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(57) Abstract: The optical-electrical printed circuit board disclosed herein includes a waveguide link assembly and a printed circuit
board assembly. The printed circuit board assembly has first and second PCB layers between which optical waveguides of the waveguide
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integrated circuit operably disposed on the printed circuit board assembly to form a photonic device. A waveguide bending structure
can be used to bend the optical waveguides to facilitate optical coupling to the optical interconnector or directly to the waveguides
of the optical-electrical integrated circuit. Methods of forming an optical-electrical printed circuit board, a photonic assembly and a
photonic device are also disclosed.
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OPTICAL-ELECTRICAL PRINTED CIRCUIT BOARDS WITH INTEGRATED
OPTICAL WAVEGUIDE ARRAYS AND PHOTONIC ASSEMBLIES USING SAME

PRIORITY APPLICATION
[0001]  This application claims the benefit of U.5. Application No. 15/789,132, filed on
October 20, 2017, the content of which is relied upon and incorporated herein by reference

in its entirety.
FiELD

[0002] The present disclosure relates to optical-electrical printed circuit boards, and in
particular relates to optical-electrical printed circuit boards with integrated optical

waveguide arrays, and photonic assemblies using same.

BACKGROUND

[6003] Semiconductor integrated circuits {(ICs) are typically mounted in or on a printed
circuit board {PCB) as part of a packaging process for making an electrical assembly. For
electrical ICs, individual metal electrical conductors are typically used to make the electrical

connections between first metal pads on the IC and second metal pads on the PCB.

[0004] The need for high-bandwidth communication with electrical ICs has prompted the
addition of optical waveguide connections between optical + electrical 1Cs {“OE-iCs”) and
QE-PCBs that have hoth optical and electrical functionality and optical and electrical
connection locations. Like the electrical connections made for electrical ICs, optical and

electrical connections are made between OE-ICs and OE-PCBs to form a photonic assembly.

[0005] The challenges in fabricating photonic assembilies include defining the optical
waveguides and then establishing the optical interconnections between the OE-IC and the
QOE-PCB. Since optical waveguide technology has been used extensively in
telecommunications, it would be desirable to use optical waveguides such as optical fibers
as the waveguides of the GE-PCB. However, the bending requirements for the optical
waveguides, along with the large number of optical interconneactions neaded and the
alignment issuas associated with making optical waveguide interconnections, have mads

the use of optical waveguides OE-PCBs problematic.
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SUMMARY

[6006] An embodiment of the disclosure is an OE-PCB that includes: a waveguide link
assembly comprising an array of optical waveguides each having a first-end section with an
end face and a second end; a PCB assembly comprising at least first and second PCB {ayers
and having opposite first and second ends, a major surface and an access aperture in the
major surface and that resides between the first and second ends; and whergin the optical
waveguide array is disposed between the at least first and second PCB {ayers, with the end
faces of the firsi-end sections of the optical waveguides being accessible through the access

aperture.

[0007]  Another embodiment of the disclosure is a photonic assembly that includes: an OF-
PCR that includes a PCB assembly with at least first and second PCB layers and having
opposite first and second ends, a major surface and an access aperture in the major surface
and between the first and second ends, and an optical waveguide array disposed hetween
the at least first and second PCB layers, the optical waveguides having first-end sections
with end faces accessible through the access aperture; an OE-IC operably disposed on the
major surface of the PCB assembily, the OE-IC having an array of OE-IC devices; and an
optical interconnector having an array of optical interconnection waveguides and disposed
so that the optical interconnection waveguides optically interconnect the array of optical

waveguides of the OE-PCB with the array of OE-IC active devices of the QE-IC.

[0008] Another embodiment of the disclosure is a photonic assembily that includes: an OF-
PCB that includes a PCB assembly with at least first and second PCB layers and having
opposite first and second ends, a major surface and an access aperture in the major surface
and between the first and ends, and an optical waveguide array disposed between the at
least first and second PCB layers, the optical waveguide array comprising optical waveguides
each having a first-end section that extends into the access aperture; an QE-IC operably
disposed on the top surface of the PCB assembly, the OE-IC having an array of OE-IC devices;
and a waveguide bending structure that resides at least partially within the access aperture
to which the first-end sections of the optical waveguides are secured to define bends in
each of the optical waveguides so that the optical waveguides are optically coupled to the

QOE-IC devices.
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[0009]  Anocther embodiment of the disclosure is a method of forming an QE-PCB. The
method includes: disposing an array of optical waveguides between first and second PCB
layers, with each optical waveguide having a first-end section with an end face and an
opposite second end; and securing the first and second PCB layers to each other to define a
PCB assembly having cpposite first and second ends and a major surface with an access
aperture formed between the first and second ends of the PCB assembly, wherein the
optical waveguide array is sandwiched between the first and second PCB layers, with the
end faces of the first ends of the optical waveguides being accessible through the access

aperture.

[0010]  Another embodiment of the disclosure is the method described immaediately
above, and further including: operably disposing an OE-IC on the major surface of the PCB
assembly, wherein the OE-IC has an array of OE-IC devices; and moving the waveguide
alignment member so that the optical waveguides are optically coupled to the QE-IC

devices.

[6011] Additional features and advantages are set forth in the Detailed Description that
follows, and in part will be apparent to those skilled in the art from the description or
recognized by practicing the embodiments as described in the written description and
claims hereof, as well as the appended drawings. it is to be understood that both the
foregoing general description and the following Detailed Description are merely exemplary,
and are intended to provide an overview or framework to understand the nature and

character of the claims.

Brier DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings are included to provide a further understanding, and
are incorporated in and constitute a part of this specification. The drawings illustrate one or
more embodimeant{s), and together with the Detailed Description explain the principles and
operation of the various embodiments. As such, the disclosure will become more fully
understood from the following Detailed Description, taken in conjunction with the

accompanying Figures, in which:
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[0033] FIGS. 1A through 1C are y-z cross-sectional views illustrating an example method
of forming an example OE-PCB as disclosed herein, with FIG. 1A including a close-up inset

that shows a cross-sectional view of an example optical waveguide used in the OE-PCRB;

[06014] FIG. 1Dis similar to FIG. 1C and shows the addition of an OE-IC to the OC-PCB of

FiGa. 1C as part of the method of forming a photonic assembly;

[0015]  FIG. 1E is similar to FIG. 1D and shows the front-end sections of the optical
waveguides of the optical waveguide link being actively aligned with the QE-IC devicas of

the OE-IC;

[0016] FIGS. 2A and 2B are close-up side and front-on views of an example waveguide

alignment member of the waveguide fink assembly of FIG. 1A;

I0017] FIG. 3 is a close-up view of a portion of the OE-IC and the OE-PCB of the photonic

assembly of FIG. 1D and illustrates an example configuration of the OE-IC;

[0038] FG. 44 is similar to FIG. 1D and illustrates an example wherein the OE-IC devices
comprise an array of OE-IC waveguides and showing how a gripping tool is used to grip the

waveguide alignment member;

[6018] FIG. 4B is similar to FIG. 4A and shows how the gripping tool is used to form an 5-
bend in the optical waveguides so that the optical waveguides align with the OE-IC

waveguides;

[0020] HIG. 4C is a close-up view of the central portion of the photonic assembly of FIG. 48
and shows in more detall how the S-bands in the optical waveguides are used to place the
waveguide end faces of each optical waveguide proximate to and in at least coarse

alignment with corresponding end faces of the OF-IC waveguides;

[6021] FIGS. 5A through 5E are cross-sectional y-z views similar to FIGS. 1A through 1E and
illustrate an example method of forming a photonic assembly that employs an optical

interconnector;

[0022] HIG. 6is a back-end elevated view of an example ferruls showing an example of an

array of ferrule waveguides formed within ferrule body using a laser writing process;

[6023] FIGS. 7A and 7B is are close-up side views of two example optical interconnectors

each having an L-shape;

_4-
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[0024] FHG. 7Cis a ciose-up cross-sectional view showing the L-shaped optical
interconnector of FIG. 7A disposed relative to the OE-PCE and the QE-IC so that the optical
interconnector waveguides optically couple the optical waveguides of the OE-PCB with the

QE-C devices of the CE-IC;

[0025] FIGS. 8A through 8E are similar to FIGS. 5A through 5E and illusirate another

example method of forming a photonic assembly using an S-shaped optical interconnector;

[0026] FIG. 9is a close-up side view of the example S-shaped optical interconnector of

FIGS. 8A through 8E;

[6027] FIGS. 10A through 10C are y-z cross-sectional views that ilustrate an alternate
method of forming a photonic assembly using an optical interconnector whergin the optical
interconnector is first attached to the OE-IC and then the combined CE-IC and optical

interconnector are attached to the OE-PCE;

[0028] FIGS. 11Athrough 11F are y-z cross-sectional views that illustrate an example

method of forming a photonic assembly using an S-shaped optical interconnector;

[0029] FIGS. 12A through 12C illustrate an example OE-PCB that utilizes a modified

waveguide link assembly that includes a waveguide bending structure;

[0030] FIGS. 13A through 13G are y-z cross-sectional views that illustrate an example
method of forming a photonic assembly using the S-shaped optical interconnector disclosed

herein;

[0031] FHIG. 14is a front-end elavated view of an example optical interconnector that has a

fiat front-end section and a flat back-end section;

[0032] FIG. 15 is a front-end elevated view of another example optical interconnector that

includes slots for improved flexibility;

[0033] HIG. 16is similar to FIG. 13C and illustrates an example photonic assembly wherein
the bend surface of the guide block of the waveguide bending structure is concave rather

than convex;

