupling mirror may be
advantageously applied between the two minor arrays 100,
106 and eliminate the need for separate gratings and further
allow the input and output fibers 92-93 to be placed in a
single linear array. Advantageously, separate demultiplexing
and multiplexing gratings 110, 112 are provided on the input
and output sides respectively, and birefringent wave plates
are inserted so as to substantially eliminate polarization
dependence within the switch, as is well understood by those
in art.

A large white-light cross connect may have a structure
similar to that illustrated in FIG. 6 but without the diffraction

grating. A white-light system 120 illustrated in the schematic
illustration of FIG. 7 includes a substantial number of input
fibers 122 bundled together in a two-dimensional array 124
and preferably a like number of output fibers 126 bundled
together in another two-dimensional array 128. One of the
input fibers 122 concentrates its beam at one of the input
mirrors 102 of the input mirror array 100. Similarly, the
output mirror array 106 has its output mirrors 108 near the
focus of the output fibers 126. An optional rnirror 130
couples the input and output mirrors 102, 104, Each input
mirror 102 is tiltable about two axes to allow it to direct its

input beams to any ones of the output minors 106. Each
output mirror 106 is similarly tilted in a complementary
fashion to direct the beam towards the output fiber 126
associated with that output mirror 108.

Another unillustrated white-light system resembles the
folded white-light system 120 of FIG. 7 but with the input
and output fibers arranged in a same one- or two-
dimensional array and with the mirror arrays 100, 106
integrated into a single one- or two-dimensional array.

A complex WDM or white-light network is subject to
many problems. The diflerent optical signals which are
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propagating on a particular link or being optically processed
may have originated from different sources across the net-
work. In a WDM system, the WDM wavelength output
power may vary from transmitter to transmitter because of
environmental changes, aging, or differences in power
injected into the WDM stream. Different optical sources for
either a WDM or white-light system are additionally subject
to different amounts of attenuation over the extended net-

work. Particularly, for a wavelength-routed transparent
network, the WDM spectrum on a given fiber contains
wavelength components which generally have traversed
many diverse paths from dilferent sources and with different
losses and difierent impairment accumulation such as deg-
radation of the optical signal-to-noise ratio or dispersion
broadening. Further, wavelength multiplexing and demulti-
plexing usually rely on optical elfects, such as diffraction or
waveguide interference, which are very sensitive to absolute
wavelength, which cannot be precisely controlled.

EDFAS or other optical amplifiers may be used to amplify
optical signals to compensate loss, but they amplify the
entire WDM signal and their gain spectrum is typically not
flat. Therefore, measures are needed to maintain the power
levels of different signals to be the same or at least in
predetermined ratios.

In a complex WDM or white-light network, a signal may
be switched multiple times. Each switching event needs to
maximize transmission of the optical signal and minimize
cross-talk between channels. A maximum of 10 dB attenu-

ation through the switch and a minimum of 30 dB channel
isolation are typical requirements. However, MEMS cross-
connects and their associated optics are subject to internal
variations of optical characteristics and misalignments, both
integral to the device and as a result of both manufacturing
and environmental variation and non-uniformity and of
mechanical stress, all of which result in switch states having
a significant variation and instability of insertion loss when
aligned according to their nominal settings.

As described above, it is well known that WDM systems
must maintain a significant degree of uniformity of power
levels across the WDM spectrum, so that dynamic range
considerations at receivers and amplifier, non-linear elfects,
and cross talk impairments can be minimized. As a result,
serious attention must be payed to equalization of power
levels across the spectrum. This equalization should be
dynamic and under feedback control since the various
wavelength components vary in intensity with time and due
to changes in optical channel routing history among the
components. One object of this invention is to provide
means of equalization at multiple-fiber WDM switching
nodes where many beams from diverse sources are inter-
changed among the fibers.

Bishop et al. have disclosed in U.S. Pat. No. 6,263,123 a
pixellated WDM cross connect using a two-dimensional
array of micromirrors in which a signal beam of a particular
carrier wavelength is distributed to a plurality of the micro-
mirrors. The number of mirrors reflecting light to an output
port determines the transmission coefficient through the
switch. When such a pixellated intensity control is used in a
WDM cross-connect, the mirrors are arranged in a two-
dimensional array and are tiltable about two axes. The
described system is used primarily for characterizing the
optical signal, not for controlling it. Similarly, Derickson et
al. have disclosed in U.S. Pat. No. 4,796,479 a system for
monitoring the intensities of the WDM channels in a WDM
cross connect with the main emphasis on determining the
ratio of signal to noise. It would be desirable to integrate the
capability of such systems into an optical network without
unduly increasing the cost and complexity.



US 6,798,941 B2

7
SUMMARY OF THE INVENTION

An optical switching system includes a plurality of optical
switching elements controllable in two difierent scales or
dimensions depending upon the switch architecture and
designed to be able to effect both switching and control of
the transmission coefficient. The power adjustment is par-
ticularly useful in a wavelength-division multiplexing opti-
cal switch in which the power is adjusted between different
wavelength channels combined in an output path such as an
optical fiber.

An example of such a switching element is a mirror
tiltable about two orthogonal directions or tiltable in one
dimension according to a fine and a coarse resolution. In one
embodiment, tilting about a major axis is used to control
switching between optical ports, and tilting about the minor
axis is used to control the amount of optical power passing
through the switch.

Such mirrors are advantageously formed in a micro
electromechanical system (MEMS) array. A mirror may be
tilted by two pairs of electrostatic actuator electrodes posi-
tioned beneath the mirror on opposed sides of two torsion
beams supporting the mirror.

A portion of the switched output signal may be diverted
to an optical power monitor to enable feedback control of the
power adjustment. Dynamic power equalization advanta-
geously involves monitoring of power levels for the indi-
vidual WDM wavelength channels on each fiber in the
system. This information provides feedback for the power
equalization mechanism. Input power may be advanta-
geously also monitored for each wavelength channel.

The minor axis tilt may also be used for optimizing
transmission through the optical switch. After the position of
maximum transmission is established, the transmission may
be detuned. An example of two-axis switching is the use of
a major axis optimized for switching between fibers and a
minor axis for adjusting transmission, especially insertion
loss, of the same optical channel. Another example is the use
of a coarse control of one or more major axes for establish-
ing a switch state connection in combination with a fine
control along one or more minor axes (which may or may
not be the same as the major axes) to moderate the degree
of coupling of a wavelength channel between the chosen
fibers for that wavelength service.

The feedback control applies as well to white-light
switching systems in which the same mirrors are used for
switching and for transmission optimization and power
equalization.

