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OPTICAL CIRCUIT SWITCH COLLIMATOR
TECHNICAL FIELD

[0001] The present description relates generally to optieavorks, and more

particularly, but not exclusively, to optical ciitewitch collimators.

BACKGROUND

[0002] Optical circuit switches (OCSs) are the heart dfaa circuit switching

networks. An OCS includes a number of optical owdliors (e.g., passive collimators),
which direct optical signals into and out of optifteers coupled to the OCS. Example
performance characteristics of a fiber collimataude insertion loss, constancy of beam
waist diameter, location of the beam waist relatovéhe center of the OCS optical path, and
degree of random beam pointing error. The exiSD@$H collimators using etched silicon

or polymer lens arrays may not meet the desirefbpeance characteristics.

SUMMARY

[0003] According to various aspects of the subject teatgpgla collimator device and a
collimator lens array for an optical circuit switahe provided. According to one aspect of
the subject technology, the collimator includegbarfarray including multiple optical fibers
disposed in a hole array. An optical lens arraafligned and coupled to the fiber array. A
spacer is disposed between the fiber array andgteal lens array and provides
substantially uniform spacing between lenses irofftecal lens array and corresponding
fibers in the fiber array. Multiple pads are piosied along edges of a surface of the spacer
facing the optical lens array thereby definingratfseparation gap between the spacer and
the optical lens array. A first epoxy couples spacer to the optical lens array, and a

second epoxy couples the spacer to the fiber array.

[0004] According to another aspect of the subject techqlthe optical lens array
includes a glass substrate having a first surfaf@idg a number of lenses arranged in a
two-dimensional array. The lenses are substayiidintical and each has a respective
radius of curvature that varies by no more thanfrtt¥h the radii of curvature of other
lenses in the optical lens array. The lenses aferamly arranged in the two-dimensional

array with a pitch error of less than 1 microméten).
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[0005] It is understood that other configurations of thbject technology will become
readily apparent to those skilled in the art fréva following detailed description, wherein
various configurations of the subject technology sltown and described by way of
illustration. As will be realized, the subjecth@ology is capable of other and different
configurations and its several details are capabieodification in various other respects,
all without departing from the scope of the subjechnology. Accordingly, the drawings

and detailed description are to be regarded astridltive in nature and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The accompanying drawings, which are included twiplle further understanding
and are incorporated in and constitute a partiefgpecification, illustrate disclosed aspects

and together with the description serve to exptlanprinciples of the disclosed aspects.

[0007] FIG. 1is a diagram illustrating an example of atiaal circuit switch (OCS), in

accordance with one or more aspects of the sutgelehology.

[0008] FIGs. 2A-2B are diagrams illustrating an examplamOCS collimator assembly
and an exploded view of the same, in accordandeamié or more aspects of the subject

technology.

[0009] FIGs. 3A through 3D are diagrams illustrating aaraple of a fiber collimator, a
front view of the collimator array included in thiber collimator, a molded glass optical
lens array, and light collimation through a moldgals lens and a spacer, in accordance

with one or more aspects of the subject technology.

[0010] FIG. 4 is a flow diagram illustrating an examplethoel of manufacturing the
molded glass optical lens array of FIG. 3C, in adance with one or more aspects of the

subject technology.

[0011] FIG.5is a flow diagram illustrating an example hoet of manufacturing the
OCS collimator device of FIG. 2, in accordance vaitte or more aspects of the subject

technology.

[0012] FIG. 6 is a diagram illustrating an example chathe return loss of the

collimator of FIG. 2, in accordance with one or maspects of the subject technology.
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[0013] FIG. 7 is a diagram illustrating an example chéthe return loss of the
collimator of FIG. 2, with and without an anti-re¢tion (AR) coating, in accordance with

one or more aspects of the subject technology.
DETAILED DESCRIPTION

[0014] Disclosed herein are a collimator device and arnalior lens array for an optical
circuit switch. In one or more aspects of the sabjechnology, the collimator device
includes a fiber array formed of a number of optikeers disposed in a hole array. An
optical lens array is aligned and optically coupiedhe fiber array. A spacer is disposed
between the fiber array and the optical lens arfEye spacer provides refractive index
matching to the optical fiber, and a uniform cobition distance between the optical lens
array and the fiber array, enabling control ofhbleam waist size and position of a beam of

the collimator device.

