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A reduced polarization-dependent loss optical device utiliz 
ing tWo or more dispersive elements or a single dispersive 
element and a turning mirror, Wherein the optical signal 
makes tWo passes through said single dispersive element 
When re?ected from said turning mirror, and Wherein the tWo 
or more dispersive elements or double pass single dispersive 
element has loWer dispersion compared to a functionally 
equivalent single dispersive element, resulting in loWer polar 
ization dependent loss, reduced chromatic dispersion and 
increased Wavelength dispersion. Moreover, a Wavelength 
selective sWitch incorporating the optical device utilizing 
aperture-shared optics and functionally distinct planes of 
operation that enables high ?ber port counts, such as 1x41, 
and multiplicative expansion, such as to 1x83 or 1x145, by 
utilizing elements optimized for performance in one of the 
functionally distinct planes of operation Without affecting the 

28, 2008. other plane. 
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WAVELENGTH SELECTIVE SWITCH WITH 
REDUCED CHROMATIC DISPERSION AND 

POLARIZATION-DEPENDENT LOSS 

PRIORITY CLAIM TO RELATED US 
APPLICATIONS 

[0001] To the full extent permitted by laW, the present 
United States Non-Provisional patent application claims pri 
ority to and the full bene?t of United States Provisional patent 
application entitled “Wavelength Selective SWitch Having 
Distinct Planes of Operations”, ?led on Feb. 28, 2008, having 
assigned Ser. No. 61/067,635 and United States patent appli 
cation entitled “Wavelength Selective SWitch Having Distinct 
Planes of Operations”, ?led on Jul. 23, 2008, having assigned 
Ser. No. 12/220,356, incorporated entirely herein by refer 
ence. 

TECHNICAL FIELD 

[0002] The present invention relates generally to optical 
communications, and more speci?cally relates to Wavelength 
division multiplexing. 

BACKGROUND OF THE INVENTION 

[0003] Modern communications netWorks are increasingly 
based on silica optical ?ber Which offers very Wide bandWidth 
Within several spectral Wavelength bands. At the transmitter 
end of a typical point-to-point ?ber optic communications 
link, an electrical data signal is used to modulate the output of 
a semiconductor laser emitting, for example, in the 1525 
1565 nanometer transmission band (the so-called C-band), 
and the resulting modulated optical signal is coupled into one 
end of the silica optical ?ber. On suf?ciently long links, the 
optical signal may be directly ampli?ed along the route by 
one or more ampli?ers, for example, optically-pumped 
erbium-doped ?ber ampli?ers (EDFAs). At the receiving end 
of the ?ber link, a photodetector receives the modulated light 
and converts it back to its original electrical form. For very 
long links, the optical signal risks becoming excessively dis 
torted due to ?ber-related impairments, such as, chromatic 
and polariZation dispersion, and by noise limitations of the 
ampli?ers, and may be reconstituted by detecting and re 
launching the signal back into the ?ber. This process is typi 
cally referred to as optical-electrical-optical (OEO) regenera 
tion. 

[0004] In recent developments, the transmission capacity 
of ?ber optic systems has been greatly increased by Wave 
length division multiplexing (WDM) in Which multiple inde 
pendent optical signals, differing uniquely by Wavelength, are 
simultaneously transmitted over the ?ber optic link. For 
example, the C-band transmission WindoW has a bandWidth 
of about 35 nanometers, determined partly by the spectral 
ampli?cation bandWidth of an EDFA ampli?er, in Which 
multiple Wavelengths may be simultaneously transmitted. All 
else being equal, for a WDM netWork containing N number of 
Wavelengths, the data transmission capacity of the link is 
increased by a factor of N. Depending on the speci?cs of a 
WDM netWork, the Wavelength multiplexing into a common 
?ber is typically accomplished With devices employing a 
diffraction grating, an arrayed Waveguide grating, or a series 
of thin-?lm ?lters. At the receiver of a WDM system, the 
multiple Wavelengths can be spatially separated using the 
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same types of devices that performed the multiplexing, and, 
then separately detected and output in their original electrical 
data streams. 