The minor axis tilt may be used to increase the high
insertion loss for any optical connection in the oif state and
may further be used to turn the switch to a hard 01]? during
switching between discrete optical paths.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a network diagram of a complexly connected
optical communications network.

FIG. 2 is a general block diagram of a 3x3 wavelength
division multiplexing optical cross connect (WOXC).

FIG. 3 is a more detailed block diagram of the WOXC of
FIG. 2

FIG. 4 is a block diagram of a more integrated version of
the WOXC of FIG. 2.

FIG. 5 is a schematic diagram of a WOXC using one array
of micromirrors and a folding mirror.

FIG. 6 is a schematic diagram of a WOXC using two
arrays of micromirrors and no folding mirror.
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FIG. 7 is a schematic diagram of a white-light optical
cross connect

FIG. 8 is a block diagram of an optical switching system
including an optical power monitor and feedback control.

FIG. 9 is a schematic plan view of a 2x2 wavelength
division multiplexing (VVDM) cross connect using an exter-
nal optical power monitor.

FIG. I0 is a sectioned orthographic view of a concentrator
included in the cross connect of FIG. 9.

FIG. 11 is a schematic plan view of a 2x2 VVDM cross
connect using an internal external optical power monitor.

FIG. 12 is a block diagram block diagram of the optical
switching system of FIG. 8 additionally including an input
optical power monitor.

FIG. 13 is a schematic plan view of an improved of the
WDM cross connect of FIG. 9 additionally including moni-
toring the input power.

FIG. 14 is plan view of two-axis tiltable mirror usable
with the invention.

FIG. 15 is a cross sectional view taken along view line
15-15 of FIG. 12.

FIG. 16 is a schematic orthographic view of a mirror array
and its fold mirror.

FIGS. 17 and 18 are cross-sectional views illustrating two
kinds of mismatch in optically coupling two beams.

FIG. 19 is an elevational view of a concentrator of FIG.

10 illustrating a method of switching between two output
beams.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

The invention includes an optical switching system in
which the output power on particular channels is monitored
to enable power adjustments in the optical switch, for
example, adjustment of the transmission coefficient for an
optical channel transmitted through the switch.

A block diagram of one embodiment of a controlled
transmissivity optical switching system 140 of the invention
is illustrated in FIG. 8. A 2><2 optical cross connect (OXC)
142 links two input fibers 144, 146 connected to input ports
IN, IN, to two output fibers 148, 150 connected to output
ports OUT1, OUT2. However, the invention is directly
applicable to a larger number of input and output fibers.

In the wavelength division multiplexing (WDM) embodi-
ments of the invention, each fiber 144, 146, 148, 150 is

capable of carrying a multi-wavelength WDM optical sig-
nals at wavelengths 25.1-AN. The OXC 142 is capable of
switching the separate wavelength components on each
input fiber 144, 146 to either of the output fibers 148, 150.
This architecture applies as well to a WDM addfdrop mul-
tiplexer (WADM) in which the input ports IN1, IN2 are
associated respectively with the input (IN) port of the
transmission fiber and the DROP port to the local node and
the output ports OUTJ, OUT: are associated respectively
with the output (OUT) port of the transmission fiber and the
ADD port from the local node.

Often the number N of fibers may be a ten or even a few
tens while the wavelength channel count W may exceed 100.
In general, the switch states must be compatible with low
inter-channel cross talk. For example, one rule that applies
to wavelength routing is that no fiber wavelength slot can
contain more than the corresponding wavelength content of
a single input fiber. Two identical wavelength paths con-
verging on a single fiber will interfere, resulting in signifi-
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cant signal degradation. This condition is often called a color
collision. Of course, if the wavelength content contains
separable sub-structure, such as microwave sub-carrier
multiplexing, further sub-switching may be performed, but
this is not generally possible in a transparent wavelength-
division switch of the type discussed here.

In a white-light system, in contrast to a WDM system, the
entire elfective spectrum on one of several input fibers 144,
146 is switched to a selected one of the output fibers 148,
150. It is anticipated that white-light systems will utilize
considerably more than two fiber channels Power taps 152,
154 connected to the output ports OUT1, OUT: divert a
small amount of the optical power of the respective optical
signals to an optical power monitor (OPM) 156 which
measures the power of the optical signals transmitted
through the cross connect 142. In the case of a white-light
switch, the power may be the total power on the fiber 148,
150 while in a WDM system the monitored power is
preferably that of each of the wavelength-separated chan-
nels. The measured optical powers are supplied to a cross-
connect controller 158 controlling the OXC 142. The cross-
connect controller 158 sets up the cross connect 142
according to switch commands supplied from an unillus-
trated switch controller to effect selective switching between
input and output ports. It additionally tunes the cross connect
142 to adjust the optical power transmitted through the cross
connect 142 on a particular optical connection according to
the measured power transmitted through that connection.

In a WDM cross connect, the optical power monitor 156
preferably measures the power on each of the WDM
channels, and the controller 158 accordingly adjusts the
power transmission for that wavelength channel through the
cross connect 142. The optical taps 152, 154 and the optical
power monitor 156 may be realized in several ways, all
accomplishing the benefits of the invention. For an optical
switch, the taps 152, 154 may be formed as Y-junctions of
fused fibers disposed on the output ports of the OXC 142 in
which the fiber carries a white-light or multi-wavelength
WDM signal or as fiber directional couplers. Alternatively,
when the switching is performed using free-space optical
beam splitters which can divide the power of a beam into
two beam directions. The optical power monitors 156 may
be an optical spectrum analyzer scanning the WDM band-
width or, as described below, it may be a variant of the
optical cross connect in which the wavelength components
are separated and then individually detected. Other forms are
possible as long as the time for resolving the powers of
dilferent wavelength channels is suflicient for the time
requirements of the power adjustments. If the adjustments
are intended to only address aging and environmental
elfects, the resolved measurement time may be relatively
long. On the other hand, fast feedback may be necessary for
initializing switch states, for compensating for transient
changes in power level such as occurs from the combination
of polarization-dependent loss and polarization fluctuations
which vary at the wavelength level, for stabilizing against
vibration, and for alarm signaling to protection circuitry.