[0015] In some implementations, the optical lens arrajuishes a number of
substantially identical, suitably shaped moldedgl@nses that are characterized by a
surface figure error of less than 200 nanometery.(IThe glass lenses are uniformly
arranged in the optical lens array with a pitcloeaf less than 1 micrometarrq). The

glass lenses have substantially identical radiun¥ature, i.e., the radii of curvature of the
glass lenses vary by no more than 1% across tkealeay. A first epoxy layer may provide
refractive index matching between the spacer aaafitical lens array and a second epoxy
layer may provide refractive index matching betwtenspacer and the optical fiber. The
first and second epoxy bonds are uniformly distebuacross first and second surfaces of

the spacer as described in more detail herein.

[0016] FIG. 1is a diagram illustrating an example of atiaal circuit switch (OCS) 100,
in accordance with one or more aspects of the sutgehnology. The OCS 100 is an all-
optical switching matrix and includes input passiedimators 110 (e.g., 110-1, 110-2 ...
110-N), a mirror array 120, and output passivemaitors 130 (e.g., 130-1, 130-2 ... 130-
N). The input passive collimators 110 include nplét passive collimators that are coupled
to a number N (e.g., in the range of about 128-1000ptical fibers. Input light 108 enters
the input passive collimators 110 through the @ptibers. The light transmitted through

each optical fiber includes one or more optical @eangths¥;). Output light 132 from the
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output passive collimators 130 is provided to ao$etput optical fibers, each carrying
light at the one or more optical wavelength$. (The collimators can be separate individual
collimators or combined into a collimator array saswn, for example, in FIG. 2A. The
input and output passive collimators 110 and 180samucturally similar and are described
in more detail hereinafter. The mirror array 12@imicro-electro-mechanical system
(MEMS) based micro-mirror array that can selectiatect optical beams from individual
optical fibers coupled to the input passive colliona 110 to selected optical fibers coupled
to the output passive collimators 130. The MEMSdaamicro-mirror array (hereinafter
“MEMS array”) 120 includes two sets of micro-mirm@arrays each having a number of
micro-mirrors 122 formed on a substrate 124. Thtef each micro-mirror 122 can be
controlled by applying a voltage between two elsbds associated with each mirror in the
MEMS array 120. For example, by rotating the msrno the MEMS array 120, light from
any input fiber coupled to the input passive cadliors 110 can be coupled to any output
fiber coupled to the output passive collimators.13lhe dotted-line path 112 is a result of
potential beam pointing error that can be correbted control system that controls the
position of the individual mirrors of the MEMS ayra?20.

[0017] FIGs. 2A-2B are diagrams illustrating an examplamfOCS collimator assembly
200A and an exploded view 200B of the same, inr@aswe with one or more aspects of
the subject technology. The OCS collimator assgr2B0A (hereinafter “collimator

200A") shown in FIG. 2A includes a collimator arr2§0, a mounting flange 240, and
optical fibers 232. The flange 240 can be madgtaifhless steel, invar, or any other suitable
material, and secures the collimator array 250¢0QCS assembly 200A. More detail of
the collimator array 250 is shown in and descrivét respect to the exploded view 200B.
The collimator array 250, as shown in the exploded 200B, includes an optical lens
array 210, a spacer 220, a fiber array 230, adroéy 242, a first epoxy 212, and a second
epoxy 222. When used for the output collimatorarfOCS, such as the output collimators
130 shown in FIG. 1, collimated input light beamsee from the free space to the optical
lens array 210, and focused output light is coupdetthe optical fibers 232 of the fiber array
230. When used for the input collimators of theS)6uch as the input collimators 110
shown in FIG. 1, the input light enters from theicgd fibers 232 of the optical fiber array
230 and exits the optical lens array 210, as cali@d output light beams to the MEMS
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array 120 shown in FIG. 1. The optical lens a2a§ is a two-dimensional (2-D) micro-
lens array that includes a number of (e.g., 15800 suitably-shaped micro-lenses (also
referred to as “lenslets”), and can be about 15rf% to 25x25 mr. In some
embodiments, the optical lens array 210 is fabedde.g., via molding) using glass, for
example, a high refractive index glass, whichdasfractive index of 1.78 at 1550 nm. In
one or more embodiments, the lenslets are sphevitahn effective focal length of about
3.38 mm and identical radii of curvature of abo@®3mm that vary by no more than 1%
across the lenslets of the optical lens arrayoimesembodiments, other values of radii of
curvature and effective focal length may be usElde high-index glass allows for spherical
lenses to be used without significant insertiors lpenalty due to spherical aberration. The
lens surface figure error can be less than 200Tims. precision fabrication can result in an