[0005] Dense WDM (DWDM) systems are being designed 
in Which the transmission spectrum includes 40, 80, or more 
Wavelengths With Wavelength spacing of less than 1 nanom 
eter. Current designs have Wavelength spacing of betWeen 0.4 
and 0.8 nanometer, or equivalently a frequency spacing of 50 
to 100 GHZ respectively. Spectral packing schemes alloW for 
higher or loWer spacing, dictated by economics, bandWidth, 
and other factors. Other ampli?er types, for example Raman, 
that help to expand the available WDM spectrum are cur 
rently being commercialized. HoWever, the same issues about 
signal degradation and OEO regeneration exist for WDM as 
With non-WDM ?ber links. The expense of OEO regenera 
tion is compounded by the large number of Wavelengths 
present in WDM systems. 
[0006] Modern ?ber optic netWorks are evolving to be 
much more complicated than the simple point-to-point “long 
haul” systems described above. Instead, as ?ber optic net 
Works move into the regional, metro, and local arenas, they 
increasingly include multiple nodes along the ?ber span, and 
connections betWeen ?ber spans (e.g., mesh netWorks and 
interconnected ring netWorks) at Which signals received on 
one incoming link can be selectively sWitched betWeen a 
variety of outgoing links, or taken off the netWork completely 
for local consumption. For electronic links, or optical signals 
that have been detected and converted to their original elec 
trical form, conventional electronic sWitches directly route 
the signals to their intended destination, Which may then 
include converting the signals to the optical domain for ?ber 
optic transmission. HoWever, the desire to sWitch ?ber optic 
signals While still in their optical format, thereby avoiding 
expensive OEO regeneration to the largest extent possible, 
presents a neW challenge to the sWitching problem. 

[0007] SWitching 
[0008] In the most straightforWard and traditional ?ber 
sWitching approach, each netWork node that interconnects 
multiple ?ber links includes a multitude of optical receivers, 
Which convert the signals from optical to electrical form, a 
conventional electronic sWitch Which sWitches the electrical 
data signals, and an optical transmitter Which converts the 
sWitched signals from electrical back to optical form. In a 
WDM system, this optical/electrical/optical (OEO) conver 
sion must be performed by separate receivers and transmitters 
for each of the W Wavelength components on each ?ber. This 
replication of expensive OEO components is currently sloW 
ing the implementation of highly interconnected mesh WDM 
systems employing a large number of Wavelengths. 
[0009] Another approach for ?ber optic sWitching, imple 
ments sophisticated Wavelength sWitching in an all-optical 
netWork. In one version of this approach, the Wavelength 
components W from an incoming multi-Wavelength ?ber are 
de-multiplexed into different spatial paths. Individual and 
dedicated sWitching elements then route the Wavelength 
separated signals toWard the desired output ?ber port before a 
multiplexer aggregates the optical signals of differing Wave 
lengths onto a single outgoing ?ber. In conventional ?ber 
sWitching systems, all the ?ber optic sWitching elements and 
associated multiplexers and de-multiplexers are incorporated 
into a Wavelength selective sWitch (WSS), Which is a special 
case of an enhanced optical cross connect (OXC) having a 
dispersive element and Wavelength-selective capability. 
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Additionally, such systems incorporate lenses and mirrors 
Which focus and re?ect light, and lenslets Which collimate 
such light. 
[0010] Advantageously, all the ?ber optic switching ele 
ments can be implemented in a single chip of a micro elec 
tromechanical system (MEMS). The MEMS chip generally 
includes a tWo-dimensional array of tiltable mirrors Which 
may be separately controlled. US. Pat. No. 6,097,859 to 
Solgaard et al. describes the functional con?guration of such 
a MEMS Wavelength selective sWitch (WSS), Which accepts 
Wavelengths from an incoming ?ber and is capable of sWitch 
ing them to any one of multiple outgoing ?bers. The entire 
sWitching array of up to several hundred micro electrome 
chanical system (MEMS) mirrors can be fabricated on a chip 
having dimensions of less than one centimeter by techniques 
Well developed in the semiconductor integrated circuit indus 
try. 
[0011] Solgaard et al. further describe a large multi-port 
(including multiple input M and multiple output N ?ber ports) 
and multi-Wavelength WDM Wavelength selective sWitch 
(WSS), accomplishing this by splitting the WDM channels 
into their Wavelength components W and sWitching those 
Wavelength components W. The WSS of Solgaard et al. has 
the capability of sWitching any Wavelength channel on any 
input ?ber port to the corresponding Wavelength channel on 
any output ?ber port. Again, a Wavelength channel on any of 
the input ?bers can be sWitched to the same Wavelength 
channel on any of the output ?bers. Each MEMS mirror in 
today’s WDM Wavelength selective sWitch is dedicated to a 
single Wavelength channel Whether it tilts about one or more 
axes. 