There are several criteria for adjusting relative power
between channels. One straightforward criterion is that all
wavelength channels on either output fiber 148, 150 should
have the san:te intensity so that optical receivers and other
components located downstream will detect wavelength
channels of equal intensity. In another method, the
wavelength-differentiated signals are pre-emphasized to
have dilferent intensities to, for example, compensate for
non-flat wavelength response of a downstream component.
Such a component may be an erbium-doped fiber amplifier
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(EDFA) amplifying the entire WDM spectrum but having a
non-flat gain spectrum across the WDM bandwidth. The
variable transmission through the cross connect 142 is
adjusted to compensate for the EDFA gain spectrum. Thus,
taking into account the possible need for pre-emphasis of the
gain spectrum or other downstream spectral dependence,
power control and feed back provides more generally for a
programmable capability of adjusting insertion loss at the
wavelength level. Pre-emphasis may be considered as a form
of power equalization in which the power levels of different
wavelength channels are adjusted to conform to a standard-
ized non-flat spectrum resulting, for example, power equal-
ized channels downstream of the cross connect.

The need for power adjustment, particularly for a WDM
system, arises from a number of sources. The fibers are
subject to environmental eifects affecting their absorption.
The cross connects are also subject to environment and
aging elfects in which their absorption changes over time.
The signal absorption across the cross connect may vary
according to the path selected and additionally according to
the wavelength channel. The optical input signal may
degrade as the laser producing it at some remote location
ages or varies with temperature and other environmental
elfects. Many WDM components have insertion loss that
varies with wavelength and with polarization, which tends to
vary on an intermediate time scale. Furthermore, WDM
signals have typically traversed many optical filtering ele-
ments such as multiplexers and such. As a result, the
non-uniformity of channel loss as a function of wavelength
or due to misalignment relative to the element passband
produces a dilferential loss as a function of wavelength that
may be substantial and may disadvantageously accumulate
across an all-optical network segment. Particularly in a
WDM network, the wavelength components carried by a
single input fiber may have originated from diiferent
sources, and the originating sources may change with time.
Power compensation at the output of an optical addfdrop
multiplexer allows the immediate compensation for the local
sources producing the ADD channels. Power monitoring of
the optical intensities, particularly of the local added
channels, further allows system monitoring of components
that are gradually degrading and allows timely maintenance
or replacement of faulty parts.

The need for equalization in transparent optical cross
connects is in no way limited to wavelength-selective cross
connects. In the case of a white-light cross connect switch-
ing demultiplexed WDM traflic, the previous arguments also
apply. In the case of a white-light cross connect switching
aggregate (not wavelength separated) WDM or non-WDM
optical trafic, the combined elfects of receiver dynamic
range, avoidance of non-linear thresholds, restrictions of
power levels for amplifier inputs, variations of input power
across a range of time scales fi'om a number of sources
together conspire to demand power stabilization within
generally tight limits.

The invention has been implemented in the context of
several optical switching systems under development of the
types illustrated in FIGS. 5, 6, and 7, but the inventive power
adjustment is not so limited. Each of the described switching
systems includes a micro electromechanical system
(MEMS) array of mirrors preferably arranged in a two-
dimensional array for either a wavelength division multi-
plexing (WDM) switching system or for a white-light sys-
tem although the invention is not so limited. In a WDM
system, one dimension of the array may correspond to input
and output fibers and the other to wavelengths of the WDM
comb. In a white-light system, the fiber beams are typically
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arranged in one or more two-dimensional arrays correspond-
ing to the array of mirrors. In the described embodiments,
the mirrors are tiltable in two directions, but several aspects
of the invention are achievable with one-axis mirrors and

other selectively transmissive elements. The mirrors are
formed generally parallel to the face of the array with tilt
angles of a few degrees from that face. As will be explained
in more detail later, the MEMS array may be configured to
switch in the fiber direction a one- or two-dimensional

arrangement of input beams separated according to both
fiber and wavelength to a corresponding arrangement of
output beams.

There are many ways of achieving the MEMS array of
micromirrors and their actuation. The following is an
example. The MEMS array may be bonded to and have an
array of solder bumps contacting it to a driver circuit
including high-voltage circuitry needed to drive the electro-
static actuators associated with each of the mirrors. A
controller controls the driver circuit and hence the mirrors in

a multiplexed control system including address lines, data
lines, and a clock line, driven in correspondence to an
oscillator. The control is preferably performed according to
pulse width modulation (PWM), as Garverick has described
in U.S. patent application, Ser. No. 09,884,676, filed Jun. 19,
2001 and incorporated herein by reference in its entirety. In
this method, a high-voltage square-wave common node
drive signal is supplied through a power transistor to one set
of electrodes for all the mirrors while the driver array
delivers phase delayed versions of the square-wave signal to
the other set of electrodes, the amount of delay determining
the RMS voltage applied across the electrostatic actuator
electrodes of each minor.

The controller receives switch commands from the exter-

nal system to elfect switching of the wavelength separated
channels between the fibers. The coarse pointing constants,
which are primarily representative of the gross physical
characteristics of the MEMS array and its driver circuit, may
be stored in an electrically programable read-only memory.

According to one aspect of the invention, a small portion,
for example, less than 10%, of the optical power of each of
the output beams is split oif to an optical power monitor. The
power may be split from a wavelength-combined WDM
signal external to the switch and thereafter spectrally ana-
lyzed. Alternatively, the optical power may be split from
individual wavelength-diflerentiated beams internal to the
switch. The optical intensities for all the fiber and
wavelength-separated signals are demultiplexed and con-
verted to analog or digital form and supplied to the
controller, which then adjusts the mirror positions to adjust
the transmitted power to conform to one or more predeter-
mined criteria.

The invention is explained with reference to a 2x2 optical
cross connect 160 illustrated in FIG. 9. However, it is
emphasized that this four-fiber embodiment is illustrated
only for simplicity. More complex cross connects, such as a
12x12 cross connect using twenty-four fibers, are being
developed using the same design. In the 2x2 cross connect
160, four fibers 162, 164, 166, 168 are optically coupled to
a concentrator 170, which uses planar waveguides 172, 174,
176, 178 to optically couple the fibers 162-168 to an output
face 180 of the concentrator 170 adjacent the optics of the
cross connect 160. Although, other coupling arrangements
are possible, as suggested by Solgaard, the concentrator 170
offers some advantages. Its planar waveguides 172-176
horizontally concentrate and reduce the spacings therebe-
tween of the fiber channels from the minimum of about 125

pm representative of fiber diameters to the considerably
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reduced spacings of, for example, 30 pm which are more
appropriate for the magnifying optics of the switch and an
optimum size and spacing of the mirrors.

For an addfdrop multiplexer, the four fibers 162, 164, 166,
168 correspond respectively, for example, to IN, OUT,
ADD, and DROP. An NxN cross connect can be imple-
mented by increasing the numbers of fibers and planar
waveguides although it is appreciated that this enlargement
additionally constrains the design of the rest of the system.
The output face 180 of one embodiment of the concentrator
170 is partially illustrated in the orthographic, partially
sectioned view of FIG. 10.