improved fiber coupling efficiency and a low insentloss (e.g., < 0.5 dB).

[0018] In one or more embodiments, optical lens arrayigI8bricated using a lens

array mold that is micro-machined in a suitableenat using a shaped (e.g., spherical) tip
with a radius of curvature similar to the desiredd radius of curvature. In some
implementations, the mold is re-machined in midramements, and then re-measured after
each machining attempt, to achieve the perfeatéar-perfect) spherical form of the
lenslets to within <200 nm. Once the perfect (armgerfect) form of the mold is achieved,
the mold can be used to make many (e.g., seveayasémd) lens arrays. The glass is
molded at a suitable temperature and post-procesdge post-processing includes adding

antireflection coatings to the lenses, and dicihrgedges to the final desired dimensions.

[0019] The spacer 220 can be a patterned spacer madassf(gl.g., Schott B33 glass)
with surface dimensions matching the dimensiorth@fptical lens array 210 (e.g., ~20x20
mm) and a suitable thickness (e.g., 4 mm). Thesglsed for the spacer is selected for its
refractive index to be well-matched (e.g., withesd than 1%) to the doped core of the
optical fibers (e.g., SMF28 type) of the fiber gr280. The spacer 220 includes a number of
pads 224 made of a suitable material (e.g., sildioride (SiO2) / chromium (Cr)). The

pads 224 set an even and controlled separatiobejagen the optical lens array 210 and
the spacer 220. The pads 224 are lithographipaltierned on the edges (e.g. corners) of a
first surface of the spacer 220. In some embodigméhé pads 224 have dimensions of

about 5x1 mm x 5 um high. The material is depdsitging chemical vapor deposition
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(CVD) or physical layer deposition (PLD) techniqle®wn to persons of skill in the art to
form a uniform thickness and are then etched teigeouniform height pads. The pads 224
can be created within the outer dimensions of faear 220 and optical lens array 210, but
outside the clear aperture of the optical lensya2d®, so as to not block the light
propagating through the lenslets of the opticas lamay 210. In some embodiments, the
spacer glass is precision polished to a thickrassance of approximately +/- 2 um. The
first epoxy 212 is an optical path link-up epoxylats refractive index is matched to the
spacer 220 (within less than 2%). The first ep®%9 couples the spacer 220 to the optical
lens array 210. The second epoxy 222 couplespidiees 220 to the fiber array 230 with
optical fibers that have a core refractive indexlodut 1.468 at 1550 nm.

[0020] In some embodiments, the collimator assembly 208#Abx made of up to 176
optical fibers secured in the holes of the holeaya@42 that collectively form the fiber array
230. The optical fibers 232 can be single-moderfl{e.g., SMF28) that are assembled in
the hole array (e.g., made of silicon, glass, oraijesuch that the arrangement of the holes
matches the geometrical arrangement of the lerfge coptical lens array 210 that in turn
matches the geometrical arrangement of the MEM&/dr20 of FIG. 1. The collimator
array 250 is attached to the mounting flange 240.