[0012] As ?ber port counts increase, hoWever, the siZe of 
the optics of such WDM Wavelength selective sWitches groWs 
quickly. In turn, the siZe of the device increases, and the 
sWitching element(s) must provide a greater spatial path 
de?ection of the Wavelength components. For example, 
Where a MEMS mirror array is employed, the increased siZe 
of the device requires a greater tilt angle, increasing the cost 
of the MEMS mirror array, and increasing the defect rate. 
Furthermore, many such WDM Wavelength selective 
sWitches require elements dedicated to a particular special 
path, i.e., tuned for a particular ?ber port. Such dedicated 
elements increase costs by virtue of their number, but also 
typically require extremely high performance characteristics 
and loW tolerances, Which, likeWise, increases costs. 
[0013] Therefore, it is readily apparent that there is a need 
for an improved WDM Wavelength selective sWitch that 
alloWs for increased ?ber port counts Without substantially 
increasing the siZe of the device, and at the same time, reduces 
the performance requirements for the components thereof, 
including the sWitching elements. 

BRIEF SUMMARY OF THE INVENTION 

[0014] Brie?y described in a preferred embodiment, the 
present invention overcomes the above-mentioned disadvan 
tages and meets the recogniZed need for such a system by 
providing a Wavelength selective sWitch (WSS) With reduced 
chromatic dispersion and/or loW polarization-dependent loss 
and utiliZing aperture-shared optics to increase the ?ber port 
capacity and optical performance of the WSS, While simul 
taneously reducing the performance requirements for indi 
vidual components thereof, Wherein optimiZation of optical 
performance in functionally distinct orthogonal planes is 
enabled. 
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[0015] According to its major aspects and broadly stated, 
the present WSS in its preferred form, comprises a reduced 
chromatic dispersion and/or loW polarization-dependent loss 
optical system utiliZing tWo or more dispersive elements or a 
double-pass single dispersive element and a turning mirror, 
Wherein the optical signal makes tWo passes through said 
single dispersive element When re?ected from said turning 
mirror, and Wherein the tWo or more dispersive elements or 
double pass single dispersive element have reduced disper 
sion compared to a functionally equivalent or similar single 
dispersive element, thus resulting in reduced chromatic dis 
persion effects and increased Wavelength dispersion. In an 
alternate embodiment, the WSS may comprise a plurality of 
?ber ports in operable communication With a dispersive ele 
ment adapted to separate an optical signal into Wavelength 
components, and a sWitching element adapted to direct a 
selected Wavelength component of an optical input signal 
from an input ?ber port to a selected one of the other ?ber 
ports for output (a l><N sWitch). In another alternate embodi 
ment, the sWitching element is adapted to direct a selected 
Wavelength component of an optical input signal from a 
selected one of a plurality of input ?ber ports to a single 
output ?ber port (an N><l sWitch). 
[0016] More speci?cally, the present WSS preferably com 
prises a plurality of ?ber ports substantially aligned Within a 
sWitching plane, a plurality of optical elements as disclosed 
herein operable With each Wavelength component of each 
input or output signal associated With each ?ber port, includ 
ing (1) a plurality of lenses, or their equivalent, (2) a diffrac 
tion grating or other dispersive element, or tWo or more dis 
persive elements, or a double-pass single dispersive element 
and a turning mirror, or its equivalent, and (3) a plurality of 
individually controllable mirrors, each associated With a 
selected Wavelength, or their equivalent. In an alternate 
embodiment, each of the plurality of mirrors is preferably 
aligned Within a dispersion plane, Wherein the dispersion 
plane is substantially orthogonal With respect to the sWitching 
plane. Some elements of the Wavelength selective sWitch, 
such as the diffraction grating and certain lenses, are designed 
to be active only in the dispersion plane. While other elements 
of the Wavelength selective sWitch, such as certain other 
lenses, are designed to be active only in the sWitching plane. 
Still other elements of the Wavelength selective sWitch, such 
as certain lenses, are designed to be active in both planes. 