The planar waveguides 172-178 are formed by diffusing
in stripes of dopants in a top surface 182 of a substrate 184
of the concentrator 170 to fonn regions of a high-index core
surrounded on its lateral sides and bottom by a lower-index
portion of the concentrator board. In one embodiment, an
unillustrated lower-index coating is applied over the top
surface 182 of the substrate 184 and over the waveguides
172-178 to produce nearly symmetric optical waveguide
modes. However, it is possible in some situatiom; to rely
upon an air interface on top of the waveguides 172-178 to
confine the optical modes within the waveguides. Each of
the waveguides 172-178 is coupled to a slightly divergent
free-space beam 186, only one of which is illustrated. The
waveguides 172-178 extend along a common plane allow-
ing the output beams to propagate in patterns having central
axes which are also co-planar.

Returning to FIG. 9, the outputs of the four planar
waveguides 172-178 are placed at or near the focal point of
a collimating lens system 188. The collimated beams, which
propagate substantially within a common plane, are incident
upon a diffraction grating 190 having grating lines extending
parallel to the plane of the illustration so that the wavelength
components are angularly separated perpendicularly to the
plane of the illustration. The beams may overlap when they
strike the grating 190, which wavelength separates the four
beams into corresponding sets of wavelength-separated
beams, only one set of which is illustrated. Various mirrors
192, 194, 196, 198, 200 are included to condense the overall

size of the system with little significant influence on the
overall operation.

A lens system 202 focuses the beams onto a MEMS
mirror array 204, placing the gaussian waists of the beams
at the mirror surfaces. The MEMS mirror array 204 of the
illustrated system includes both input mirrors and output
mirrors for each channel through the switch, that is, two
input mirrors and two output mirrors for each wavelength
for the illustrated four-fiber system which includes two input
fibers and two output fibers. A fold mirror 206 optically
couples the respective input and output mirrors.
Advantageously, the micromirror array 204 and the fold
mirror 206 are separated by a distance that is equal to the
Rayleigh range of the input beams. The Rayleigh range is
defined as the distance from the gaussian beam waist after
which the beam diameter has increased in size by a factor of
\{2, a distance of J'tt1l2i'9\., where on is the beam radius at
minimum size. This condition minimizes the ratio of spot
size to beam separation at the micromirror plane, minimizes
the cross talk between beams, and reduces losses due to
leakage around the mirror edges. Polarization independence
is typically achieved by minimizing the polarization depen-
dencies of the individual components, particularly the dif-
fraction grating 190, and inserting a waveplate 208 at a point
of system symmetry so that each beam spends half its
round-trip route in each of two orthogonal polarization
states. The illustrated configuration places the waveplate
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close to the MEMS array 204, but its placement will vary in
other configurations.

The input and output mirrors are controlled in pairs to
selectively direct the wavelength-separated optical signal
from one of the input fibers 162, 164 to one of the output
fibers 166, 168.

According to one embodiment of the invention, an optical
monitoring system is incorporated by fusing two monitoring
fibers 210, 212 to the output fibers 166, 168 to form
Y-couplers 214, 216 coupling about 10% of the optical
output power to the monitoring fibers 212, 216. An optical
power monitor 218 receives the split power from the moni-
toring fibers 212, 216 and determines the optical power in
each of the wavelength components of the WDM output
signals. The optical power monitor 218 may be formed by
replicating many of the components of the previously
described system but placing a two-dimensional optical
detector array at the position of the MEMS array 204 so that
it receives wavelength-separated components of its plural
input signals.

Aoontroller 220 receives the outputs of the optical power
monitor 218, or more specifically the detected optical inten-
sities of the detector array, and accordingly readjusts the tilt
positions of the micromirrors in the MEMS array.

Garverick et al. describe a type of optical power monitor
usable with this system in U.S. Provisional Application No.
60B16,051, filed Aug. 30, 2001 and entitled OPTICAL
PERFORMANCE MONITOR USING A MULTIDIMEN-

SIONAL ARRAY OF PHOTODIODES. The optical detec-
tors are typically implemented as reversed biased photo-
diodes in an cpto-electronic integrated circuit which produce
photccurrents nearly proportional to the optical intensities of
reflected beams falling on respective ones of them. Garver-
ick describes a form of read-out circuitry for such an optical
power monitor in U.S. Provisional Application No. 60,616,
171, filed Aug. 30, 2001 and entitled SIGMA-DELTA
READOUT IC FOR MUL'I‘I-CHANNEL CURRENT-
MODE SENSORS.

The optical monitoring system described above is external
to the switching and has the advantage of monitoring all the
optics and mirrors of the switch as well the insertion losses
between the switch and the network fibers. It is considered

that the fused Y-couplers 214, 216 are substantially invariant
once in place. However, an internal optical monitoring
system is possible. As illustrated for a switching system 222
in the schematic diagram of FIG. 11, a partially reflective
mirror plate 224 is positioned obliquely to the two-
dimensional array of beams close to the MEMS array 204 so
that the output beams are directed to respective optical
detectors in an optical detector array 226 of the sort previ-
ously described. The controller 220 reads the two-
dimensional array of optical intensities to accordingly con-
trol the mirrors in the detector array 204. While this system
monitors the micromirrors, it is not fully sensitive to ir1ser-
tion losses nor to misalignmenls of the output optics.

Equalization is achieved in the above embodiments with
relatively minor additions to the hardware other than the
optical power monitor. The mirrors used for switching
between channels and for optimizing transmission are used
additionally for the variable attenuation of the output power,
thereby eflecting variable transmission through the switch.
To achieve such variable attenuation external to the switch

would require separate attenuators in each of hundreds of
optical channels. Even the control functions can be incor-
porated into the same computerized controller.

It is preferred that the power taps of the optical power
monitor be connected to the output beams or fibers to better
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control equalization and mirror optimization. However, it is
possible and may be advantageous, as illustrated for the
system 228 in the schematic diagram of FIG. 12, to also
measure the intensities of the input beams using additional
power taps 230, 232 on the input fibers 144, 146 supplying
split optical powers to another optical power monitor 234,
which supplies the measured input powers to the cross-
connect controller 158. The ratio of input to output power
provides the important parameter of insertion loss. Further,
measurement of the input powers monitors the performance
of the network upstream from the switch and allows alerting
the network controller when the input power disappears or
precipitously decreases. The combination of the input power
monitor 234 and the output power monitor 156 allows ready
isolation of faults within the cross connect 142.