[0021] FIGs. 3A through 3D are diagrams illustrating aaraple of a fiber collimator
300A, a front view 300B of the collimator array 2B@luded in the fiber collimator 300A, a
molded glass optical lens array 300C, and lighliroation through a molded glass lens 332
and a spacer 370, in accordance with one or mpexctsof the subject technology. The
fiber collimator 300A of FIG. 3A includes the omldibers 232, the mounting flange 240
and a collimator array 250. The optical fibers 232 be single mode such as SMF28
optical fibers and are assembled in the hole atisgussed above and are attached to the
mounting flange 240. The optical fibers 232 camraele of any desired length to suit an
application in an all-optical or hybrid opto-electnetwork. The collimator array 250
includes the optical lens array 210, the spacey @20first and second epoxy 212 and 222,
and the fiber array 230 mounted in the hole ar#g; 2ll shown in FIG. 2B, discussed
above.

[0022] The collimator array 250 shown in the front viewdB0of FIG. 3B includes the
optical lens array 210 coupled to the spacer (22f),0f FIG. 2) using the first epoxy 212
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and via the second epoxy 222 to the fiber array @8fch is in turn secured to the hole

array 242. The optical lens array 210, as showludes a number of (e.g., 176) lenslets
332. An example lenslet 332 is also shown in #paeled view 330. The lenslets 332 are
aligned to the fibers of the fiber array 230. Thgranent and attachment of the lens array
210 with the fiber array 230 is performed usingaatomated lens alignment robot having,
for example, six degrees of freedom, 50 nm step @izthe linear stages, and 7 urad step
size on the rotation stages. The lens alignmerttrodn use a precision contact sensor to set
a uniform gap height between a second (e.g., distal the lens-array) surface of the spacer
220 and a first (e.g., proximal to the hole armyface of the fiber array 230. In some
embodiments, the precision contact sensor candxktosco-planarize the two surfaces, and

then set a constant 15 um gap height between them.

[0023] In one or more embodiments, the optical lens a2ddyis aligned to the fiber

array 230 using an optical feedback system basedeasuring fiber coupling efficiency of
a number of (e.g., 30-35) fibers in the upper aweer rows of the fiber array to improve the
horizontal, vertical, and rotational alignment loé toptical lens array 210 with respect to the
fiber array 230. Finally, optical path link up egcfe.g., epoxy 222 of FIG. 2B) is applied
between the two surfaces. The 15 um bond line-get using the contact sensor, and the
epoxy is UV cured and then thermally cured to catgthe assembly. In some
embodiments, the collimator assembly (e.g., 200RIGf. 2A) has a beam waist position set
at a desired distance (e.g. at approximately 110 from the optical lens array 210, and a
beam waist (e.g., a £ the maximum beam width) diameter of approxima#0 um,
measured at 1550 nm wavelength. The constant lgash size and position at the center
of an optical path across the mirror array of tH&S2.00 of FIG. 1 provides improved fiber
coupling efficiency and low insertion loss (eg.0.5 dB) between the two collimators
(e.g., 110 and 130 of FIG. 1) in the OCS 100 fboahearly all possible port connections.

[0024] The molded glass optical lens array 300C showri@ BC includes a number of
(e.g., 176) suitably shaped lenslets 332 arrang@d?-D array. The lenslets 332 are formed
to protrude from a substrate 334. In some embodsnéme 2-D lens array 300C is about
20x20 mm square and is fabricated in glass, whashahhigh refractive index (e.g., ~1.78 at
1550 nm). In some embodiments, the lenslets 383 @nerical with identical radii of

curvature (e.g., within 1%) of approximately 2.63rand an effective focal length of



10

15

20

25

30

approximately 3.38 mm. In some embodiments, tbe o curvature and the effective

focal length of the lenslets 332 can have othareslThe high refractive index glass allows
for spherical lenses to be used without signifigaseértion loss penalty due to spherical
aberration. A measured lens surface figure erfrer200 nm is an indication of a precision
fabrication, which results in the optimal fiber phing efficiency and the substantially low
insertion loss discussed below. The surface figarer is an integral value of errors
between a desired (e.g., spherical) shape andcthal #hape of a lens at a number of
measured points on the surface of the lens. Ttface figure error can be measured via

interferometry using an interference microscopénsasan optical profiler.