[0034] FIG. 17 is similar to FIG. 16 and illustrates an embodiment where the bend surface
of the guide block of the waveguide bending structure has an S-curvature that imparts a

corresponding S-curvature to the front-end sections of the optical waveguides;

S5
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[0038] FIG. 18Ais similar to FIG. 13C and Hllustrates an embodiment wherein the optical
interconnector defines a first optical interconnector section and the waveguide bending
structure is replaced with second optical interconnector that optically couples with the first

optical interconnector;

[0036] FIG. 18Bis a close-up view of the example of the second optical interconnector

section of FIG. 18A;

[0037] HIG. 19is similar to FIG. 18 and is a close-up view that illustrates an example
second optical interconnector section having an S-shape so that the front and back ends of
the second light-rediracting element can reside in substantially perpendicular planes so that

the connection line of the optical connector assembly is substantially horizontal;

[0038] FIGS. 20 and 22 are cross-section views similar to FIG. 13C and iHustrate examples
wherein the PCB assembly includes a cavity through which passes the array of optical

waveguides of the waveguide link assembly;

[0038] HIG. 22 is similar to FIGS. 20 and 21, and iHustrates an example wherein the
waveguide bending structure include a single guide block with a guide channel that supports
and guides the front-end sections of the optical waveguides so that the end faces of the
optical waveguides reside proximate to and aligned with the end faces of the QE-IC

waveguides of the QE-I(;

[0040] FIGS. 23A and 23B are elevated and top-down views, respectively, of example

waveguide crossings that can occur within the OE-PCB;

[0041] HIG. 24 shows an example waveguide link assembly disposed on the top surface of
a PCB layer, wherein the optical waveguides all Hie in the same plane and have in-plane bend

locations; and
[0042] FIG. 25 shows stacked PCB layers each having waveguide link assemblies pre-
fabricated on carrier sheets.

DETAILED DESCRIPTION

[0043] Reference is now made in detail to various embodiments of the disclosure,
examples of which are illustrated in the accompanying drawings. Whenever possible, the

same or like reference numbers and symbois are used throughout the drawings to refer to

-6 -
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the same or like parts. The drawings are not necessarily to scale, and one skilled in the art
will recognize where the drawings have been simplified to illustrate the key aspects of the

disclosure.

[6044] The claims as set forth helow are incorporated into and constitute part of this

Detailed Description.

[00458] Cartesian coordinates are shown in some of the Figures for the sake of reference

and are not intended to be limiting as to direction or orientation.

[0046] The term “micron” as used herein means micrometer, i.e., 1x10° meter, which is

abbreviated as “um” in the art.
[0047] The acronym UV stands for ultra-violet.

[0048] A “PCB” or a "PCB layer” as these terms are used herein refers to a single printed
circuit board that includes electrical components and features such as metal wiring, meatal
contacts, metal vias, active electrical components such as electrical ICs, etc., not all of which

are shown in the Figures for ease of illustration.

[0049] The term “PCB assembly” means two or more PCBs or PCB layers operably

attached to each other, usually in a layered/laminated configuration.

[0050]  An "OE-PCB” as the term is used herein is formed from a PCB assembly includes
one or more types of optical components, and which in the present disclosure includss one

or more arrays of optical waveguides.

[0051] An “optical-electrical device” or “OE device” is any device that includes electrical
and optical components that provide electrical and optical functionality. Example OF

devices include an optical-electrical integrated circuit {OE-IC) and an OE-PCB.
[0052] A “photonic integrated circuit” or “PIC” is the same as an QE-IC.

[6053] The term “optical interconnection device” or “optical interconnector” means a
device that is used to optically couple or optically connect or place in optical communication
one OF device with another OF device, and in the present disclosure can be used to optically
connect an OE-IC to an OE-PCB. In the examples described below, the optical
interconnector can include multiple parts or “sections.” Thus, in one example described

below, a two-part optical interconnector is constituted by a first optical interconnector

_7-
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section and a second optical interconneactor section. In some cases, what constitutes a first
or a second optical interconnector section in one example can be used by itself to constitute
an entire optical interconnector in another example. A multipart or multi-section aptical

interconnector can also be referred to as an “optical interconnector assembly.”

[0054] The term “photonic assembly” as used herein means a device that includes at least
two OF devices that are at least optically interconnected, and which can be both optically
and electrically interconnected. in examples disclosed below, the photonic assembly is

constituted by an OE-IC and an OE-PCB.

[0055] The term "waveguide” as used herein means an optical waveguide. Example
waveguides can include optical fibers and planar waveguides, which can be fabricated thin
flexible glass or polymer layer. it will be apparent from the discussion below that other

specific types of waveguides can also be used with the concepts disclosed.
[6056] OE-PCB with embedded optical waveguide array

[0057] HIGS. 1A through 1€ are y-z cross-sectional views illustrating the formation of an
example OE-PCB 10 as disclosed hersin, FIG. 1A is a partially exploded view that shows a
single PCB 20, which will be referred to hereinafter as PCB layer 20A since it will later serve
as one of multiple PCBs in a PCB assembly. The PCB layer 20Ais also referred to herein as

the first PCB laver for reasons that will become apparent in the discussion below.

[0058] The PCB layer 204 has a top or major surface 22, a bottom surface 24, a front end
26 and a back end 28. The PCB layer 204 has a centerline CL that runs in the y-direction
midway between the front and back ends 26 and 28. The PCB layer 20A has an access
aperture (“PCB access aperture”} 30 between the top and bottom surfaces 22 and 24. Inthe
present example, the PCB access aperture 30 is located in the PCB layer 20A about mid-way
between the centerline CL and the front end 26. Other locations for the PCB access
aperture 30 can also be used. The PCB access aperture 30 has an edge 32 and a center 34,
The portion of the edge 32 of the PCB access aperture 30 closest to the front end 26 of the
PCR is referred to as the front edge 32F while the portion of the edge closest to the back
end 28 is referred 1o as the back edge 32B. The section of the PCB layer 20A between the
front end 26 and the front edge 32F of the PCB access aperture defines a front-end section

25 of the PCB layer. Likewise, the section of the PCB layer 20A between the back end 28
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and the back edge 32B of the PCB access apsrture defines a back-end section 27 of the PCB
layer. A laver of securing material 95 is shown residing between the top surface 22 of the

PCB laver 20A at the back-end section 27.

[6059]  FIG. 1A also shows an array 50 of optical waveguides 52 arranged above the top
surface 22 of the PCB 20A in anticipation of adding the optical waveguide array to the PCB
{ayer 20A. With reference to the close-up inset 11, each optical waveguide 52 has core 54, a
cladding 56 that surrounds the core, and a protective layer 58 that surrounds the cladding.
Each optical waveguide 52 also has a front-end section 64 with a front end 66 and a back-
end section 67 with a back end 68. In an example, the front end 66 is polished flat and is

also referred to herein as the waveguide end face 66,

[6060] A ferrule 80 is disposed at or adjacent the back end 28 of the PCB layer 204 and
supports the array 50 of optical waveguides 52 at a support location 70 corresponding to
back end of the PCB layer 204, In an example, the ends 68 of the optical waveguides can
extend well beyond the back end 84 of the ferrule. The ferrule 80 has a body 81, a front end
82, a back end 84 and bores 86 each sized to accommodate a single optical waveguide 52.
Alternatively, the ferrule 80 can have a single elongated bore 86 that supports the entire

optical waveguide array.

[0061] FIGS. 2A and 2B are close-up side and front-on views of an example waveguide
alignment member 90 that supports the front-end sections 64 of the optical waveguides 52
in FIGS. 1A through 1€ The waveguide alignment member 90 includes a top surface 92, a
bottom surface 94, a front end 96 and a back end 98. An sxample of a waveguide alignment
member 90 is a V-groove block that includes waveguide V-grooves 93 formed in the top
surface 96, as shown in FIG. 2B. The waveguide alignment member 80 may be made of a
material that is CTE matched to photonic integrated circuit substrates. For example, if the
photonic integrated circuit substrate is made of Si, the waveguide alignment member may
be made of a glass that is CTE matched to i, such as a Pyrex™-like glass. A securing
material 95 can be used to secure the front-end sections 64 of the optical waveguides 52 to
the waveguide alignment member 90 and in particular in the waveguide V-grooves 93 so
that the optical waveguides reside at least partially within respective waveguide V-grooves.

In an example, the securing material 95 is 3 UV-curable adhesive.
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[0062] The combination of the optical waveguide array 50, the ferrule 80 and the
waveguide alignment member 90 constitutes a waveguide link assembly 100, Inan
example, the waveguide link assembly 100 consists of only optical waveguide array 50 and
the ferrule 80. The ends of the waveguide link assembly 100 can be polished prior to

subsequent assembly steps.

[6063] FIG. 1B shows the waveguide link assembly 100 operably arranged on the top
surface 22 of the PCB layer 20A. The layer of securing material 95 is used to secure the
optical waveguide array 50 o the top surface 22 of the PCB layer 20A at the back-end
section 27. The ferrule 80 is attached to the back end 28 of the PCB also using the securing
material 95. The waveguide array 50 is supported on the top surface 22 of the PCB layer
20A such that the front-end sections 64 of the optical waveguides 52 that are held by the

waveguide alignment member 80 reside within the PCB access aperture 30.