This additional functionality may be simply implemented,
as illustrated for a switching system 240 in the schematic
diagram of FIG. 13, by including additional monitoring
fibers 242, 244 fused to the input fibers 162, 164 to form
Y-couplers 246, 248 but oriented in the opposite direction as
the Y-couplers 214, 216 on the output fibers 166, 168. All of
the monitoring fibers 210, 212, 242, 244 are coupled to the
optical power monitor 218, which may have the same
structure as discussed previously but accepting twice as
many fibers.

The internal optical monitoring system of FIG. 11 may be
adapted for both input and output monitoring by positioning
another detector array 226 on the opposite side of the
partially reflective mirror plate 224 to accept light reflected
from the mirror plate 224 originating from the input fibers
162, 164.

The invention is not limited to the optical systems of FIG.
9, and many variations are possible, for example, elimina-
tion of the fold mirror so that a single tiltable mirror links a
wavelength component between an input and an output fiber
or, more preferably, as illustrated in FIG. 6, an array of input
mirrors is directly coupled to an array of output mirrors.

Furthermore, the optical switching system can be easily
modified to a white-light system by eliminating the diffrac-
tion grating and bundling together the input and output fibers
in a single one- or two-dimensional array with an appropri-
ate one- or two-dimensional fiber management element with
lenslets or, alternatively, a fiber concentrator with bulk-optic
lensing, or both, or with separate one- or two-dimensional
arrays of input and output fibers. The power equalization for
white-light systems is again achieved with the same mirrors
used for channel switching.

The MEMS array 204 is preferably formed as a two-
dimensional array of dual-axis tiltable mirrors, one mirror
260 of which is illustrated in plan view in FIG. 14 and in
cross-sectional view in FIG. 15 taken along view line
l5—15 of FIG. 14. The cell is one of many such cells
arranged typically in a two-dimensional array iii a bonded
structure including multiple levels of silicon and oxide
layers in what is referred to as a multi-level silicon-over-
insulator (SOI) structure. The cell includes a gimbal struc-
ture of an outer frame 262 twistably supported in a support
structure 264 of the MEMS array through a first pair of
torsion beams 266 extending along and twisting about a
minor axis. The cell further includes a mirror plate 268
having a refiective surface 270 twistably supported on the
outer frame 262 through a second pair of torsion beams 272
arranged along a major axis perpendicular to the minor axis
and twisting thereabout. In one MEMS fabrication
technique, the illustrated structure is integrally formed in an
epitaxial (epi) layer of crystalline silicon. The process has
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been disclosed in U.S. Provisional Application, Ser. No.
60.960349, filed Jan. 10, 2001, incorporated herein by
reference in its entirety. However, other fabrication pro-
cesses resulting in somewhat different structures may be
used without affecting the present invention.

The structure is controllably tilted in two independent
dimensions by a pair of electrodes 274 under the mirror plate
268 and another pair of electrodes 276 under the frame 262.
The electrodes 274, 276 are symmetrically disposed as pairs
across the axes of their respective torsion beams 266, 272.
Apair ofvoltage signals VA, VB are applied to the two mirror
electrodes 174, and another pair of voltage signals are
applied to the frame electrodes 276 while a common node
voltage signal Va is applied to both the minor plate 268 and
the frame 262.

Horizontally extending air gaps 278, 280 are formed
respectively between the frame 262 and the support structure
264 and between the mirror plate 268 and the frame 262 and
overlie a cavity or vertical gap 282 formed beneath the frame
262 and mirror plate 268 so that the two parts can rotate. The
support structure 264, the frame 262, and the mirror plate
268 are driven by the common node voltage V6, and the
frame 262 and mirror plate 268 form one set of plates for
variable gap capacitors. Although FIG. 12 illustrates the
common node voltage VG being connected to the mirror
plate 268, in practice the electrical contact is made in the
support structure 264 and electrical leads are formed on top
of the torsion beams 266, 272 to apply the common node
voltage signal to both the frame 262 and the mirror plate 268
which act as a top electrodes. The electrodes 274, 276 are
formed at the bottom of the cavity 282 so the cavity forms
the gap of the four capacitors, two between the bottom
electrodes 272 and the frame 262, and two between the
bottom electrodes 274 and the mirror plate 268.

The torsion beams 266, 272 act as twist springs attempt-
ing to restore the outer frame 262 and the mirror plate 268
to neutral tilt positions. Any voltage applied across opposed
electrodes exerts a positive force acting to overcome the
torsion beams 266, 272 and to close the variable gap
between the electrodes. The force is approximately linearly
proportional to the magnitude of the applied voltage, but
non-linearities exist for large defiections. If an AC drive
signal is applied well above the resonant frequency of the
mechanical elements, the force is approximately linearly
proportional to the root mean square (RMS) value of the AC
signal. In practice, the precise voltages needed to achieve a
particular tilt are experimentally determined.

Because the capacitors in the illustrated configuration are
paired across the respective torsion beams 266, 272, the
amount of tilt is determined by the ditference of the RMS
voltages applied to the two capacitors of the pair. The tilt can
be controlled in either direction depending upon the sign of
the difference between the two RMS voltages.

As shown in FIG. 15, the device has a large lower
substrate region 284 and a thin upper MEMS region 286,
separated by a thin insulating oxide layer 288 but bonded
together in a unitary structure. The tilting actuators are
etched into the upper region, each actuator suspended over
the cavity 282 by several tethers. The electrodes are pat-
terened onto the substrate, which can be an application
specific integrated circuit (ASIC), a ceramic plate, a printed
wiring board, or some other substrate with conductors
patterned on its surface. The actuators in the upper region
form a single electrical node called the “common node”.
Each actuator is suspended above four electrodes, each
electrode being isolated from every other electrode. To cause
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the actuator to tilt in a specific direction, an electrostatic
force is applied between the actuator and one or more of its
electrodes by imposing a potential dilference between the
common node and the desired electrode. Each actuator has

two pairs of complementary electrodes, one causing tilt
along the major axis and the other causing tilt along the
minor axis. Fabrication details are supplied in the aforemen-
tioned Provisional Application No. 60r‘260,749.

The MEMS array 204 is illustrated orthographically in
FIG. 16 having the two-dimensional array of two-axis
tiltable mirrors 260. For a WDM cross connect, the mirrors

260 are arranged within the array in a fiber direction and in
a wavelength (2.) direction. Although the figure shows the
embodiment including a fold mirror and a single array of
mirrors, the following comments apply equally well to the
embodiment having separate arrays of input and output
mirrors directly coupled to each other without the use of a
fold mirror. Only three wavelength-separated rows are illus-
trated. The optical switching is perfonned only within
respective wavelength-separated rows. For example, an
input beam 290 is incident upon a first input mirror 260, and
is refiected therefrom to the fold mirror 206. The operation
of second input mirror 2602 is similar to that of the first. The
input mirror 260, is tiltable about its major axis, illustrated
as vertical, so that its reflected beam, after being refiected
from the fold mirror 206, strikes either a first output mirror
2603 or a second output mirror 260,, to produce respective a
first output beam 292 or a second output beam 294. The
major—axis tilts of the first and second output mirrors 2603,
2604 are controlled in somewhat complementary fashion to
those of the input mirrors 260,, 2602 so that the output
beams 292, 294 approximately follow the same path regard-
less of which input mirror 260,, 260, produces that output
beam. The above describes the principal switching opera-
tions using the one mirror tilt axis.