[0025] The light collimation through a spacer 370 and ddex glass lens 322 of the
optical lens array 300C are shown in FIG. 3D. dsecof the collimator 110 such as 110-1
of FIG. 1, an optical light beam from an end-p&80 of a fiber 232 can be collimated
through an optical path formed by a spacer 370tlaadenslet 332 coupled via an epoxy
layer 335. The collimated light is a parallel betdat is reflected from a mirror 360 of a
MEMS array (e.g., 120 shown in FIG. 1). . In cat#he collimator 130 such as 130-1 of
FIG. 1, the light can be reflected from the mit860, then enter the lenslet 322 as a
parallel beam and be focused, via the optical gatbugh the lenslet 332, a first epoxy 335,
the spacer 370, and a second epoxy 375 to the@ntd380 of the optical fiber 232.

[0026] FIG. 4 is a flow diagram illustrating an examplethael 400 of manufacturing the
molded glass optical lens array of FIG. 3C, in adance with one or more aspects of the
subject technology. The method 400 begins witlpgmiag the lens array mold (step 410).
The lens array mold is micro-machined in a suitabdégerial using a shaped (e.g., spherical)
tip, having a radius of curvature similar to theided lens radius of curvature. In some
embodiments, the mold is re-machined in micronenments, and then re-measured after
each machining attempt, to achieve the perfecear-perfect desired form of the lenslets,

for example, to within <200 nm.

[0027] The glass is molded at a suitable temperaturetanhitial lens array is formed
using the lens array mold (step 420). The lenstiposaccuracy of the desired lens array
(e.g., 300C of FIG. 3C) is maintained within a degiposition accuracy (e.g., < +/- 1 um)
with respect to the absolute position of each anghe lens array. To achieve the desired



10

15

20

25

30

position accuracy, the mold is machined to comperfea the shrinkage of the glass when

it cools. The formed initial lens array is chageaied to determine a lens position error
(step 430). In some embodiments, the charactenze performed using an automated
alignment robot with 50 nm step size to determireeléns position error caused by the glass
shrinkage. A calibrated lens array mold is prepdeeg., by adjusting the mold or creating

a new one) to compensate for glass shrinkage @tding (step 440). For example, the
mold can be machined with an adjusted lens pitahdbmpensates for the glass shrinkage
factor. In one or more embodiments, measuriedehs array and then calibrating the
mold for the glass shrinkage can be performed usvwagable metrology tools such as a
surface profilometer, with for example, an errokétim in 20 mm (0.005%).

[0028] The final lens array is prepared using the caldard¢ns array mold (step 450) and
using a suitable high-index glass. The final lamay is then post processed (step 460).
The post-processing includes adding AR coatindeédenses as described above, and

dicing the edges to the final desired dimensions.

[0029] FIG.5is a flow diagram illustrating an example hoet 500 of manufacturing the
OCS collimator assembly 200A of FIG. 2A, in accarciawith one or more aspects of the
subject technology. The method 500 begins witlpguieg a lens array (step 510), for
example, the lens array 300C of FIG. 3C, accortbritpe method 400 described above with
respect to FIG. 4. The collimator assembly 20030 ahcludes a spacer (e.g., 220 of FIG.
2B), which is prepared (step 520) using a suitgladss (e.g., Schott B33) that is selected for
its suitable refractive index (e.g., 1.456 at 188§). The spacer maintains a collimation
distance between the optical lens array (e.g.,.a2HG. 2B) and the fiber array (e.g., 230
of FIG. 2B) and enables control of the beam waks and the beam waist location of the
beam of the collimator assembly 200 of FIG. 2AioPto the spacer being bonded to the
fiber array, a number of pads are created on theesf{step 530) by lithographically
patterning a layer of a suitable material (e.gQ254 Cr) on edges (e.g. corners) of a first
side of the spacer. The pads are positioned will@router dimensions of the spacer 220
and the optical lens array 210 of FIG. 2B, outsiddear aperture of the lens array, so that
they do not block the light propagating through léreslets. In some embodiments, the