[6064] FIG. 1C shows the structure of FIG. 1B with second and third PCB layers 20B and
20C sandwiching the first PCB layer 204 to define a PCB assembly 120. The PCB assembly
120 can be formed using a standard lamination process as is known in the art. Thus, the OE-
PCB 10 comprises the PCB assembly 120 and the waveguide link assembly 100 integrated
therewith. In an example, the PCB access apertures 30 of each of the first, second and third
PCBs 20A, 208 and 20C are at least partially aligned along their respective centers 34 to
define a PCB assembly access aperture {“main aperture”) 125. The PCB assembly 120 can
have as few as two PCB layers 20. The PCBE assembly 120 has a long axis AZ that runs in the
z-direction. In an example, the optical waveguide array 50 runs generally in the direction of
the long axis AZ and can have some in-plane bends, as described below. During the
formation of the OE-PCB 10, protective covers {not shown) can be placed over the ferrules
80 and the waveguide alignment meamber 90. In an example, a strain-relief feature 33 can
be formed on the back edge 328 of the PCE access aperture 30 and over the corrasponding

portion of the optical waveguides 52 that extend into the PCB access aperture.

[0065] The PCB layer 20C, which is also referred to herein as the third or upper PCB layer,
includes PCB electrical contacts 40 on the top surface 22 that lead to electrical wiring or
electrical vias {not shown). The PCB electrical contacts 40 are shown in FiG. 1C by way of
example as residing on opposite sides of the PCB access aperture 30, i.e., adjacent the front

end 32F and the back edge 32B.

- 10 -
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[0066]  In other examples, multiple waveguide link assemblies 100 can be integrated with
the PCB assembly 120, Also in other examples including those discussed below, the optical
waveguides 52 can be sandwiched between the adjacent PCB layers 20A and 20C while also

being movable.
[0067] Photonic assembly with waveguide bend section

[0068] FIG. 1D is a close-up view that shows a step in the method of forming a photonic
assembly 130 whereby a OE-IC 140 is added to the OE-IC 10 of FIG. 1C. FIG. 3 is a close-up
view of a portion of the OE-IC 140 and the OE-PCB 10 of the photonic assembly 130 of FIG.
1D and iHustrates an example configuration of the OE-IC 140. The OE-IC 140 includes a top
surface 1472, a bottom surface 144, a front end 146 and a back end 148, The OQE-IC 140
supports an array 150 of devices {“OE-IC devices”} 152, such as optical transmitters that can
transmit light, optical detectors that can detect light, optical transceivers that can both emit
and detect light, light-redirecting features {e.g., waveguide grating couplers} that can re-
direct light, or waveguides that can transmit light. Thus, the OE-IC devices 52 can be active
devices or passive devices. The QF-IC 140 can also include other OE-IC devices 152 besides

those shown supported on the top surface 142,

[0069] The QE-IiC 140 also includes QE-IC electrical contacts 160 on its top surface 142, in
the example of FIG. 1D, the QE-IC 140 is arranged over the PCB access aperture 30, with
solder bumnps 170 used to establish elactrical contact between the PCB electrical contacts 40
and the OE-IC electrical contacts 160, Thus, the OFE-IC 140 is operably engaged with the PCB
assembly 120 in a flip-chip configuration wherein the top surface 142 of the GE-IC 140 faces
the top surface 22 of the upper PCB 20C.

[0070] When using a flip-chip configuration for the photonic assembly 130, the waveguide
{ink assembly 100 is fabricated from materials that can survive the solder reflow process. in
this regard, the protective coating 58 of the optical waveguides 52 can comprise a high-
temperature-resistant material, and the waveguide alignment member 90 can be made of
glass and joined to the optical waveguide array and the securing material 95 can be an ultra-
violet (UV) curable adhesive that is resistant to heat (e.g., Masterbond UV25, available from

Masterbond Inc., Hackensack, New lersey).

-13 -
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[0071] FIG. 1D shows a gripping tool 200 inserted into the main aperture 125 and gripping
the waveguide alignment member 90. The gripping tool 200 is used to rotate the
waveguide alignment member 90 by substantially 90 degrees in the y-z plane, thereby
forming respective waveguide bend sections {(“bends”} 60 in the optical waveguides 52 and
aligning and bringing into close proximity the waveguide end faces 66 and the respective
QE-IC devices 152, as shown in FIG. 1E. The optical waveguides 52 of the optical waveguide
array 50 are configured to sustain tight bends, e.g., with bend radius RB of 2.4 mm for a 125
um diameter optical waveguide and a bend radius RB of 1.5 mm for a 80 um diameter
optical waveguide. In an example, the bends 60 are substantially right-angle bends. The

bends 60 may reside completely within the PCB access apertures 30.

[0072]  In an example shown in FIG. 1E, an active alignment process is used to accurately
align the end faces 66 of the optical waveguides 52 with the QE-IC davices 152 to optimize
optical coupling. In an example, this is accomplished by arranging a detactor 210 in optical
communication with one or more of the optical waveguides 52 at the back ends 63 in the
case where the GE-IC devices 152 emit light 212. In this case, the smitted light 212 from the
QE-IC devices 152 enters the end face 66 of the one or more optical waveguides 52 and is
carried to the detector 210. The optical power of the detected light 212 is monitored to
determine the target position of the waveguide alignment member 90 associated with the
maximum measured optical power. This active alignment process can also be carried cut in
reverse, wherein the detector 210 is repiaced by a light source that emits the light 212, and

the OE-IC device 152 is a detector.

[0073] After active alignment of the waveguide alignment member 90 identifies the target
position for the waveguide alignment member 90, the waveguide alignment memberis
fixed in place on the OF-PCB 10 using a securing material (not shown), which can be a UV

curable adhesive.

[6074] FIG. 4Aillustrates an example wherein the OE-IC devices 152 comprise an array 180
of OE-IC waveguides 182, which can also be referred to as optical interconnection
waveguides. Each OE-IC waveguide 182 has an end face 196, which in the present example
is located at the front end 146 of the OE-IC. In the example of FIG. 44, the OE-IC 140 is
located off center of the PCB access apertures 30 towards the front end 26 of the upper PCB

20C. In FiG. 4A, the gripping tool 200 is used to grip the waveguide alignment member 90 to
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create an S-bend 60 in each optical waveguide 52 as shown in FIG. 48. While the gripping
tool 200 is shown gripping the waveguide alignment member 80 through the PCB access
apertures 30 from below, it could also grip the waveguide alignment member 90 from
above. in this case, the PCB layer 20B would not need to have a PCB access aperture 30, in
which case the PCB access apertures 30 of the PCB layers 20C and 20A define a blind access

aperture in the PCB assembly 120.

[0075] FIG. 4B shows how the S-bends 60 are used to place the waveguide end faces 66 of
each optical waveguide 52 proximate to and in at least coarse alignment with corresponding
end faces 196 of the OE-IC waveguides 180. Active alignment can then be carried out in the
same or similar manner as described above to establish the target position for the
waveguide alignment block 80. Once the target position is determined, the waveguide
atignment block 20 is then secured {e.g., using UV-curable adhesive) to the OF-IC 140, e.g.,

on the top surface 22 of the upper PCB 20C.

[0076] FIG. 4C s similar to FIG. 4B and illustrates an example wherein evanescent coupling
is used to optically couple the optical waveguides 52 to the GE-IC waveguides 180. in this
example, each waveguides 180 has a core 184 and a cladding 186 that surrounds the core,
as best seen in the close-up inset of FIG. 4C. A portion of the cores 54 of the optical
waveguides 52 are exposed by removing their cladding laver 56 or by only have a very thin
cladding layer, as show in in the close-up inset. Likewise, a portion of the cores 184 of the
OE-IC waveguides 182 are exposed or have a very thin cladding layer 186. The optical
waveguides 52 are then contacted with corresponding OE-IC waveguides 182 at the front
end of the OE-IC 140 an in an overlapping manner so that evanescent coupling can occur

between the respective exposed cores 54 and 184 over an evanescent coupling region ECR.
[06077] Photonic assembly with L-shaped optical interconnector

[0078] FIGS. 5A through 5E are cross-sectional y-z views similar to FIGS. 1A through 1E and
illustrate an example embodiment of forming a photonic assembly 130 that employs an
optical interconnector 240 operably disposed between the OE-IC devices 152 of the OE-IC
140 and the optical waveguides 152 of the PCB assembly 120. FIGS. 5A and 5B show an
example waveguide link assembly 100 where the optical waveguide array 50 terminates at

the back edge 32B of the PCB access aperture 30 of the PCB 20A.  Also, the ferrule 80
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includes an array 280 of ferrule waveguides 282 defined by a core 284 surrounded by a
cladding 286 made up of the ferrule body 81, which in an example comprises glass. The
core 284 can be formed within {i.e., buried within} the ferrule body 81, e.g., by laser writing.
Each ferrule waveguide 282 has a front end 296 and a back end 298. The back ends 68 of
the optical waveguides 52 terminate at the front ends 296 of the ferrule waveguides 282
while the front ends or end faces 66 of the optical waveguides terminate at the back edge

328 of the PCB access aperture 30.

[0079] The ferrule 80 can be fabricated by first coarsely aligning and then attaching a
“blank” ferrule {i.e., one without ferrule waveguides 282} to the back end 28 of the PIC 20
and to the back end 68 of the optical waveguides 52 of the optical waveguide array. Then,
the array 280 of ferrule waveguides 282 can be formed (e.g., by laser writing) so that the
front ends 296 of the ferrule waveguides match the locations of the back ends 68 of the
optical waveguides 52 while the back ends 298 of the ferrule waveguides match the
locations of the front ends or end faces 66 of a second optical waveguide array 50 of optical

waveguides 52 that are optionally aligned in a ferrule external to the QE-PCB 10.

