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(57) Abstract: A method for constructing an area array waveguide power splitter includes preparing a retlective layer on a sub-
strate and forming a core of an area array waveguide layer and alignment features for an optical fiber input and a plurality of opti-
cal tiber outputs atop the reflective layer, wherein the core of the area array waveguide layer and the alignment features are formed
concurrently. The method also includes applying a retlective layer to the top and side surfaces of the core of the area array waveg-
uide layer and exposing an input and exposing a plurality of outputs in the reflective layer.
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Area Array Waveguide Power Splitter

Background

i }

2801] A power spiiter is a device that distributes power from an input ko fwo or
more oulputs.  in many applications, there s a desire for the input power fo be
distributed evenly among the two or more oufpuls. Powsr spliters exist in
configurations in which power from an input is spiit belween two outputs, an input and
four outpuls, an input and eight outputs, and so forth. As i3 the case with many
slectronic camponents and devices including power splitters, there is a constant need
{0 reduce the size and the cost of the splitter while maintaining parformances.

Brief Dascription of the Drawings

10008 Figure 1 shows a 1:8 power spiiter topology in accordance with the prior
art.

R Figures 2-3 are top and side views showing the basic components of an
area array waveguide spitter according fo an embodiment of the invention.

{00047 Figure 4 is a cross-sectional view of a waveguide afop a substrate

aooording fo an embodiment of the invention.

{0085] Figure § is an end view of g plastic optical fiber mated fo a waveguide
according v an embodiment of the invertion.
106886} Figure § is a cross-sectional view of a pair of plastic optical fibers held

captive by alignment features according to an embodimant of the invention.
{0007y Flgure 7 is a top view of a pailr of raised polymer waveguides interfacing

with plastic optical fibers according 1o an embodiment of the invention.
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FO008T Figure 8 shows a top view of an area array waveguide during
manufacturing according to an embodiment of the invention.

10008] Figure 8 shows the avea aray waveguide splitter of Figure 8 with two cut-
lines according fo an embodiment of the invention.

|-as}

0018} Figure 10 shows a stacked arrangement of area array waveguide
spiifters according to an embodiment of the invention.

10014} Figure 11 s a flow chart for a method of constructing an area amay
waveguide spiitter according to an embodiment of the invention.

Description of the Embodiments

00123} Embodiments of the nvention provide the capability to distribute input
power evenly behwveer two or more outputs. Other embodiments of the invention can
be used fo distribule power batwesr at least one input and a large number of outputs,
such as 8, 18, 32, and so forth. in each instance, the fundamental arsa aray
waveguide power splitter topology can be mass produced at relatively low cost and
packaged within an envelope on the order of 1 on?®,

00133 Figure 1 shows a 1:8 power spiiter fopology in accordance with the prior
art. in Figure 1, power splitter 15 consists of glass or plastic optical fbers that have
been melled or otherwise lquefied and joined o form a seres of "Y” connections, In
Figure 1, power coupled 10 a single input 10 is splt among each branch of outpuls 20,
Although Figure 1 shows an sightway spiit, the basic “Y” connection gan be used to
spiit power from an input to any number of 27 oulputs, with “n” being any whole
number.

10014} The nwventors have defermined that spiifer topologies such as that
shown in Figure 1 can exhibit undesirabie performance characteristics. For example,
the Y-branch spiitfer of the Figure may pass cerdain modes (such as fransverse
glectric, bransverse magnetic, transverse electro-magnetic, and hybrids) more
gifectively in some Dranches of the spiitter than in others. The unsqual propagstion

of carlain modes can tying aboul mode-dependent power variations at outputs 20
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These inconsistencies can cause power splitter topologies such as tha

g
2
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&

te unsuilable for some applications.

10018] Figire 2 shows the basic components of an area aray waveguide spiitter
according fo an embodiment of the invention.  In Figure 2, optical fiber input 50 s
coupled {o area array waveguide splitter 80 through index-matching material 55 that
serves to reduse the insertion loss and light leskage at the interface of optical fiber
fput 50 with the input to spiitter 80, At the output of splitter 80, index-maiching
material 55 is also used to reduce the light leakage at the interface of the oulputs of
splitter 80 with optical fiber outputs 85. i should be noted that optical §ber input 50
and optical fiber culputs 65 may be single-mode fibers, which might be on the order
of 5-10 microns in diameler and constructed of malerials having a suitable index of
refraction for propagating single modes along the fiber, or may be multi-mode fhers,
which might be on the order of 50 {o 100 microns ih diameter and constructed of
malterials having a suitable index of refraction for propagating multiple modes along
the fiber.