The other mirror tilt axis, the minor axis, can be used for
power adjustment as well as for tuning for instrumental
effects in the optical components. Assuming that the gross
switching angles of the major tilt axes are set to couple the
first input beam 290 to the second output beam 294, the first
input mirror 2601 can be tilted about its second (minor) tilt
axis (extending generally horizontally as illustrated) so as to
produce an adjusted second output beam 296 that is verti-
cally displaced from the unadjusted second output beam
294. However, it is anticipated that the major control for
equalization will be etfected by tilting the output mirror 2604
about its second tilt axis to set the angular direction of the
adjusted second output beam 296 and thereby control the
position on the concentrator at which the output beam falls,
thereby controlling the coupling between the output beam
and the output waveguide.

In a white-light cross-connect, there is no wavelength
direction in the array. For a two-dimensional array of input
fibers, the mirrors in the array typically have the same
arrangement as the fibers. If desired, tilting about the second
axis is not required if equalization is performed about the
first, channel switching axis. However, the second axis
tilting is nonetheless desired for optimization. It is noted that
a one-dimensional array of MEMS mirrors may be advan-
tageously used in a white-light system in which each of the
input and output fibers are aligned in respective linear arrays
or in a single linear array.

The fundamental control mechanism of the optical
switches based on tilting mirrors is the degree of coupling
between the free-space optical beams within the switch and
the waveguides of the concentrator 170, for example, as
already illustrated in FIG. 10, between the beam 186 and the
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concentrator waveguide 176. On the simplest level, if the
beam 186 is not aligned with the waveguide 186, the two are
not coupled. If the beam 186 is instead aligned with another
waveguide 172, 174, 178, then it is coupled to that
waveguide. More rigorously, the coupling M between a
beam and a concentrator waveguide is given by

M-IJ‘l’i.....(:a .v)‘F“.....=(x. yltitdx

where ‘l’,,,,,,,, is the complex optical modal field of the beam,
'-Pew, is the complex optical modal field of the concentrator
waveguide, and the integral is taken across the two-
dimensional interface between the beam and waveguide,
which is assumed to be at a fixed value of z. The equation
ignores nonnalizing constants of the two fields. If the two
modal fields are congruent, M==l.

The above coupling equation applies to both switching to
a dilferent output port and for optimizing transmission and
equalizing power levels. However, switching usually
involves nearly complete changes of adjusting from very
small transmimion coefficients, for example, of less than 1%
to transmission coefficients above, for example, 50% while
optimizing and equalization involves only fractional
changes, for example, between 10% and 100%.

There are two principal types of misalignment or mis-
match between the beam and waveguide. Positional mis-
match occurs when, as illustrated in the cross-sectional view
of FIG. 17, the central axis of the beam 186 is ofliset slightly
from the central axis of the waveguide 176. The figure, being
suggestive only, does not illustrate the smooth variation of
the optical fields both inside and outside of the illustrated
beam 186 and waveguide 176 and across the lateral inter-
face. The figure further assumes that the two modal fields
have the same width, which is the typical object of optical
design. On the other hand, angular mismatch occurs when,
as illustrated in the cross-sectional view of FIG. 18, the
beam 186 is angularly inclined with respect to the
waveguide 176 even if their central axes cross at their
interface. Angular mismatch degrades the coupling because
a phase mismatch occurs between the two fields at the
interface arising from the axial z-dependence of the two
complex fields. It has been found that couphng is degraded
by about 1 dB per micrometer ofpositional mismatch and by
about 1 dB per degree of angular ofilset but the angular
dependence depends strongly upon the optics. It should be
appreciated that a beam can be both positionally and angu-
larly mismatched with a waveguide. It should be yet further
appreciated that the mismatch can occur at the input fiber
and its beam field defined by the rest of the optical system.
The use of both an input and an output mirror, each of which
are separately tiltable, allows the control between positional
and angular mismatching although equalization control is
more easily confined to the output mirror.

Two-axis tiltable micromirrors have been proposed before
for white-light cross connects because the white-light fibers
are generally arranged in two-dimensional arrays. It is
believed that two-axis tiltable micromirrors are novel for

WDM systems where typically there is a limited number of
fibers that can be arranged in a linear array. Hence, for such
WDM systems, two-axis tilting is not inherently required.
However, two-axis tilting in WDM system allows not only
equalization but also optimization within a single channel of
the switching system in view of manufacturing variability
and aging of the other optical components of the system.
Such optimization in the orthogonal direction is desirable
even if inter-channel equalization is not an issue because
manufacturing and environmental conditions cannot be infi-
nitely controlled. Further, the degree of minor axis tilting
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can be limited to no more than 10% of the tilting in the major
axis. ‘This limited minor-axis tilt range becomes important as
the number of WDM fibers increases to 8 and beyond for
switching systems of increased complexity. Two-axis tilt-
able mirrors are more easily designed when only one axis
requires increased tilting to reach an increased number of
fiber ports. It has been stated before that for WDM channel
switching may be performed by tilting the mirrors about
their major axes and that power adjustment performed by
tilting the mirrors about their minor axes. However, the
situation is more complex.

Tilting about the major axis can be performed both at the
large angles corresponding to the positions of the mirrors
and at finer angular resolution within the large angles. The
finer tuning can be used to adjust power either for optimi-
zation or for equalization. That is, the major axis tilt can be
used for both channel switching and power equalization.
However, power detuning about the major axis incurs the
possible problem of increasing cross talk. Moving a beam
ofi maximum alignment with its waveguide in the direction
of a closely neighboring waveguide may increase the cross
talk between the two channels. On the other hand, minor axis
tuning seems to affect the pass band. An optimization
technique, rather than equalization, involves aligning the
minor axis to improve angular alignment arising from mirror
offset.

White-light MEMS switches for interconnecting fibers
arranged in two-dimensional bundles need both tilting axes
to effect channel switching between arbitrary pairs of the
fibers. Nonetheless, power equalization can be achieved by
partial tilting in either of the two tilt directions or perhaps in
an oblique direction.