[00B0] Thus, laser writing of the ferrule waveguides 282 in the ferrule 80 can be
performed as part of the fabrication method to ensure proper alignment of the array 280 of
ferrule waveguides with the array 50 of optical waveguides 52. it is noted here that an
advantage of laser writing to form waveguides in glass material is that the formation of the
waveguide cores does not require adding any new glass or any other type of material to the
existing glass material. Rather, the laser writing process locally increases the glass density
and thus the refractive index of the glass to define the core while the surrounding glass
defines the cladding This allows for ferrule 80 as well as other glass components disclosed

herein to have a monolithic structure while also supporting an array 280 of waveguides 282.

[0081] FIG. 6is a back-end elevated view of an example ferrule 80 showing an example of
an array 280 of ferrule waveguides 282 formed within the body 81 of the ferrule using a
laser writing process with a laser beam LB. Note that the second optical waveguide array 50
externai to the OE-IC 10 need not have a select pitch and in fact the optical waveguides 52
therein can be arbitrarily arranged. Note also how the front ends 296 of the ferrule

waveguides 282 can be formed to have a select pitch PWF and reside in a single plane to

- 14 -



WO 2019/079271 PCT/US2018/056042

corraspond to the configuration of the array 50 of optical waveguides 52 integrated into the

PCB assembly 120 of the OE-1C 10,

[0082] Itis also noted that the end faces 66 of the optical waveguides 52 of the optical
waveguide array 50 that reside proximate the front edge 32F of the PCB access aperture 30
can be processed in situ, e.g., by mechanical polishing {e.g., with a diamond saw) or by laser

polishing {e.g., with a CO; laser} using the PCB access apertures 30 as an access aperiure.

[0083] HIG. 5C s similar to FIG. 1C and shows the OF-IC 140 disposed on the uppsr PCB
20C of the PCR assembly 120 over the PCB access apertures 30.

[6084] FIG. 50 is similar to FIG. 5C and is a close-up view that shows the addition of the
optical interconnector 240 operably disposed within the PCB access apertures 30. FIG. 7Ais
a close-up side view of an example optical interconnector 240. The optical interconnector
240 includes a body 241 with a front end 242, a back end 244 and an outer surface 240. The
body 241 is shown by way of example as being L-shaped and thus having front and back
sections 241F and 241B that respectively include the front and back ends 242 and 244 and
that are at right angles to each other. Other shapes of body 241 can be used, as discussed
below. The L-shape of the optical interconnector 240 also results in the front end 242 and
the back end 244 residing in substantially perpendicular planes {i.e., the front end 242 in an

x-y plane and the back end 242 in an x-z plane).

[0085] In an example, the optical interconnector 240 is a waveguide-based light-
redirecting element that includes an array 250 of waveguides 252, Each waveguide 252 is
defined by a core 254 formed in the body 241, wherein the portion of the body that
surrounds the core defines a cladding 256. In an example, the waveguides 252 are formed
using a laser writing process {&.g., using femtosecond iaser puises) that defines the cores
254. Each waveguide 252 has a front end or front end face 266 and a back end or back end
face 268. In an example, the body 241 of the optical interconnector is made of glass and
can be formed using a glass re-draw process. In an example, the main sections 252M of
waveguides 252 are prewritten except for small end sections 2525 adjacent the front end
242 and/or the back end 244{dashed lines}, which can be laser written after the optical
interconnector 240 is operably disposed within the photonic assembly 130, An advantage of

the L-shape is that the front and back sections 241F and 241B can be made sufficiently thin
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in the directions perpendicular 1o the waveguides 252 50 that they are flexible in the y-z

plane and thus be more easily aligned within the OE-PCB 10 and the OE-IC 240,

[0086] FIG. 7B is similar to FIG. 7A and shows an example configuration for the L-shaped
optical interconnector 240 that includes a TIR surface 270, which redirects light 212
traveling in the +z direction with the waveguides 252 to travel in the y-direction, or that
redirects light traveling in the —y direction to travel in the —z direction. Thus, light 212
emitted from an OE-IC device 52 in the —y direction can be redirected to travel in a direction

parallel to the plane of the top surface 22 of the upper PCR, i.e., in the —z direction.

[0087] With reference again to FIG. 5D, the optical interconnector 240 is inserted into the
main aperture 30 of the PCB assembly 120 using a gripping tool 200 and then at least
coarsely aligned with the optical waveguide array 50 integrated with the PCB assembly 120.
As shown in the close-up view of FIG. 7C, this coarse alignment step places the front end
2472 of the optical interconnector 240 and thus the front ends 266 of the waveguides 252
therein proximate to and substantially aligned with the end faces 66 of the optical
waveguides 52 and the back end 244 of the optical interconnector and thus the back ends
268 of the waveguides therein proximate to and substantially aligned with the OE-IC devices

152 of the CE-IC 140.

[0088] Active alignment is then performed to determine the target position of the optical
interconnector 240 relative to the QE-IC devices 152 of the OF-IC 140. Once the target
position is determined, the optical interconnector 240 is secured in the target position in the
QE-IC 10 using securing material 85, Then, the axact positions of the waveguide end faces
66 of the optical waveguides 52 supported in the PCB assembly 120 are determined via, for
example, machine vision and image processing technigues. The optical connection is then
completed by laser writing the waveguide sections 2528 {see FIG. 7A} with a laser beam LB
so that the front ends 266 of the waveguides 252 formed within the body of the optical
interconnector 240 align with the waveguide end faces 66 of the optical waveguides 52.
This process has the advantage that the various glass components are bonded prior to final
optical alignment so that unwanted {ateral shifts that may occur during curing of the
securing material 95 may be avoided. The flexibility of the front and back sections 241F and

2418 of the optical interconnector 240 can accommodate modest mechanical shifts due to
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mismatches in the coefficient of thermal expansion {CTE) between the OF-IC 140, the soider

bumps 170, and the PCB assembly 120.

[0089] In another example, the array 250 of waveguides 252 of the optical interconnector
240 are pre-written in their entirety and then active alignment of the optical interconnector
240 is carried out by transmitting light between the active elements 152 and the optical
waveguides 52 through the optical interconnector to determine the target position. Once
the target position for the optical interconnector is determined, it is then securing within
the photonic assembly 130. In an example, the flexibility of the front and back sections
241F and 2418 of the optical interconnector 240 is exploited in the alignment process. FiG.

5E shows the resulting photonic assembly 130.
[6030] Photonic assembly with S-shaped optical interconnector

[0091] FIGS. 8A through 8E are similar to FIGS. 5A through 5E and illusirate another
example of forming a photonic assembly 130 using an optical interconnector 240. FIGS. 8A
through 8C show the waveguide link assembly 100 being incorporated into the PCB
assembly 120, with FIG. 8C showing the QE-IC 140 located off center of the PCB access
apertures 30 towards the front end 26 of the upper PCB 20C. This iocation of the OE-IC 140
relative to the PCB facilitates high density PCB routing of electrical leads to more solder

bump locations.

[00%92] FIG. 8D is a close-up view that shows the optical interconnector 240 operably
disposed within the PCB assembly 120 of the OFE-IC 10. The optical interconnector 240
optically couples the optical waveguide array 250 integrated with the PCB assembly 120
with the OE-IC devices 152 in the form of the waveguide array 180 supported by the OE-IC
140. FiG. 9 is a close-up side view of an example optical interconnector 240 wherein the
body 241 has an 5-shape rather than an L shape and has a front-end section SF that includes
the front end 242 and a back-end section 5F that includes the back end 244. The S-shape is
such that the front end 242 and back end 244 reside in substantially parallel x-y planes. The
S-bend shape of the body 241 of the optical interconnector 240 can be created using a glass
redraw process. The S-bend shape provides the optical interconnector 240 with some
flexibility in the front and back ends 5F and SB that accommodates motion of the optical

interconnector during coarse alignment and attachment to the PCB assembly 120 as well as
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to the QE-IC 14, or motion caused by stresses induced by components of the photonic

assembly 130 having substantially different CTEs.

[6093] In an example, the outer surface 246 of the optical interconnector 240 includes fiat
sections 248 through which a faser beam LB can be directed for laser writing the cores 254
in the body 241 to define the waveguides 252. As in the previous example, the waveguides
252 can be prewritten except for short sections 2525 near the front and/or back ends 242
and 244 that can be written after the optical interconnector 240 is secured within the PCB

assembly 120 at its target position.

[0084] The optical interconnector 240 is disposad at least partially within the PCB access
aperturas 30 such that the front ends 266 of the waveguides 252 are proximate to and at
least coarsely aligned with the end faces 66 of the optical waveguides 52 of the optical
waveguide array integrated with the PCB assembly 120. Likewise, the back ends 268 of the
waveguides 252 are proximate to and at least coarsely aligned with the end faces 196 of the
QE-IC waveguides 180 supported by the OE-IC 140. The close-up view of FIG. 8E shows the
{aser beam LB laser writing the ferrule waveguides 280 in ferrule body 81 for optical
connection to the external array 50 of optical waveguides 52 disposed adjacent the back

end 84 of the ferrule 80,
[0095] Photonic assembly fabrication method with L-shaped optical interconnector

[6096] In the fabrication methods for the photonic assembily 130 discussed above, the
optical interconnector 240 was aligned with and secured to the OE-IC 140 and the QE-PCB

1¢ after the OFE-IC was added to the PCB assembly 120 in the flip-chip configuration.