o018} Area array waveguide splitter 80 is shown in Figure 2 1o be substantially
triangular in shape and subsiantially planar with a height measured in milimeters.
The inventors contemplate that in embodiments of the invention, splitter 80 employs a
corg material consisting of a polymer plastic, glass, polycarbonate, or other suitable
material, with a reflective surface sitting atop and 0 the sides of the core malerial In
one embodiment of the invention, the reflective surface includes 2 material having a
much lower index of refraction than the core material. In this instance, any stray light
striking the interface between the core and the reflective surface undergoes total
intemal reflection, thus virlually eliminating leakags conveyed into spiitter 80 by way
of optical fiber input 80, In other embodiments of the invention, a cladding or metal
fayer, metalized glass, metal clad glass, or other rafiective surface may be used {o
mintmize any light leakage conveyed into splitter 80 by way of optical fiber input 50,
8817} At the oulput section of ares array waveguide spiitter 80, tangular-
shapsd {apsred homs serve o funnel energy from the splitter to each of oplical fiber
outpuls 85  In the embodiment of Figure 2, sach ispered hom receives
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approximately 1/8 of the energy coupled into splitter 60 by way of optical fiber input
§0. In other embodiments of the invention, each of the tapered homs may be curved
or shaped differently so that scattering brought about by the vertex of each tapered
horn can be minimized. Additionally, based on experiment or analysis, it may be
advantageous for some of the triangular-shaped homs of Figure 2 to be larger than
others in order fo provide equal power distribution among each output.  Further,
experiment or analysis may indicate that the inclusion of scattering area 67 may be
used to homogenize or otherwise make uniform the distribution of light coupled into
splitter 80 through optical iber input 55,

{3018] it should also be noled that the use of a melalized substrate and
metalized layers o suround the core of area array waveguide splitter 60 to provide
containment of the fight coupled fo spliter 80 can also provide a beneficial
mechanical constraint {o the thermal expansion of the core material of spiiter 80. In
one embodiment, in which a polymer having a coefficient of thermal expansion of 70
ppm per degree Celsius is used o form the core of splitter 80, the use of & metal
layer that employs & metal having a coefficient of thermal expansion of 17-18 ppm
pey degree Celsius acls as a bamier that fimils the thermal expansion of the core
material of the area aray waveguide splitter.

10018} Figure 3 shows an area aray waveguide splitter along with other features
according fo an embodiment of the invention.  In Figure 3, & core of area array
waveguide splitter 80 sis atop subsirale 80, which is contempiated as consisting
antively of matal, or may be made of glass or other rigid material and coated with &
metalized or other reflective material such as foil or aluminized mylar such as shown
by reflective laver 85, Al the sides and to the top of the core of splitter 80 is metsl
layer 70, which ailso provides a reflective surface fowards the interior of the spiitter,
Thus, in this ambodiment, the core of spiitter 80 is subsiantially surrounded by
reflective surfaces in a manner thal provides containment of the optical energy at all
iacations other that the points at which input optical fiber 80 and optical fiber outpuls
65 couple optical energy into and out of the spiiter. In Figure 3, width of the culput
end of spiitter 80 s contemplated as being at least 10 times the height of the spiitter.
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{00203 in another embadiment of the nvention, the core of area array waveguide
splitter 60 of Figure 3 may be subsiantially surrounded by a refractive material so as
o bring about total internal reflection within the splitter.  As known fo those of skl in
the arl, in the gvent that the surrounding material possesses an index of refraction
that is lower than the index of refraction for the core material of the spiitter, optical
energy that strikes the inlerface of the core material and the surrounding material wil
be completely reflected inward, away from the surrounding material. The wellknown
refationship 8. = arcsin{na/ng) determines the critical angle at which tolal intemal
reflection occurs as a function of the index of refraction of the core material of area

array waveguide spiitter {ny) and the index of refraction of the surounding material

08211 Figure 4 Is a cross-sectional view of a waveguide alop a substrate
according o an embodiment of the invenfion.  Waveguide 80, which may be
constructed from a polymer plastic, glass, polycarbonate, or other suitable material,
is shown as being encased in a reflective material to the fop and sides as wel as
veing in contact with reflective layer 85 of substrate 80 so as to reduce any light
leaxage from the top and sides of the waveguide. In Figure 4, the direction of
propagation of the signal within waveguide 80 is into or out of the page.