[0017] For example, in a preferred embodiment of the 
present WSS the plurality of optical elements includes, an 
optical telescope comprising tWo preferably spherical lenses, 
i.e., a ?rst telescope lens and a second telescope lens, dis 
posed betWeen the ?ber port/free-space interface and the ?rst 
cylindrical lens. The ?rst telescope lens is preferably dis 
posed at a distance from the ?ber port/free-space interface 
approximately equal to the focal length of the ?rst telescope 
lens, and the second telescope lens is preferably disposed at a 
distance from the ?ber port/free-space interface approxi 
mately equal to the sum of the focal length of the second 
telescope lens and tWice the focal length of the ?rst telescope 
lens. The second telescope lens is preferably further disposed 
at a distance from the ?rst telescope lens approximately equal 
to the sum of the focal length of the second telescope lens and 
the focal length of the ?rst telescope lens. The ?rst and second 
telescope lenses are active in both the sWitching plane and the 
dispersion plane, and essentially form a “telescope” in front 
of the ?ber array. A ?rst cylindrical lens (L1) is preferably 
disposed at a distance from the second telescope lens, 
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approximately equal to the sum of the focal length of the 
second telescope lens, and the focal length of the ?rst cylin 
drical lens thereof, Wherein the ?rst cylindrical lens is active 
in the switching plane and passive in the dispersion plane. A 
second cylindrical lens (L2) is preferably disposed at a dis 
tance from the ?rst cylindrical lens approximately equal to the 
sum of the focal length of the second cylindrical lens and the 
focal length of the ?rst cylindrical lens thereof, Wherein the 
second cylindrical lens is active in the sWitching plane and 
passive in the dispersion plane. A third cylindrical lens (L4) is 
preferably disposed at a distance from the interface betWeen 
the second telescope lens and ?rst cylindrical lens approxi 
mately equal to the sum of focal length thereof, Wherein the 
third cylindrical lens is active in the dispersion plane and 
passive in the sWitching plane. Depending upon the selected 
embodiment, either the diffraction grating, dispersive ele 
ment, tWo or more dispersive elements, or a double-pass 
single dispersive element and a turning mirror is preferably 
disposed at a distance from the third cylindrical lens approxi 
mately equal to the focal length of the third cylindrical lens, 
Wherein the diffraction grating is preferably active in the 
dispersion plane and passive in the sWitching plane. The 
diffraction grating is additionally preferably disposed at a 
distance from the interface betWeen the second telescope lens 
and ?rst cylindrical lens approximately equal to the sum of 
tWice the focal length of the ?rst cylindrical lens and tWice the 
focal length of the second cylindrical lens. The diffraction 
grating, dispersive element, or tWo or more dispersive ele 
ments, or double-pass single dispersive element and turning 
mirror is additionally preferably disposed at a distance from 
the interface betWeen the second telescope lens and ?rst 
cylindrical lens approximately equal to tWice the focal length 
of the third cylindrical lens. A third spherical lens (L3) is 
preferably disposed at a distance from the diffraction grating 
approximately equal to the focal length of the third spherical 
lens, Wherein the third spherical lens is active in both the 
dispersion plane and the sWitching plane. An array of MEMS 
mirrors is preferably disposed at a distance from the third 
spherical lens approximately equal to the focal length of the 
third spherical lens. 
[0018] The mirrors are preferably formed as a MEMS mir 
ror array, Wherein each mirror is preferably tiltable about an 
axis perpendicular to the sWitching plane and Within the dis 
persion plane, Wherein rotation of a selected mirror about its 
axis directs a selected Wavelength component of an input 
signal to a selected output ?ber port. 