[0097]  An alternate fabrication method involves operably aligning and securing the optical
interconnector 240 to the OE-IC 140 prior to adding the OFE-IC to the PCB assembly 120.
FIGS. 10A through 10C are cross-sectional views that illustrate this alternate fabrication
method. FIG. 10A is similar to FIGS. 5C and 5D and shows the optical interconnector 240
being aligned and secured to the OE-IC 140 hefore the QE-IC 140 is added to the QE-PCB 10.
In this step, active alignment of the optical interconnector 240 relative to the QE-1C 140 is
readily carried out by directing light 212 through one or more waveguides 252 of the optical
interconnector either into the back end 268 from one or more active elements 152 or into

the front end 266 using the light source 210. Once the target position of the optical
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interconnector 240 is determined, it is then secured to the QE-IC 140 using securing material

95, such as a UV-curable adhesive.

[0098] At this point, the OE-IC 140 and the optical interconnector 240 secured thereto is
added to the OE-PCB in a flip-chip configuration, as illustrated in FIGS. 10B and 10C. At this
point, the gripper tool 200 can be inserted through the PCB access apertures 30 from below
to grasp the free {unattached) front section 241F of the optical interconnector 240 and at
least coarsely align the front ends 266 of the waveguides 252 with the end faces 66 of the

optical waveguides 52 of the optical waveguide array 50 of the OE-PCB 10.

[0088] If the waveguides 252 of the optical interconnector 240 have been pre-written in
their entirety, then active alignment is once again performed with respect to the optical
waveguides 52 and the optical interconnector secured in its target position as described
above. if the waveguides 252 of the optical interconnector 240 have not been pre-written
in their entirety, then the optical interconnector can be secured in its coarse alignment
position and the remaining sections 2528 of the waveguides 252 written in a manner that
achieves fine alignment with the optical waveguides 52 of the optical waveguide array 50 of

the OE-PCH 120 as discussed above and as shown in FiG. 10C,
[00100] Photonic assembly fabrication method with S-shaped optical interconnector

[00101] Another fabrication method for the photonic assembly 130 disclosed herein is
similar to that emplovyed above for the L-shaped optical interconnector 240 but for the &-

shaped optical interconnector.

[00102] FIG. 11A shows the S-shaped optical interconnector 240 in the process of being
operably attached to the OE-IC 140. FIG. 11B is a close-up view of an example S-shaped
optical interconnector 240 that shows the waveguides 252 of the optical interconnector 240
and the OE-IC waveguides 182 supported by the OE-IC 140. In the example, the cores 254 of
the waveguides 252 reside very close to or at the outer surface 246 near the back end 244
of the optical interconnector 240 and define a flat back-end section 245B. Likewise, the
cores 184 of the OF-IC waveguides 180 are exposad or are covered by a very thin cladding
186, The cores 184 of the OE-IC waveguides 180 gverlap the cores 254 of the waveguides
252 of the optical interconnector to define an evanescent coupling region ECR where light

212 traveling in one core can evanescently couple into the other core.
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[003103] Active alignment can be employed to establish the targat position for the optical
interconnector 240 ralative to the OF-IC 140 to optimize the evansscent coupling efficiency
in the evanescent coupling region ECR. In an alternate embodiment such as discussed
above in connection with FIGS. 80 and 8E, the S-shaped optical interconnector 240 can be
used to establish edge coupling between the front ends 266 of the waveguides 252 and the

front ends 196 of the OE-IC waveguides 180.

[00104] Once active alignment has been performed, then with reference to FIG. 11C, the
optical interconnector 240 is secured to the OE-IC 140 using for example a UV-curable
adhesive. The flat back-end section 2458, besides defining the evanescent coupling region
ECR, also provides mechanical stability of assembly defined by the OE-IC 140 and the optical
interconnector 140 secured thereto. In an example, the back flat-end section 2458 is
defined in part by a small step 247 that engages the front end 146 of the OF-IC 140 and that
provides additional mechanical stability while also assisting in defining a select length for

the evanescent coupling region ECR,

[60105] FIGS. 11D and 11E show the CE-IC 140 and the optical interconnector 240 in the
process of being aligned and secured to the OE-PCB 10 a flip-chip configuration to form the
photonic assembly 130, With reference to FiG. 11D, the gripper tool 200 can be inserted
through the PCB access apertures 30 from below to grasp the optical interconnector 240
near the [oose front end 242 and at least coarsely align the front ends 266 of the
waveguides 252 with the end faces 66 of the optical waveguides 52 of the optical waveguide

array 50 of the OF PCB 10.

[60106] If the waveguides 252 of the optical interconnector 240 have been pre-written in
their entirety, then active alignment is once again performed with respect to the optical
waveguides 52 and the optical interconnector secured in its target position as described
above. if the waveguides 252 of the optical interconnector 240 have not been pre-written
in their entirety, then the optical interconnector can be secured in its coarse alignment
position and the remaining sections 2528 of the waveguides 252 written in a manner that
achieves fine alignment with the optical waveguides 52 of the optical waveguide array 50, as

discussed above and as shown in FiG. SE.
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803077 inan example, the sections 2525 of the waveguides 252 can be formed in the back
flat-end section 2458 of the optical interconnector 240 after attaching the optical

interconnector to the OE-IC 140 to ensure optical alignment.

[60108] In an example where edge coupling to the QE-IC 140 is required, then with
reference to the close-up view of FIG. 11F, the back ends 268 of the waveguides terminate
at the step 247 at a fixed distance above the flat back-end portion 245B. This fixed distance
is selected to correspond to the vertical distance between the bottom surface 144 of the

OE-IC 140 and the optical center of the OE-IC waveguides 182.

[00108] In an example, the optical interconnectors 240 are formed of glass using a
precision redraw process. The optical interconnectors 240 can also be formed to have
shapes other than the L-shapes and S-shaped discussed above, and can be formed using
other forming processes. In an example, the outer surface 246 of the optical
interconnectors 240 can flat sections to simplify accurate placement of laser written
waveguide within the parts. In one example, the optical interconnectors 240 can be formed
from flexible thin glass sheets created by fusion draw processes. The curved bend profiles
can be formed in the thin glass sheet by pressing processes over a curved mold, or by
heating a portion of the sheet {using, for example, a CO; laser) followed by mechanical
bending of the sheet. Alternatively, the curved glass bend profiles can be created via sheet

flexure during installation of optical interconnector 240 on the QE-PCB 10,
[00110] Photonic assembly with wavesguide bend support structure

[60111] In the embodiments of the photonic assembly discussed above, the optical
waveguide array 50 is supported in an x-z plane sandwiched between adjacent PCBs 20 of
the PCB assembly 120. In this configuration, the end faces 66 of the optical waveguides 52

reside in an x-y plane.

[00112] HFIGS. 124 through 12C iustrate an example OE-PCB 10 that utilizes a modifiad

waveguide link assembly 100. With reference to FIG. 124, the waveguide link assembly 100
includes a waveguide hending structure 102 comprising a guide block 104 with bend surface
106 and a top surface 108. In the example shown, the bend surface 106 is convex and has a
radius of curvature RB. The waveguide bending structure 102 also includes a V-groove block

110 with a support surface 112 that includes waveguide V-grooves 114,
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[00113] The front-end sections 64 of the optical waveguides 52 bend around the bend
surface 106 of the guide block 104 50 that the end faces 68 of the optical waveguides no
longer reside in an x-y plane and reside substantially at the top surface 22 of the PCB
assembly {e.g., to within 2 mm above or below the top surface). The V-groove block 1101is
arranged so that the waveguide V-grooves 114 of the support surface 112 engage the front-
end sections 64 of the optical waveguides adjacent the waveguide end faces 66. Thus, the
support surface 112 of the V-groove block 110 confronts the bend surface 106 so that the
waveguide Y-grooves 114 that engage and guide the front-end sections 64 of the optical
waveguides 52 over the bend surface 106 of the guide block 104 to maintain bend sections

{“bends”} 60 in the optical waveguides.

[00114] In an example, the bends 60 can have a minimum bend radius RB that can be in the
range from 1.5 mm to 3 mm, depending on the type of optical waveguides 52 employad.

For example, optical waveguides 52 with a diameter of 125 microns can have a minimum
bend radius of about 2.4 mm while optical waveguides with a diamester of 80 microns can
have a minimurn bend radius of about 1.5 mm. Of course the bends 60 can have a bend
radius that is larger than the minimum bend radius for the given optical waveguides 52. The
guide block 104 of the waveguide bending structure 102 can be made of glass and
fabricated via a redraw processes, or it can be cut from a glass sheet and ground to define
its various surfaces, including the bend surface 106. The bends 60 can range anywhere from

a few degrees to 90 degrees.

[00115] FIG. 12B shows the waveguide link assembly 100 disposed on the top surface 22 of
the PCB 20A, with the ferrule 80 residing immediately adjacent the front end 26 of the PCB
204, FG. 12¢ shows the addition of the second and third (lower and upper) PCBs 208 and
20C to form the PCB assembly 120 and the OF PCB 10. Note that only the upper PCBE 20C
includes the PCB accass aperture 30. The waveguide bending structure 102 resides at lsast

partially within the PCB access aperture 30.

[60116] During the PCB lamination process used o form the PCB assembly 120, the
waveguide bend structure 102 is aligned with a PCB access aperture 30 so that after PCB
lamination the top surface 108 of the guide block 104 is roughly flush with the top surface
22 of the upper PCB 20C. In other configurations, the top surface 108 of the guide block 104

may be preferably slightly above or slightly below the top surface 22 of the upper PCB 20C
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to accommodate coupling with additional optical coupling components as describad below.
It may also be preferable to position the top surface 108 of the guide block 104 slightly
above the top surface 22 of the upper PCB 20C to allow the top surfaces 108 of many guide
blocks to be simultanecusly polished in a single polishing operation. Alternatively, the
waveguide bending structure 102 may secured to the top surface 22 of the PCB assembly
120 so that it extends above the PCB top surface by the thickness THF of the waveguide

bending structure, which in an example is in the range from 1.5 mm to 2.4 mm.