Power tuning or equalization needs to be distinguished
from optimization tuning in which the tilt positions produc-
ing maximum coupling are established. Calibration tuning is
typically a dynamic hunt for the tilt positions about both the
major and minor axes producing maximum intensity of
signal detected by the optical power monitor. Once the peak
is found, the transmission may be detuned, preferably by
tilting the output mirror about its major or minor axis away
from the maximum overlap of the output beam with the
output waveguide.

Each time an input optical signal is routed to a new output
fiber, the microprocessor reads the optimum position set-
tings for both axes of both the input and output mirrors
associated with this routing combination and sets the mirror
positions accordingly. Optimmn mirror settings may have
changed since this routing combination was last used due to
changes in environmental conditions, such as vibration,
thermal expansion, fiber stress, etc., so the microprocessor
will then need to hunt for a new maximum in measured

power by making small adjustments to the mirror settings,
using, for example, a gradient descent algorithm, until the
positions of peak intensity are determined.

Once the transmission coupling is optimized, the power of
the output signals may be intentionally degraded to obtain
equalization or other adjustment of power with the other
output signals. Equalization may be achieved by reducing
the angle on the minor axis until equalization is obtained
following Newson’s method in which the new minor-axis
angle is estimated by computing the change in power
necessary to obtain equalization divided by the angular
derivative of power. This method is repeated until equaliza-
tion is obtained. The derivative of the output power with
minor-axis position must be learned by the microprocessor.
Each time a mirror is adjusted to a new position, the angular
derivative is computed using the measured change in power
divided by the commanded change in angle.



US 6,798,941 B2

19

Alternatively, the power detuning may be accomplished
by using the diflference between the the measured power and
the desired power as an error signal and adjusting to reduce
the error signal.

Rather than calibrating for maximum transmission, the
optimization may be used to flatten the wavelength passband
of the optical switch.

Another application of the dual-axis power tilting of the
invention arises particularly in more complex switches hav-
ing three or more output fibers. As illustrated in the plan
view of FIG. 19, a concentrator 300 includes one input
waveguide 302, from which the optical switch selectively
connects a wavelength channel to one of three output
waveguides 304, 306, 308, all the waveguides 302-308
being disposed along a facial axis 310 in the output face of
the concentrator 300. If at some time the switch is connect-

ing one wavelength channel from the input waveguide 302
to the closest output waveguide 304 but is then instructed to
reconfigure the connection to the farthest output waveguide
308, the most apparent method of readjusting the minors
would change the mirror tilts about the major axis, whereby
any optical power emanating from the input waveguide 302
is swept along the facial axis 310 fmm the closest to the
farthest output waveguide 304, 308. However, at some time
during the sweep, the radiation coincides with the interme-
diate output waveguide 306, which is not involved in either
of the connections. The radiation spuriously induced in the
intermediate output waveguide 306 will momentarily pro-
duce severe cross talk.

Another aspect of the invention allows the beam being
switched to be turned olf hard, preferably to at least -40 dB,
by using the mirrors to cause the switching beam to follow
an ofiset path 312 involving first a minor axis tilt in the
wavelength direction away from the facial axis 300, sec-
ondly a major axis tilt in the fiber direction, and third a minor
axis tilt toward the facial axis 300 to steer the beam to

become coincident with the desired output waveguide 308
while avoiding the intermediate output waveguide 306.

Although the invention has been explained in the context
of a multi-wavelength WDM switching system, many of the
aspects of the invention can be applied to a white light
switching system in which no wavelength separation is
performed.

Further, although the invention has been described for use
with a MEMS array of mirrors tiltable about central torsion
beams, many of the aspects of the invention may be used
with other types of optical switching elements. The mirrors
may be movable in motions other than the central tiling of
the described embodiment. Other types of switching ele-
ments were described briefly in the background section.
Preferably, however, the optical switching elements include
the capability of spatially steering beams to effect both line
and coarse adjustments. In the case of mirrors, the adjust-
ments may be made by tilting in perpendicular directions for
two—axis mirrors or in the same direction. The dual-axis

control of the invention provides increased flexibility and
performance of an optical switching switching.

For the many aspects of the invention including aspect of
power equalization, it is not required that free-space optics
be used either for the dispersion, the switching, or the power
adjustment.

The invention allows for substantially increasing the
capability in optical cross connects while only slightly
increasing the cost or complexity.

What is claimed is:

1. An optical switching system comprising:

at least one movable mirror for selectively coupling an
optical signal from an input port to any of a plurality of
output ports according to a position of said mirror;
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an optical detector receiving a portion of light coupled to
one of said output ports to measure an intensity of said
light; and

a controller receiving an output of said optical detector
and in response adjusting said position ofsaid mirror to
elfect control of said intensity.

2. The system of claim 1 comprising a plurality of said
mirrors, a plurality of said optical signals from a plurality of
said input ports, and a plurality of said optical detectors
receiving portions of light coupled to each of said mirrors
and wherein said controller adjust said position of at least
one of said mirrors to control relative sizes of two of said
intensities.

3. The system of claim 2 further comprising a dispersive
element for spatially separating said plurality of multi-
wavelength signals into said plurality of said optical signals.

4. The cross connect system of claim 1 further comprising
a second optical detector receiving a portion of light coupled
to one of said input ports.

5. The system of claim 1, wherein said movable mirror is
a tiltable mirror and wherein said position is a tilt position.

6. A cross connect system for selectively and optically
interconnecting a plurality of optical input channels to a
plurality of optical output channels, comprising:

a controller

an optical cross connect controlled by said controller and
capable of switching signals fmm one of said input
channels to a selected one of said output channels under
control of said controller, wherein said optical cross
connect includes a plurality of tiltable mirrors for
reflecting light from respective ones of said input
channels to selected ones of said output channels; and

an optical power monitor tapping portions of power of
said output channels to determine intensities of optical
signals on each of said output channels;

wherein said controller in response to intensities deter-

mined by said optical power monitor fractionally
adjusts one or more optical power transmission coef-
ficients between one of said input channels and said
selected one of said output channels of said optical
cross connect and wherein said controller controls tilt

angles of said mirrors to select said output channels and
to fractionally adjust said power transmission coeEi-
cients.

7. The cross connect system of claim 6, wherein said
tiltable mirrors are included in a micro electromechanical

system array.

8. The cross connect system of claim 6,

wherein said input channels are included as wavelength
components in a plurality of multi-wavelength input
signals, and

further comprising a dispersive element dispersing said
multi-wavelength input signals into spatially separated
ones of wavelength components incident upon respec-
tive ones of said minors.

9. The cmss connect system of claim '7, wherein said
mirrors are tiltable along a first direction and along an
orthogonal second direction.