spacer glass is precision polished to a thickriesance of approximately +/- 2 um.
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[0030] A layer of the first epoxy (e.g., 212 of FIG. 2B)used (step 540) to bond the lens
array to the first side of the spacer. The fite 212 is index matched (to within less
than 2%) to the spacer. In some embodimentsjridteepoxy 212 has a refractive index
value that is about halfway between a value ofd¢iective index of the spacer (e.g., about
1.456) and the refractive index of the glass maltefithe lens array (e.g., about 1.78). In
one or more embodiments, the spacer is placedadaliag fixture, a controlled amount of
the first epoxy is dispensed to the first sidehaf $pacer, then the lens array is placed on the
dispensed epoxy, and a weight is set on top afabiéeng fixture to press the first epoxy
between the lens array and the spacer. The epdy isured and then thermally cured to
complete the attachment. The lens-spacer assesibign aligned (at step 550) with the
fiber array 230, as described above with respeEt@ 3B, using an automated lens
alignment robot having, for example, six degreeaeddom, 50 nm step size on the linear
stages, and 7 urad step size on the rotation stiedens alignment robot can use a
precision contact sensor to set a uniform gap héigtween the second surface of the
spacer and the first surface of the fiber array. 2B0some embodiments, the precision
contact sensor can be used to co-planarize theuwaces, and then set a constant 15 um
gap height between them. A second epoxy layer, @2¢ of FIG. 2B) is used (step 570) to
bond the second side of the spacer to the fibay4e.g., 230 of FIG. 2B).

[0031] FIG. 6 is a diagram illustrating an example ch&@ 6f return loss of the OCS
collimator 200 of FIG. 2, in accordance with onermre aspects of the subject technology.
The chart 600 shows variation of return loss (RLdJB) for a number of (e.g., 176) fibers
(e.g., collimators such as 110-1 or 130-1 of Flfzoflthe collimators 110 or 130 of FIG. 1,
each unit including an optical path between a kel the optical lens array 210 and a
respective optical fiber of the fiber array 230whdn FIG. 2B. The plots 610, 620, 630
and 640 respectively correspond to average RL sdhrdight in the O-band (1270-1360
nm) and CL-band (1530-1620 nm) and minimum RL valiee the light in the O-band and
the CL-band. The collimator of the subject teclggluses the second epoxy (e.g., 222 of
FIG. 2) having an epoxy refractive index for rediiceturn loss at the optical fiber-spacer

interface, and an anti-reflection (AR) coating ba plano side of the lens array

[0032] As described above, in some embodiments, the ditvay is made of SMF28

Ultra fiber with a refractive index of 1.468 at IbBm, while the lens array is made of a
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glass with a refractive index of 1.78 at 1550 nime Tiber array 230 and the optical lens
array 210 are separated by a glass spacer thaéibpssihe lens array at the required distance
from the fiber array for beam collimation, and agovides a refractive index matching
solution. The spacer is made of Schott B33 glasgsawefractive index of 1.456 at 1550
nm. The second epoxy has a refractive indek 462 that is almost halfway between the
refractive index of the spacer (e.g., about 1.481) the refractive index of the optical core
of the optical fiber (e.g., about 1.468) and catuce the return loss at the spacer-fiber
interface. Further, the disclosed collimator m&h an AR coating designed for the lens
substrate (e.g., 334 of FIG. 3) at the lens-spiaterface that is selected to reduce return

loss from constructive interference in the spaageil.