001171 FIG. 13A shows an example optical interconnector 240 in the process of being
operably attached to a OE-IC 140. FIGS. 13B and 13C show the optical interconnector in the
process of being combined with the QE-PCB 10 of FIG. 12C to form a photonic assembly 130.
FiG. 13D is a close-up view of center portion of the photonic assembly of FIG. 13C that
shows more details of the optical interconnections. The optical interconnector 240 is used
to optically interconnects optically couple) the optical waveguides 52 of the QE PCB 10 with
the OE-IC devices 152 of the OE-IC 140 to form the photonic assembly 130,

[060118] FiG. 14is a front elevated view of an exampie optical interconnector 240, The
example optical interconnector 240 includes the flat back-end section 245B and a flat front-
end section 245F. The waveguides 252 of the optical interconnector 240 of FiG. 14 have
upward facing back ends 268, which enables edge to interface with the OE-IC devices 152 of
the OE-IC 140 as shown in FIG. 13D. The upward facing back ends 2638 are enabled by either

a strong but low-loss bend or a TiR surface in the waveguides 252 near the back ends.

[0031319] As best seenin FIG. 13D, the flat front-end section 245F resides on the top surface
108 of the puide block 104 of the waveguide bending structure 102 while the flat back-end
section 2458 resides immediately adjacent the bottom surface 144 of the OE-1C 140, In this
position, the front ends 266 of the waveguides 252 of the optical interconnector 240 are
proximate to and confront the end faces 66 of the optical waveguides 52 of the QEPCB 10
while the back ends 268 of the waveguides are proximate to and confront the OE-IC devices
152 of the OE-IC 140 or alternatively reside along and are in optical contact with the OE-IC

waveguides 180 such that evanescent coupling can occur.

[00120] Note also how the front-end sections of the waveguides 252 make about a 45

degree angle in the y-z plane while the bent front-end sections 64 of the optical waveguides
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52 also make about 45 degree angle in the y-z plane so that the waveguides 252 and the
optical waveguides 52 engage along a connection line LC that defines a connection angle 8¢
about 45 degrees in the y-z plane as measured relative to the z-axis. The S-bend shape of
the optical interconnector 240 provides flexibility that helps in positioning its front and back
ends 242 and 244 to achieve optimum alignment. In other embodiments the connection

angle can be substancially less than 45 degrees, such as 10 degrees or 5 degrees.

[00121] FIG. 13E shows the optical interconnector 240 in position in the photonic assembly
130 but with the flat front-end section 245F unatiached to the waveguide bending structure
102 after the solder bump reflow process that electrically connects the OE-IC 140 with the
PCB assembly 120. At this point, the gripper tool 200 can be usad to move the flat front-end
section 245F to at least coarsely align the front ends 266 of the waveguides 252 of the
optical interconnector 240 with the end faces 66 of the optical waveguides 52 held by the
waveguide bending structure 102, as shown in FIG. 13F. Fine alignment can be
accomplished by performing active alignment as described above to identify a target
location for the flat front-end saction 245 of the optical interconnector 240, Once so
identified, the flat front-end section 245F of the optical interconnector 240 can be securad
to the top surface 108 of the guide block 104 of the waveguide bending structure 102. This
can be accomplished using the securing material 95, which can be a UV-curable adhesive

irradiated with the UV laser beam LB.

[00122] In an alternative fabrication method, the optical interconnector 240 can also be
aligned and secured to the waveguide bending structure 102 prior to or during the solder
bump reflow process used to establish the flip-chip configuration for the OE-1C 140, In this
case, the optical interconnector 240 preferably has sufficiently flaxibility to accommodate
displacements of the QE-IC 140 relative to the OF PCB 10 during solder reflow {e.g., 25
microns to 75 microns) without inducing excessive shear stresses at the adhesive joint
between the top surface 108 of the guide block 104 of the waveguide bending structure 102

and the flat front-end section 245F of the optical interconnector 240.

[60123] FIG. 13Gis a close-up view of the waveguide bending structure 102 and the optical
interconnector 240 sirmilar to that shown in FiG. 120 and illustrates an embodiment wherein
the waveguides 282 of the optical interconnector are not written in their entirety, i.e., they

comprise main sections 282M do not extend all the way through the flat front-end section
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245F. During assembly, the optical interconnector 240 can be coarsely alignad and secured
to the waveguide bending structure 102. Then, the remaining sections 2825 of the
waveguides 282 of the optical interconnector 240 are laser written using laser heam LB to

optically connect the waveguide front ends 296 with the optical waveguide end faces 66.

[00124] An advantage of the photonic assemblies 130 and fabrication methods described
above that employ the waveguide bending structure 102 mated with the optical
interconnector 240 is that the alignment of the optical interconnector takes place at the top
surface 22 of the upper PCB 20C as opposed to within a PCB access aperture 30 as described
in other embodiments. This makes it well-suited for automated alignment processing since

visibility {both optically and for UV curing) and access to the coupling interface is improved.

[060125] Precision alignment can be provided via active alignment by measuring the coupled
optical power or using a machine vision system 320 that images alignment features 330
such as fiducials and/or verniers {see FIG. 13D). The waveguides 252 of the optical
interconnector 240 can be precision aligned to the alignment features 330 using laser
forming technigues known in the art. Alignment features 330 in the form of verniers can be
used to provide instant feedback on the amount of {ateral shift during the UV adhesive

CUring process.

[00126] An advantage of the photonic assemblies 130 that employ the waveguide bending
structure 102 mated to the optical interconnector 240 is that the active alignment interface
300 is located away from the edge (e.g., front end 26) of the PCB. This allows for additional
PCB area to be used for OF-IC signal line escape routing from QE-IC BGA {Ball Grid Array}
locations. This configuration also enables enhanced heat dissipation from the QE-IC 140 to

PCB assembly 120.

[60127] With reference again to FIG. 13D, in an example a thin layer of securing material 95
{e.g., UV-curable adhesive} is deposited between the flat front-end section 245F of the
optical interconnector 240 and the top surface 108 of the guide block 104 to provide a
robust mechanical joint. This also limits the magnitude of any shifting due to the curing of
the securing material 95 since the geometry limits non-uniform or asymmetric adhesive

volumes at the joint. The angled connection as defined by the connection line LC shown in
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FiGz. 13D defines an active alignment interface 300 that can serve to relax lateral alignment

tolerances.

[060128] The optical interconnector 240 can include a number of performance-enhancing
features such curved shapes, flat bonding surfaces and TIR mirrors, which can be fabricated
simultaneously using a part redraw process based on a precision preform. The optical
interconnector 240 can also include other features, such as slots 249 for flexibility during
alignment (see FIG. 15}, and/or through access apertures or perimeter notches for actuator

arm gripping during alignment.

[00128] HFIG. 16is similar to FIG. 13C and illustrates an example photonic assembly 130
wherein the bend surface 106 of the guide block 104 of the waveguide bending structure
102 is concave rather than convex. This embodiment of the waveguide bending structure
1072 can be implemented in cases where the connection line LC between the optical
interconnector 240 and the waveguide bending structure 102 is nearly in the y-direction to

enable a more compact configuration for the OE-IC 10 of the photonic assembly 130.

001301 FIG. 17 is similar to FIG. 16 and illustrates an embodiment where the bend surface
106 of the guide block 104 of the waveguide bending structure 102 has an S-curvature that
imparts a corresponding S-curvature to the front-end sections 64 of the optical waveguides
52 supported thereon. In an example, the front-end sections 64 of the optical waveguides
52 do not need to be precisely aligned by, for example, a V-groove block 104, because
subseqguent laser writing of waveguide sections 2825 can be used to create the propsr
alignment between the optical waveguides and the waveguides 280 of the optical
interconnector 240. As in the previous embodiment, the present configuration places the
active coupling interface 300 above the top surface 22 of the PCB 20C, thereby simplifying
waveguide imaging and laser writing processes while also enabling the waveguide end faces
&6 and 266 to be more easily prepared in polishing operations and their locations

characterized.

[00131] Inan example, a through access aperture 30 can be added to the PCB 20B directly
below the active alignment interface 300 to enable laser writing of waveguide sections 2825

from above without heating the lower PCB 208 below, or by simply performing laser writing
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using the through access aperture 30°. The through access aperture 30can be tilted to align

with an active coupling intarface 300 that is oriented at an angle other than vertical.
[00132] Two-part optical interconnector

[00133] FIG. 18Ais similar to FIG. 13C and illustrates an example photonic assembly
wherein the optical interconnector 240 constitutes a first optical interconnector part or
section and wherein the waveguide bending structure 102 is replaced with a second optical
interconnector part or section 440 to define a two-part optical connector 500. The first and
second optical interconnection sections 240 and 440 are shown slightly spaced apart for
ease of illustration. FIG. 188 is a close-up view of the second optical interconnactor section
440 disposed within the PCB access aperture of the PCB assembly 120. The second optical
interconnector section 440 has a body 441 that includes a top surface 442, a bottom surface
444, a front end 446 and a back end 448. The second optical interconnector section 440
includes an array 450 of wavepuides 452 as defined by cores 454 formed within the hody
401 and a cladding 456 defined by the portion of the body that immediately surrounds the
cores. in an example, the body 41 is formed from glass and the cores 452 are laser written
into the glass body. Each waveguide 452 has a front end 466 at the front end 446 and has a
back end 468 at the back end 448. Each waveguide 452 also has a curved section 470, which
can generally follow a curved back end 468. While each waveguide 452 can be buried, in an
example the curved section 470 of the waveguide can be close to the back end 448 so that
the waveguide “cladding” is defined in part by the low-index air space within the main
aperture 125 of the PCB assembly 120. This configuration for the waveguides 452 provides
stronger optical confinement in the curved section 470 as compared to a cladding made

entirely of the material of the body 441, which has a refractive index greater than that of air.