00223 Figure § s an end view of a plastic oplical fber mated o waveguide
according to an smbodiment of the invention. In Figure 8, plastic optical fiber 100 is
surrounded by index-matching material 55 and substantially surrcunded by reflective
malerials at the fop, boliom, and sides. As in Figures 3 and 4, substrate 80 i
contemplated as consisting entirely of metal or may be made of glass or other rigid
material and coated with a metafized or other reflective or refractive material such as
foll or aluminized mylar such as shown by reflective layer 85.

10023} Figure 8 Is a cross-sectional view of a palr of plastic optica! fibers affixed
to a reflective surface of a substrale according fo an embodiment of the invention.
is contemplated that alignment fealures 110 are formed duting the manufacturing
step at which the core of an arsa array waveguide is crealed, As will be described
with reference {o Figwre 7, precise alignment belween optical fibers 100 and a
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corresponding pair of waveguides {such as waveguide 80 of Figure 4) can be
assured frrough the use of alignment features 110,

00243 Figure 7 is a top view of a pair of raised polymer waveguides interfacing
with plastic optical fibers according to an embodiment of the invention. In Figure 7,
raised polymer waveguides 80 are coupled directly fo an area amay waveguide
spiitter such as area aray waveguide splitter 60 of Figures 2 and 3. In this
embodiment, raised polymer waveguides S0 interface with plastic optical fibers 100
through index-matching material 85 that serves to reduce the loss brought about by
coupling the waveguides o the optical fibers. Figure 7 also shows alignment features
110 which serve o consirain the movement of plastic optical fibers 100,

{00285} Figure 8 shows a lop view of an area array waveguide splitier during
manwfacturing according fo an embodiment of the invention. The shaded area
represents polymer such as that used fo form area array waveguide spiitter 80 of
Figure 2. In Figure 8, energy is coupled to splifer 160 by way of a single input.
Spittter 160 also includes four oulputs at an opposite end.  In between sach output
and between each oulpul end an edge of the spiitter, alignment features 110
constrain the movement of each of plastic optical fibers 100, {For the sake of clarity,
ondy a few of alignment features 110 are identified along with a pair of plastic optical
fibars 100.)

{0026} in the embodiment of Figure 8, the inventors contemplate that splitter 180
s formed by way of injection molding in which & core material is injected near the
canter of apliter 180 by way or one or more sprues and foroed o flow outward
towards the edges of the mald, thus forming each of alignment features 110 and the
waveguide corg in a single manufacturing step. In this embodiment, the core material
fiows from the center through each of bridges 120 {at the sutput of the spiitter) and
through bridge 128 {(at the input to the spiitfer). in other embodiments, in which
spiitter 1680 s formed by drawing the core materisl inward towards the center of
splitter 180, bridges 120 and 125 pammit the flow of the core material from the
alignment features inward, In this embodiment, alignment features 110 as well as the
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core area array waveguide spiitter 160 are formed during 2 single manufacturing
slep.

{80en} Figure 8 shows the area aay waveguide splitter of Figure 8 with two cut
Snes according to an embodiment of the invention. In Figure 9, vertical cut 170 s
made by way of a cut, cut-and-polish, ablation, or other materiat-removal process that
ramoves bridge 125 at the input fo the waveguide splitter. At the oufput, vertical cut
175 removes each of bridges 120, Thus, vertical cuts 170 and 175 create two
chamnels that cross the path of the bridges formed earfier in the manufacture of
spiitter 180, In the embodiment of Figure 8, verlical cuts 170 and 175 do not pass
through the substrate (such as substrate 80 of the figures previously described
herein). Consequently, the alignment features remain in place after the cuts.

8028} in some embodiments of the inwverdion, a polishing slep mayv be
performed after performing vertical cuts 170 and 175, In other embodiments of the
invention, additional polishing after performing vertical cuts 170 and 175 may not be
desirable. In these instances, the natwral roughness of the removal process that
forms vertical cuts 170 and 175 may create a diffuse surface at the input and output
of sphitter 180 that serves fo reduce differences in light propagation modes.

f0028; Figure 10 shows a stacked arangement of area amay waveguide
spiitters according o an embodiment of the ihvention. In Figure 10, sight area array
waveguide spiitiers (180}, each having a single inpit and four oulputs are stacked.
Mot shown in Figure 10 is a single input that feeds each of the four oulputs shown in
each layer of Figure 10. In each of the waveguide spiitters of Figure 10, at least
some of alignment features 110 are shown. The Figure also shows and extemplary
number of plastic oplical fibers 100, sach of which is constrained by alignment
features 110,

100301 it should be pointed oul that any number of area aray waveguide
splifters 180 can be stacked aftop one ancther. in the embodiment of Figure 10, 8
such splifers are stacked. However, other embodiments may include fewer than 8

{such as 2, 4, or 6} or a numnber larger than & such as 18, 32 and so forth.