[0033] In some embodiments, the epoxy (e.qg., first andrsgepoxy) refractive index is
adjustable, and can be optimized for minimum retass of the fiber-epoxy-spacer
interface, as shown in thin film transfer matrixocdations. It is understood that the
optimization occurs when the epoxy refractive indesults in equal reflectance (R) values
at the fiber-epoxy interface and the epoxy-spauterface, where R = ({pbxy

Neber)/ (Nepoxy*Niiver))® = ((MepoxyNspace)! (Nepoxy*Nepace))®.  The applied model includes
dispersion for the example optical fiber (e.g., SMMItra fiber with Ryer= 1.468), epoxy
(e.g., an epoxy withdgoxy= 1.462), and spacer (e.g., the Schott B33 spaitemyace=
1.456). The optical lens flat side (e.g., secamfese) AR coating can be determined for
the example substrate (e.g., a glass with n=17@}l@e spacer (e.g., Schott B33 witBag
= 1.456) incident medium, using the example epexg.( an epoxy layer withyfyyy=
1.462). The fiber coupling efficiency of a refliect from the lens-epoxy-spacer interface
back into the fiber is approximately -32.4dB. Tisisdded to the Fresnel reflectance to

produce the total return loss from this interface.

[0034] The collimator return loss is characterized by g a tunable laser from 1270
to 1360 nm (O-band) or 1530-1620 nm (CL-band) \ilpm resolution, and measuring the
return loss oscillations. Then, the average amdrmim RL values over the O-band and
CL-band for each optical fiber are determined,resm in the plots 610, 620, 630, and 640.
In some embodiments, the fiber ports that do nadtrtiee return loss specifications can be
eliminated. In one or more embodiments, an optiaekscatter reflectometer is used to

spatially locate regions of higher return losshie ¢ollimator.
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[0035] FIG. 7 is a diagram illustrating an example ch&@ &f return loss of the OCS
collimator of FIG. 2, with and without an anti-regtion (AR) coating. The chart 700
includes plots 710 and 720 corresponding to lemssand without AR coating. The

return loss values are given in dB and for a nunobaravelengths in the O-band.

[0036] Measurement results show that there is a slowrrétiss oscillation due to
constructive interference in the epoxy layer, vatperiod of 38 nm that is set by the 15um
thickness of the epoxy layer. There is also artsirn loss oscillation due to constructive
interference in the spacer layer, with a perio@.&fl nm (as shown for fast oscillations of
plot 720) that is determined by the thickness efgpacer (in this example 4.146 mm).

These oscillations are superimposed.

[0037]  While this specification contains many specific lexpentation details, these
should not be construed as limitations on the scha@y inventions or of what may be
claimed, but rather as descriptions of featuresipeo particular implementations of
particular inventions. Certain features that aecdibed in this specification in the context
of separate implementations can also be implementedmbination in a single
implementation. Conversely, various features thadascribed in the context of a single
implementation can also be implemented in multipiplementations separately or in any
suitable sub-combination. Moreover, although fezgunay be described above as acting in
certain combinations and even initially claimedsash, one or more features from a
claimed combination can in some cases be excisedtiie combination, and the claimed

combination may be directed to a sub-combinatiovaoiation of a sub-combination.

[0038] Similarly, while operations are depicted in thewdrays in a particular order, this
should not be understood as requiring that suchatipas be performed in the particular
order shown or in sequential order, or that alisitated operations be performed, to achieve
desirable results. In certain circumstances, tasking and parallel processing may be
advantageous. Moreover, the separation of varigstes components in the
implementations described above should not be gtatet as requiring such separation in

all implementations, and it should be understoed tihe described components and systems

can generally be integrated together in a singbdyet or packaged into multiple products.
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[0039] References to “or” may be construed as inclusivinabany terms described
using “or” may indicate any of a single, more tlware, and all of the described terms. The
labels “first,” “second,” “third,” and so forth areot necessarily meant to indicate an
ordering and are generally used merely to diststgbetween like or similar items or
elements. Thus, particular implementations ofsthigiect matter have been described.
Other implementations are within the scope of tilWing claims. In some cases, the
actions recited in the claims can be performedadiffarent order and still achieve desirable
results. In addition, the processes depictedarattompanying figures do not necessarily
require the particular order shown, or sequentidén to achieve desirable results. In
certain implementations, multitasking or paralledgessing may be used.
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CLAIMS
WHAT ISCLAIMED IS:

1. An optical circuit switch collimator device, tdevice comprising:

a fiber array comprising a plurality of opticabdirs disposed in a hole array;

an optical lens array aligned and coupled to ither farray;

a spacer disposed between the fiber array andpttheal lens array and configured to
provide substantially uniform spacing between lernisehe optical lens array and corresponding
fibers in the fiber array;

a plurality of pads positioned along edges ofréase of the spacer facing the optical lens
array and defining a first separation gap betwierspacer and the optical lens array;

a first epoxy coupling the spacer to the opticatlarray; and

a second epoxy coupling the spacer to the fibawyarr

2. The device of claim 1, wherein the optical lamsy includes a plurality of substantially

identical glass lenses characterized by a surfgaeeferror of less than 200 nano-meter (nm).