[60134] The second optical interconnector section 440 is configured such that when it is
operably disposed in the OF PCB 10 at least partially within the main aperture 125, the front
ends 466 of the waveguides 452 align with and are proximate to the end faces 66 of the
optical waveguides 52 in the optical waveguide array 50 supported by the PLC assembly 120
while the back ends 468 are aligned with and are proximate to the front ends 266 of the

waveguides 252 of the first optical interconnector section 240.
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[00335] Active alignment techniques as described above can be used to align and then
secure the second optical interconnector section 440 in a target location that maximizes
optical coupling efficiency between the optical waveguides 52 and the waveguides 252 via

the two-part optical interconnector 500,

[00136] The two-part optical interconnector 500 {and in particular the second optical
interconnector section 440) eliminates the need for the V-groove alignment block 104 and
also eliminates the need to bend the front-end sections 84 of the optical waveguides 52,
The front and back ends 466 and 4638 of the waveguides 452 of the second optical
interconnector 440 can be enlarged {e.g., adiabatically flared) to improve lateral alignment

tolerances.

[60137] The optical interconnector section 240 can have one or more fiat surfaces that
simplify chservation {e.g., machine-vision viewing) of waveguide ends 286 that terminate
within the body 241 and that enable laser writing of the waveguide sections 2825 after
attachment to provide for fine alignment. The first optical interconnector section 240 can
also incorporate additional facets that substantiaily prevent the laser beam LB from being
incident upon the PCB assembly 120 during laser writing of the optical interconnector
waveguides 252, The top surface 22 of the PCB assembly 120 and/or surfaces within the
main aperture 125 can be metallized to reflect laser light and prevent PCB surface damage.
A small reflective element {e.g., a mirror, a metal substrate, etc.} can also be temporarily
inserted into the main aperture 125 to reflect laser light away from the PCB assembly 120.
An absorber element can also be temporarily inserted into the main aperture 125 to absorb

laser light that would otherwise be incident upon the PCB assembly 120.

[00138] FIG. 19is a close-up view of an example two-part optical interconnector 500
wherein the waveguides 452 of the second optical interconnector section 440 have an S-
shape such that the front ends 466 and hack end 468 can reside in substantially
perpendicular planes. This allows for the active alignment interface 300 to be oriented
substantially in the vertical direction {i.e., y-direction) {i.e., a connection line CLin
substantially the z-direction), in contrast to the active alignment interface of FiG. 12, which
is oriented in the horizontal direction {i.e., z-direction). This vertical orientation of the
active alignment interface 300 can aid in imaging the locations of terminated waveguides

282 within the body 241 of the first optical interconnector section 240 and writing the
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remaining waveguide sections 2525 and/or 4525 after securing the first optical
interconnector section 240 to the second optical interconnector section 440 using for

example securing material 95.
[60139] PCB assembly with cavity

[00140] In all of the previous embodiments, the optical waveguide array 250 is sandwiched
between adjacent PCBs 20 so that waveguides are firmly secured within the PCB assembly
120. FiG. 20 is a close-up view of a central portion of the QE-PCB 10 of an example photonic
assembly 130 wherein the PCB assembly 120 includes a recess 36 formed in the bottom
surface 24 of the upper PCB 20C adjacent the front edge 32F of the PCB access aperture 30.
When the PCB layers 20A and 20C are laminated together, the top surface 22 of the PCB
laver 204 and the recess 36 in the bottom surface 214 of the PCB layer 200 define a cavity
38 within the PLC assembly 120. The optical waveguide array 50 runs through the cavity 38
and has some slack within the cavity so that the optical waveguides 52 can move during
fabrication of the photonic assembly 130 as well as during the product life of the photonic
assembly. For example, CTE mismatches in the components of the photonic assembly 130
can result in movement of the optical waveguides 52. FIG. 20 shows how movement of the
waveguide bending structure 102 during alignment can cause movement of the optical
waveguides 52. This movement can be both axially (z-direction) and laterally (xand y

directions).

[00141] The PCB cavity 38 can be enlarged axially or laterally as needad to provide greater
freedom of movement of the optical waveguides 52 or to stors substantial amounts of slack
in the optical waveguides 52. Multiple cavities 38 can be formed at various PCB locations
along the z-direction to allow for gradual low-loss waveguide bending, which can take place
during integration of the waveguide link assembly 100 in the PCB assembly 120 during PCB
lamination, or during movement of the waveguide bend structure 102 during alignment and
securing operations. The one or more cavities 38 can be large enough to encompass a 360°
waveguide bend, or it may be integrated into a right-angle bend, where additional cavity
volume is provided around the bend to allow the waveguide radius to increase or decrease

slightly due to axial displacement.
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[00342] The cavities 38 can also be usad to facilitate the use of the waveguide bend
structure 102 as well as the light-redirecting element 400. For example, with reference to
Fia. 21, when the bend surface 106 of the guide block 104 is concave, a cavity 38 adjacent
the PCB access aperture 30 can be used to provide space for the optical waveguides 52 to
bend in a way that aliows the optical waveguide to run conformally {flat} along the bend

surface 106.

[00143] In an example, one or more portions of the optical waveguide array 50 are in the
form of an optical waveguide ribbon, i.e., are ribbonized, while other portions are “loose,”
i.e., unconfined by ribbonization. Example embedded waveguide link assemblies 100
disclosed herein include select ribbonized portions of the optical waveguide array 50 where
it is important for the optical waveguide array to maintain coarse alignment of the optical
waveguides 52 during handling and assembly operations, such as at the ends of the

waveguide link assembly.

[060144] In another exampile, it can be important to join loose optical waveguides 52
together periodically to make the waveguide link assembly 100 manageable during PCB
lamination when forming the OE PCB 10. The regions in the optical waveguide array 50
where the optical waveguides 52 are loose allow the optical waveguides to move over one
another when they are consirained in a tight bend, or as they are axially compressed or
extended during PCB lamination, during alignment and attachment of the waveguide
bending structure 102, or due to CTE mismatches of components of the photonic assembly

130,

[60145] FIG. 22 illustrates an embodiment wherein the waveguide bending structure 102
consists of a guide block 104 configured to obviate the need for an optical interconnector
240 and/or 440, In an example, the guide block 104 can consist of two pieces 1044 and
1048 that respectively include bend surfaces 106A and 106B that define a guide channel 107
when the two pieces 104A and 104B are mated, and wherein the guide channel 107 guides
the optical waveguides 52 from the OF PCB 10 to the OE-IC 140. In another example, the
guide block 104 can be monaolithic and include a guide channel 167 formed therein via a

laser writing process.
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[003146] In an example, the PCB assembly 120 includes a PCB cavity 38 that allows for the
guide block 104 to be displaced during the alignment and securing process. The guide block
104 can be made using a glass redraw process. In an example, the guide block 104 includes
a relatively thick front-end section 104F with a front end 105F and that resides at least
partially within the PCB access aperture 30 and a flexible back-end section 1048 that has a
back end 105B and that resides adjacent the OF-IC 140. The flexible back-end section 1048
is configured to accommodate maotion of the OE-IC relative to the PCB assembly 120. The
flexible back-end section 104B can have an enlarged back end 105B to increases the
bonding area between the guide block 104 and the front end 146 of the OE-IC 140. Inan
example, the guide block 104 can also be configured to provide evanescent coupling
between the optical waveguides 52 supported in the guide block and the OE-IC waveguides

282 of the OE-IC 140,
[00147] Providing added functionality to the OF PCB using the waveguide link assembly

[00148] The waveguide link assembly 100 integrated into the PCB assembly 120 to form
the OF PCB 10 can be used to provide additional functionality beyond simple optical
communication with an OE-IC 140. For example, if the optical waveguide array 50 is routed
in a regular pattern adjacent to high-frequency electrical traces, the low dielectric constant
of the giass of the optical waveguides 52 may be used to improve electrical fink

performance.

[00148] In anocther example, the optical waveguides 52 can be coated with one or more
metallization layers that enable simultansous electrical and optical transmission using the
optical waveguide. The one or more metallization layers can be used for either signal or
power distribution. Optical waveguide metallization can also be used to improve heat

transfer away from one or more OE-ICs 140 of the photonic assembly 130,
[001530] Optical waveguides for the OF PCB

[00151] Examples of the OF PCBs 10 disclosed herein employ optical waveguides 52 having
one or more select properties that optimize their performance when integrated with the
PCB assembly 120. For example, dense optical waveguide layouts for the OE PCBs 10
required optical waveguides that can sustain tight bends with low optical loss. Thus, inan

example, the optical waveguides 52 have refractive index profiles that provide the optical
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waveguides with low loss at relatively small bend radii. This aliows for the optical
waveguides to be routed around PCB obstacles such as vias and highly populated regions
underneath and near flip-chip mounted components, thereby reducing the amount of PCB
area that must be dedicated to optical waveguide links, and increasing the density of optical

links distributed across an optical PCB.