~3



WO 2011/149474 PCT/US2010/036538

Additionally, aithough each spiifter is shown as having only four outputs, sight-way
spiitters, 18-way splitters, and so forth are alse possible

003N Figure 11 is a flow chart for @ msthod of constructing an area array
waveguide splitter according to an embodiment of the invention. At step 200, a
reflective layer on a substrate is prepared. The preparing step may include applying
a reflective layer to a2 nonmetaliic subsirate such as foil, aluminized Mylar, and so
forth, or may include polishing a substrale that consists entirely of metal. In other
embodiments of the invention, the substrate may be made of glass or other rigid
material and coated with a metalized or other mflective material. The method
continues at step 210, at which a core of an area array waveguide layer is formed
atop the reflective jayer. As mentioned previously, the core of the waveguide laver
may be constructed of a polymer plastic, glass, polycarbonate, or other suitable
material. Al step 215, the alignment features for an optical fiber input and & plurality
of optical fiber oulputs are formed afop the reflactive layer. In many embodiments of
the invention, step 215 is performad concurrently with step 210, Steps 210 and 215
may be accomplished by way of injection molding, compressive thermal forming,
and compressive ulirasonic forming.

{0033} The method continues at step 220, at which a reflective layer is applisd to
the top and side surfaces of the core of the area array waveguide layer. As
mentioned previously hersin, the reflective layer provides containment of the optical
energy at all locations other that the areas at which the optical fiber input and opticat
fber outpuls couple signals info and out of the spliter. Step 220 may include
swrourding the core of area array waveguide laver {at the sides and top) with &
material having an index of refraction that is less than the material used to form the
core of the waveguide, In other embodiments, step 220 may include spraying a metal
material onto the top and skie surfaces of the core of the ares aray waveguide layer,
immersing the core of the area array waveguide laver in a solution, or spultering a
metal cladding onfo the core of the area array waveguide layer. The method
confinues at step 230, which includes exposing an input and a plurality of outputs to

the area array waveguide. in one embodiment of the invention, step 230 includes
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remaving material at a bridge that separates the alignment features for the input and
oulput oplical fibers and the area array waveguide. Al step 240, the input and output
optical fibers are coupled o the exposed input and oculputs to form an area array
waveguide power spiitter. I some embodiments of the invention, step 240 may also
include applying index-matching material to input and output optical fibers.

{0033} n an embodiment of the invention that makes possible the stacked
arrangement of area array waveguide splitters shown in Figure 10, step 250 of Figure
11 may also be performed. At step 250, a first area array waveguide power spiitter,
perfaps as manufectured by way of steps 200, 210, 215, 220, 230, and 240, is
stacked atop a second ares array waveguide power spliter. The method may
continue with stacking a 3rd, 4th, 5th {and so forth) area amay weveguide power
splitter 30 as {o bring about the embodiment of Figure 10.

{0034} ¥ should be noted that afthough embodiments of the invention have
described coupling to area aray waveguide splitters using optical fibers, nothing
preventis the use of oplical lasers abulled or focusad directly at an input to the splitter,
Thus, in Figure 2, for example, optical fiber input 50 could represent a laser bearn that
couples energy info area array waveguide splitter 80. In such an embodiment, index
matehing material 55 at the input {o spiiter 80 may not be required.

0038 in conclusion, while the present invention has been particularly shown
and described with reference {0 various embodimentds, those skilled in the art will
understand that many variations may be made therein without departing from the
spirit and scope of the invention as defined in the following claims. This description
of the invention should be understood {0 include the novel and non-obvious
combinations of elements described hereln, and claims may be presented in this or
a later application o any novel and non-obvicus combination of these elements.
The foregoing embodiments are Hlusirative, and no single featurs or slement is
essential to all possible combinalions that may be claimed in this or & later
application. VWhere the claims recite "a" or “a first” element or the equivalent
thereof, such claims should be understood {0 include incorporation of one or more

such slements, nefther requiring nor excluding two or more such slemeants.

LD
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Claims
Yhat is clsimed is

1. A method for constructing an area array waveguide power splitter, the
method comprising:

preparing a reflective laver on a substrate;

forming a core of an area array waveguide layer and alignment features for
an oplical fber input and a plurality of optical fiber outputs atop the refiective laver,
the core of the area array waveguide layer and the alignment festures baing formed
conourrently;

applying a reflective layer to the top and side surfaces of the core of the area
array waveguide layer; and

exposing an Input and exposing a plurality of outputs in the reflective layer.