3. The device of claim 2, wherein the pluralitysobstantially identical glass lenses are

uniformly arranged in the optical lens array witpitch error of less than 1 micrometan).

4. The device of claim 2, wherein the pluralitysobstantially identical glass lenses

comprise spherical lenses.

5. The device of claim 1, wherein lenses in theécaptens array have respective radii of
curvature that vary by no more than 1% from thei i@ccurvature of other lenses in the optical

lens array.

6. The device of claim 1, wherein the first eptyag a first refractive index value about
halfway between a value of respective refractivkaes of the spacer and a glass material of the

lens array.
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7. The device of claim 1, wherein the second efas/a second refractive index value
about halfway between a value of a refractive inoethe spacer and a value of a refractive

index of optical cores of the plurality of optidaders of the fiber array.

8. The device of claim 1, wherein a first surfatéhe optical lens array is coated with a

first anti-reflection (AR) coating configured togvent reflections at a lens-spacer interface of
the first surface of the optical lens array anddpacer, wherein the first surface faces the spacer
and wherein the first epoxy has a first refractivdex value equal to a value of respective
refractive indices of the spacer, and wherein amsg¢surface of the optical lens array is coated

with a second AR coating configured to preventaefbns at a lens-air interface.

9. The device of claim 1, wherein the refractivéeres of the optical lens array, the spacer,
the first epoxy, the second epoxy, and the opfibal are approximately 1.78, 1.456, 1.462,
1.462, and 1.468, respectively, at an optical wawgth of about 1550 nm.

10.  The device of claim 1, wherein the first separagap is about hm.

11. The device of claim 1, wherein the spaceriith&r configured to maintain a collimation
distance between the optical lens array and tlez &lray and to enable control of a beam waist

size and a beam waist position of a beam of thecdev

12. The device of claim 1, wherein the hole arrapides a material comprising at least one

of silicon, glass, or metal.

13. An optical lens array comprising:

a glass substrate having a first surface defiaipturality of lenses arranged in a two-
dimensional array wherein:

the plurality of lenses are substantially ideritasad have respective radii of curvature
that vary by no more than 1% from the radii of @iure of other lenses in the optical lens array,
and
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the plurality of lenses are uniformly arrangedhia two-dimensional array with a pitch

error of less than 1 micrometer (um).

14. The optical lens array of claim 13, furthemguising anti-reflection (AR) coatings on a

second side of the substrate opposite the firéasaiand on the first surface.

15. The optical lens array of claim 13, wheregeametric arrangement of the two-
dimensional array is configured to match a geomeainiangement of optical fibers of a fiber

array and a geometric arrangement of a mirror asfan optical circuit switch.

16. The optical lens array of claim 13, whereim ¢fass substrate comprises a glass material
having a refractive index of about 1.78 at an @pticavelength of 1550 nano-meter (nm).

17.  The optical lens array of claim 13, whereingless substrate comprises a glass material
having substantially low coefficient of thermal exgion that is immune to a temperature
substantially higher than an ambient temperatudeaaimumidity substantially higher than an

ambient humidity.

18. The optical lens array of claim 13, whereia fiurality of lenses are substantially

identical and are characterized by a surface figumar of less than about 200nm.

19. The optical lens array of claim 13, whereia piurality of lenses are uniformly arranged
in the optical lens array with a pitch error ofdékan 1 micrometer (um).

20.  The optical lens array of claim 13, whereinpheality of lenses comprise spherical
lenses.