10. 'l11e cross connect system of claim 9, wherein said
controller controls a switching route between said input
channels and said output channels by tilting said mirrors
only along said first direction.

11. The cross connect system of claim 10, wherein said
control tilts said mirrors along said second direction to effect
one of transmission optimization and power transmission
through said system.
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12. The cross connect system of claim 9, wherein said
controller controls at switchirig route between said input
channels and said output channels by tilting said mirrors
along both said first direction and said second direction.

13. The cross connect system of claim 6, wherein said
controller adjusts at least some of the power transmission
coefiicients to be less than maximum values thereof.

14. Awavelength division multiplexing cross connect for
interconnecting selected wavelength components in a plu-
rality of primary input beams to a plurality of primary output
beams, comprising:

a wavelength-dispersive element receiving from an output
side of said cross connect said plurality of primary
input beams and said plurality of primary output beams
to thereby create a two-dimensional array of secondary
beams arranged in one direction according said primary
beams and in a second direction according to wave-
length; and

a two-dimensional array of mirrors tiltable about respec-
tive first and second axes and positioned to receive
respective dilferent ones of said secondary beams to
refiect therefiom respective tertiary beams.

15. The cross connect of claim 14, further comprising a
fold mirror positioned to reflectively couple respective pairs
of said tertiary beams.

16. The cross connect of claim 14, wherein tilting of said
mirrors about said first axes elfects switching from one of
said primary input beams to a selected one of said primary
output beams.

17. The cross connect of claim 14, wherein tilting of said
mirrors about said second axes effects control of transmis-

sivity through said cross connect.
18. The cross connect of claim 17, wherein tilting of said

mirrors about said first axes also effects control of transmis-

sivity through said cross connect.
19. The cross connect of claim 14, further comprising an

optical power monitor measuring output power of each
wavelength component of each of said primary output
beams and therefrom controlling said tilting of said mirrors
to effect a fractional change in power transmission through
said crom connect.

20. The cross connect of claim 19, further comprising a
second optical power monitor measuring input power of
each wavelength component of said input beams.

21. Amethod of interconnecting an input optical commu-
nications channel to a plurality of output optical communi-
cations channels comprising the steps of:

connecting said input optical communications channel to
a selected one of said output optical communications
channels through an optical switching network;

monitoring a power on said selected one output optical
communications channel; and

hi response to said monitoring step, adjusting a transmis-
sion coefficient through said switching network of said
one input optical communications channel to said
selected one output optical communications channel,
wherein said transmission coeflicient is adjust to be less
than its maximum adjustable value.

22. The method of claim 21, wherein said switching
network is an all-optical switching network.

23. The method of claim 21, wherein said optical switch-
ing network includes a plurality of movable mirrors and
wherein said transmission coeflicient is adjusted by moving
at least one of said movable mirrors.

24. The method of claim 23, wherein said connecting step
includes moving at least one of said movable mirrors.
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25. The method of claim 23, wherein said at least one of
said rnovable mirrors is also used in said connecting step.

26. The method of claim 21 further comprising spectrally
and spatially dispersing at least one multi-wavelength signal
into said optical communications channels.

27. The method of claim 21 further comprising monitor-
ing a power on at least one of said input communications
channels.

28. A method for controlling an optical cross connect
which includes a plurality of individually controllable trans-
missive elements comprising:

adjusting said transmissive elements to effect selective
optical coupling between a plurality of input beams to
a plurality of output beam

monitoring optical powers on said plurality of output
beams; and

in response to said monitoring step, adjusting a transmis-
sion of said transmissive elements to achieve a prede-
termined relationship of optical powers between said
plurality of output beams.

29. The method of claim 28, wherein said transmissive
elements are rotatable mirrors and said adjusting includes
rotating said mirrors.

30. The method of claim 28, additionally comprising
monitoring optical powers on said plurality of input beams.

31. The method of claim 28, wherein said input and output
beams are wavelength-separated components of a plurality
of multi-wavelength input and output signals.

32. The method of claim 28, wherein said predetermined
relationship is a predetermined ratio of said optical powers.

33. Amethod of interconnecting an input optical commu-
nications channel to a selected one of a plurality of optical
output channels wherein said output communication chan-
nels have ports aligned along an axis and wherein at least
one mirror is tiltable along a first direction to switch said
optical input channel to any of said plurality of optical
output channels and is tiltable along a second direction,
wherein when said input optical channel is to be switched to
a first one of said output channels to a second one of said
output channels separated along said axis by a third output
channel, said method comprises the sequential steps of:

tilting said mirror at least partially along said first direc-
tion to move an output beam away from said first
optical input channel in a direction away from said
axis;

tilting said mirror at least partially along said second
direction; and

tilting said mirror along at least partially along said first
direction to move said output beam toward said second
optical output beam in a direction towards said axis.

34. A cross connect system for selectively and optically
interconnecting a plurality of optical input signals to
selected ones of a plurality of optical output signals, com-
prising:

a controller;

an optical cross connect controlled by said controller,
receiving said optical input signals from a plurality of
input fibers, outputting said optical output signals to a
plurality of output fibers, and capable of switching an
optical input signal from any of said input fibers to a
selected one of said output fibers;

input power taps connected to respective ones of said
input fibers, each for tapping from said respective input
fiber a fractional portion of an optical power carried
therein;

output power taps connected to respective ones of said
output fibers, each for tapping from said respective
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output fiber a fractional portion of an optical power
carried therein; and

an optical power monitor receiving outputs of said input
and output power taps;

wherein said controller responsive to said optical power
monitor adjusts an optical power transmission coeffi-
cient of at least one of said optical input signals through
said optical cross connect.

35. The cross connect system of claim 34, wherein each
of said input and output fibers carries a plurality of
wavelength—separated optical signals within a wavelength
band and wherein said input and output power tap said
fractional portions without regard to wavelength.

36. The cross connect system of claim 34, wherein each
of said input and output fibers carries a plurality of
wavelength—separated optical signals within a wavelength
band and said controller adjusts optical power transmission
coeflicients for selected ones of said wavelength—separated
optical.
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37. A optical switching system for connecting a plurality
of input fibers to a plurality of output fibers, comprising:

an array of mirrors tiltable about respective first and

second axes orthogonal to each, wherein tilting of said
one of said mirrors about said first axis selects an

optical connection between one of said input fibers and
one of said fibers;

an array of optical detectors receiving light refiected from
respective ones of mirrors; and

a controller responsive to said optical detectors control-

ling said mirrors to tilt about said second axes to effect
partial attenuation of light refiected by said mirrors
from said input fibers to said output fibers.
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