2. The method of claim 1, further comprising coupling 3 single mode
optical fiber to the exposed input and coupling 2 plurality of single mode optical

fibers to the plurality of exposad ouiputs.

3. The method of claim 2, further comprising stacking & first area array

waveguide power sphitier on {0 a second arsa array waveguide power splitter,

4. The method of claim 1 arein the ares array waveguide layer formed
atop the reflective laver is ammxmateay frianguiar in shape, wherein an oulput
portion of the area array waveguide layer has a width of at least 10 times the height

of the area array waveguide layer.
5. The method of claim 1, wherein the exposing step includes removing

at ieast a portion of a bridge area that les between the asrea array waveguide layer

and the alignment features.

10
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g. The method of claim 1, wherein the forming step Is accomplished
using one of the group consisting of injection moiding, compressive thermal
forming, and comprassive ulivasonic forming.

7. The method of claim 8, whersin the core of the area array waveguide
tayer is formed using a malerial selected from the group consisting of glass
polycarbonate, and polyimer plastic.

8. The method of claim 1, wherein the step of applving a reflective layer
to top and side surfaces of the cors of the area aray waveguide layer includes one
of the group consisting of. coating the core of the area array waveguide layer with 3
material having a substantially different index of refraction than an index of
refraction of a core of the area array waveguide laver, spraying 3 metal material
onto the top and side surfaces of the core of the area array waveguide layer,
immersing the core of the avea array waveguide layer in & solution, and spultering
a metal cladding onio the core of the area array waveguide laver.

8. The method of claim 1 further comprising coupling an input optica! fiber
to the sxposed input and coupling a plurality of output optical fibers fo the plurality of
exposed culputs of the reflective layer.

10, A stacked area aray waveguide power splitter, comprising:

a first core of an area array waveguide layer disposed on a first reflective
surface, the firs{ core of the arsa array waveguide laver being coated on top and
side surfaces with a reflective layer except af locations for coupling energy to a first
nput and at focations for coupling energy from a first plurality of outputs; and

a sacond core of an ares array waveguide laver disposed on a second
reflective surface, the second core of the area array waveguide layer being coated

on fop and side surfaces with a reflective layer except at locations for coupling
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energy to a second input and at locations for coupling energy from a second
plurality of outpuls, wherein

the second area array waveguide layer is stacked atop the first area amay
wavaguide layer,

11, The stacked area aray waveguide power splitter of claim 10, further
comptising:

first and second alignment fealures that each accept an optical fiber and
align the optical fiber with a location for coupling energy o a corresponding input of
the first and second area array waveguide layer.

2. The stacked area amsy wavequide power spiitier of claim 11, further
COMprising:

a first plurality of alignment features that accepts a corresponding number of
optical fibers for coupling snergy from a corresponding  number of outputs of the
first area array waveguide layer; and

a second pluralily of alignment festures that accepts 2 corespending
number of oplical fibers for coupling energy from a corresponding number of

cutputs of the second area array waveguide layer.

13. The stacked area array waveguide power spiitter of claim 10, whersin
the first and second area array waveguide layers are triangular in shape and
wherein outpul portions of the first and second area array waveguide layers have a
width at least 10 times the height of each of the first and second area amay

waveguide layers.

14. The stacked ares array waveguide power splifter of claim 10, wherein
the locations for coupling energy from the first pluralily of outputs and the locations

for coupling energy from the sscond plurality of outlputs is a diffuss surfzce.
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15, The stacked avea array waveguide power splitter of claim 10, wherein
the reflective layer of the first area aray waveguide fayer and the reffective layer of
the second area aray waveguide layer include a material having a substantiafly
lower index of refraction than material that forms a core of the first and second area
array waveguide layers.,
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Figure 17
v 200

Prepare a reflective layer on a substrate
¥ 210

Form a core of an area array waveguide
layer atop the reflective layer

S 218
Form alignment features
¥ 22{3

Apply a reflective layer to the top and side
surfaces of the core of the area waveguide layer

¥ 230

Txpose an input and a plurality
of outputs in the reflective laver

T 240

Couple a fiber optic input to the exposed input and coupls
& plurality of fiber optic sutputs to the plurality of exposed
ouiputs to form an area array waveguide power splittar

250

4,,,,,,“ 1

Stack a first ares array waveguide power splitter
atop a sscond ares array waveguide power splitter
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