[0019] In the dispersion plane, an input optical signal of a 
?rst ?ber port preferably enters free-space upon exiting a ?ber 
optic cable, or Waveguide, associated thereWith, is magni?ed 
by the ?rst and second spherical lenses, passes substantially 
unaltered through the ?rst cylindrical lens, passes substan 
tially unaltered through the second cylindrical lens, is focused 
by the third cylindrical lens, is angularly dispersed into con 
stituent Wavelength components by the diffraction grating, 
Whereafter each constituent Wavelength component is 
focused on an associated one of the plurality of mirrors by the 
third spherical lens. 
[0020] In the sWitching plane, an input optical signal of a 
?rst ?ber port preferably enters free-space upon exiting a ?ber 
optic cable, or Waveguide, associated thereWith, is magni?ed 
by the ?rst and second spherical lenses, is focused by the ?rst 
cylindrical lens, passes substantially unaltered through the 
third cylindrical lens, is focused by the second cylindrical 
lens, is focused by the third cylindrical lens, passes unaltered 

Sep.3,2009 

through the diffraction grating, and is focused on an associ 
ated one of the plurality of mirrors by the third spherical lens. 
Each of the mirrors is selectively adjusted by tilting about the 
axis to cause the associated Wavelength component to travel 
to a selected output ?ber optic cable, or Waveguide, thereby 
connecting the input ?ber port and the output ?ber port (for 
the associated Wavelength component). 
[0021] After re?ection, in the sWitching plane, each Wave 
length component passes back through the third spherical 
lens, and being focused thereby, passing unaltered through 
the diffraction grating, being focused by the second cylindri 
cal lens, passing substantially unaltered through the third 
cylindrical lens, and ?nally being focused on the output ?ber 
port by the ?rst cylindrical lens and by the ?rst and second 
spherical lenses. In the dispersion plane, the selected Wave 
length component re?ected from each mirror passes back 
through the third spherical lens, being focused thereby; 
passes back through the diffraction grating, Where it is com 
bined With the other selected Wavelengths to form a single 
WDM beam; passes unaltered through the second cylindrical 
lens; passes through the third cylindrical lens being focused 
thereby; passes unaltered through the ?rst cylindrical lens; 
and ?nally being focused on the output ?ber port by the ?rst 
and second spherical lenses before reaching the output ?ber 
port. 
[0022] Thus, the Wavelength selective sWitch preferably 
comprises optical elements selected to optimiZe performance 
of the sWitch in tWo distinct planes, Wherein the ?ber port/ 
free-space interfaces, the diffraction element, and the sWitch 
ing element are all disposed at focal points of the optics in 
both planes. Accordingly, each of the ?ber port/free-space 
interfaces, the dispersive element, and the sWitching element 
are disposed at locations Where the optical signal exhibits a 
Gaussian beam Waist in both planes simultaneously. 
[0023] The telescope preferably functions to reduce exces 
sively large beam Widths at the diffraction grating, thereby 
alloWing a reduction in its siZe, and therefore the cost, of the 
diffraction grating. The telescope preferably further functions 
to alleviate design constraints for the ?rst and second cylin 
drical lenses imposed by the need for narroW beam Widths at 
the sWitching mirrors in the dispersion plane for achieving a 
desired spectral passband shape With smaller mirror dimen 
sions, the need to limit beam Widths at the sWitching mirrors 
in the sWitching plane for limiting the sWitching mirrors’ 
height to Width aspect ratios, and the need to reduce mirror tilt 
angles required for sWitching betWeen ?ber ports spaced a 
given distance apart. 
[0024] Further, the Wavelength selective sWitch comprises 
a plurality of ?ber ports arranged in a ?ber port array, a 
plurality of optical elements operable With each of the plural 
ity of ?ber ports, a dispersion element operable With each of 
the plurality of ?ber ports to separate at least one optical 
signal into a plurality of Wavelength components, and a 
sWitching element operable With each of the plurality of 
Wavelength components and controllable to guide a selected 
one of the plurality of Wavelength components to a selected 
one of the plurality of ?ber ports, Wherein each of at least one 
of the plurality of optical elements, the dispersion element, 
and the sWitching element affects an optical property of at 
least one optical signal in a ?rst plane, and Wherein each of 
said at least one of the plurality of optical elements, the 
dispersion element, and the sWitching element does not affect 
said optical property in a second plane, said ?rst plane being 
generally orthogonal to said second plane. 
