[060152] In an example embodiment, the optical waveguides 52 have aloss of < 0.1 dB
when bent through a full turn at a 5 mm bend radius or aloss of < 0.4 dB perfull turn at a

7.5 mm bend radius.

[00153] In another example, the optical waveguides 52 are multimode wherein the
fundamental mode is substantially matched to the fundamental mode of a conventional
single mode waveguide such as the SMF-28% single mode optical waveguide made by
Corning, Inc. of Corning, New York. In an example, the multimode optical waveguides 52
have parabolic index profiles provide strong optical confinement in tight bends and limited
coupling of optical power from the fundamental mode to higher order modes due to

bending.

[00154] In an example, the optical waveguides 52 have cores 54 that are smaller than
standard single mode optical waveguides and in addition can have a relative refractive index
that is higher than standard single mode optical waveguides. For example, the core
diameter of the optical waveguides can be smaller than 8.2 um, e.g., between 2 umand 6
wrm, in order to match the mode-field diameter {MFD)} of OF-IC waveguides 282,
Alternatively, the optical waveguides 52 can have an MFD with an intermediate value
between the MFD of standard single mode optical waveguide and the MFD of the OE-IC
waveguides 282 so that the total coupling loss over the entire optical path through the

photonic assembly 130 is minimized.

[60155] In another example, the optical waveguides 52 have a reduced diameter of the
cladding 56 to improve the long-term reliability of the optical waveguides given that they
may be subjected to tight bending. Thus, in an example, the optical waveguides 52 can have
a cladding diameter in the range from 30 um to 100 um as compared to the standard
diameter of 125 um. [t is known for example that a standard coated single mode

waveguide having a 125 um outer diameter (i.e., cladding diameter} can have a bend radius
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as small as 2.4 mm while a coated single mode optical waveguide with a diameter of 8¢ um
can have a bend radius as small as 1.5 mm. in other examples, the optical waveguides 52
can have a cladding diameter of 80 um have bending losses of < 0.01 dB/turn at a 10 mm
bend radius. In an example, the optical waveguides 52 have a combination of features such
as a small core diameter, a small cladding diameter and large relative refractive index {as
compared to a standard single mode optical waveguide) to ensure acceptable {low loss)

bending performance.

[00156] In an example, the optical waveguides 52 need to be resistant to the thermal
conditions associated with PCB lamination and solder bump reflow, where temperatures of
180°C to 200°C and higher may be experienced for brief periods of time, e.g.,, 1minioc 2
min. Such optical waveguides are available, and include Corning® Mid-Temperature
Specialty Optical Waveguides, which are rated for temperatures of up to 180°C and employ
protective coatings 56 that are acrylate-hased and that also provide improved fatigue
performance. in addition, Corning® ClearCurve® Single-Mode Mid-Temperature Specialty
Optical Waveguidas for Harsh Environments are rated up to 180°C, with test data up to
200°C. In an exampie, the optical waveguides 52 employ a coating 58 made of polyimide or

like materials that can withstand temperatures in excess of 300°C.

[00157] Given that the optical waveguides 52 are integrated with the PCB assembly 120, it
is desirable that both the diameter of the cdadding 56 and the diameter of the protective
coating 58 be as small as possible to minimize local variations in the overall thickness of the
OF PCB 10. Thin protective coatings 58 can be applied with less variation in coating
thickness and can enable accurate waveguide core alignment for unstripped waveguides
that are passively aligned to precision alignment surfacas or V-grooves. In an example,
Corning® Hermetic Single-mode and Multimode Specialty Optical Waveguides provide a thin

durable protective coating 56 that is applied directly to the cladding 56.

[60158] In another example, the protective coating 58 can be elastomeric so that it can
help to distribute point contact stresses that can occur in configurations where the optical
waveguides 52 cross within an OE-PCB, as shown in FIGS. 20A and 20B. An elastomeric
protective coating 58 can also be useful for accommodating stresses that arise from CTE

mismatches between silica glass optical waveguides 52 and the resin impregnated woven
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fiber glass PCBs 20. For example, optical waveguides 52 can have a protective coating 56

made of one or more elastomeric polymers {e.g., silicones and/or polyacrylates).

[60159] In another exampile, the protective coating 56 of the optical waveguides 52 is more
abrasion resistant than the standard polymeric protective coating. An example of an
abrasion-resistant protective coating 56 includes a metal oxide such as titanium oxide. An
abrasion-resistant protective coating for the optical waveguides 52 can reduce wear and
tear on the optical waveguides due to movement during the alignment process and due to

CTE mismatched when deployed.
[00160] integrating the optical waveguide array with the PCB assembly

[00161] As described above, the OF PCB 10 comprises a waveguide link assembiy 100
integrated with a PCB assembly 120. Automated equipment can be used for deploying
optical waveguides 52 on a PCB 20 along precise {select) paths. In a typical embodiment, a
waveguide feeding tool can rapidly pay out the optical waveguide 52 as the tool traverses
over a fixed PCB. The throughput of the waveguide deployment process is limited in part by
the maximum traverse velocity of the waveguide feeding tool. Stresses can be introduced in
the optical waveguides 52 any time there is a difference between the traverse velocity and
the waveguide feeding velocity. The optical waveguides 52 can also be stressed as they
bend during the transition from the waveguide feeding tool to the planar PCB surface 22

that supports the optical waveguides,

[60162] Thus, in an example, optical waveguides 52 that can sustain relatively high axial
pull stresses and rapid bending through small radius bends are desirable for increasing
waveguide laydown velocity and process throughput. Optical waveguides 52 having one or
more of the select properties described above are well-suited for rapid automated optical

waveguide deployment on the PCBs 20 while minimizing waveguide damage or breakage.

[00163] The optical waveguides 52 used in automatad deployment equipment may not
need to meet all of the requirements typically required when optical waveguides are
manually deployed or manually routed and connectorized. For example, since waveguide
coating stripping processes are preferably automated, it may be possible to use waveguide
coating technologies that would require coating stripping forces that would be difficult for a

manual laborer to implement or controf manually. Likewise, since optical waveguides 52 are
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not handled manually during the automated waveguide deployment process, it may be
possible to use reduced-diameter optical waveguides 52 {e.g., 80 ym or less) that would be
more likely to break if handled manually. In an example, the automated equipment used to
fabricate the photonic assembly 130 can be designed with waveguide strain feedback
measurement capability to ensure that more fragile optical waveguides 52 are not subjected
to excessive strains. On the other hand, smaller optical waveguides can be bent more
tightly before breaking and so this could simplify and speed up waveguide deployment

process.
[00164] Securing the optical waveguides within the PCB assembly

[003165] As discussed above, when forming the CE-PCB 10, the array 50 of optical
waveguides 52 can be secured on the surface 22 of the PCB layer 20A using the securing
material 95. In an example, the securing material 85 comprises a pressure sensitive
adhesive. Alternatively, the securing material 85 can comprise a UV-curable adhesive. The
securing material 85 can be applied over a portion of the top surface 22 of the PCB layer
204, As optical waveguides 52 are deployed on the surface 22 of the PCB layer 204, the
securing material 50 can be immaediately and selectively activated. For exampie, where the
securing material 95 comprises a UV-curable adhesive, the optical waveguides 52 can be
tacked in place using a focused UV beam LB. The focused laser beam LB can follow the path
of the waveguide feeding tool used to deploy the optical waveguides 52. In asimilar
approach, the securing material 95 is only applied on the optical waveguides 52 immediately
before the optical waveguides are deployed onto the top surface 22 of the PCB 20A. As
discussed above, in an example a focused UV light LB can the waveguide feeding tool path
and be used to cure a UV-curable adhesive and tack the optical waveguides 52 onto the top

surface 27 of the PCB 20A.

[60166] The securing material 95 in the form of a UY curable adhesive may also be cured
by UV light LB that is coupled into the optical waveguide as it bends within the waveguide
feeding tool. This UV light LB is unguided by the optical waveguide core and cladding and
thus couples out of the cladding and into the UV curable adhesive that surrounds the optical
waveguide. An advantage of this approach is that the UV light LB can follow the optical
waveguide for a distance along the waveguide path, even in cases where the optical

waveguide is deployed with one or more bends along its path.
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[003167]1 In another example, tha securing material 95 comprises a two-part adhesive and is
used bond the optical waveguides 52 to the top surface 22 of the PCB layer 20A. Afirst part
of the two-part adhesive is pre-applied to the top surface of the PCR layer 20A while the
second part of the two-part adhesive is applied to the optical waveguides 52 prior to
deploying on the PCB assembly 120. When the optical waveguides 52 are deployed onto
the top surface 22 of the PCB layer 204, the first and second parts of the two-part adhesive

react and then cure.
[00168] Optical waveguide crossings

[00168] In an example, the array 50 of optical waveguides 52 can include waveguide
crossings 552 at a waveguide crossing location 550, as shown in FIGS. 234 and 23B. Such
waveguide crossings can be expected when routing the optical waveguides 52 from one end
of the OE-PCB 10 to an OE-IC 140 located near the middle or towards the opposite end of
the QE-PCB. In general, the waveguide crossings 552 involve only two individual optical
waveguides 52 or two arrays 50 of optical waveguides 52.

001701 A concern with waveguide crossings 552 is that during the PCB lamination process,
the waveguide crossing location 550 will serve as a stress concentrator that locally bends
the crossed optical waveguides 52 through a small bend radius. As mentioned above,
elastomeric protective coatings 58 on the optical waveguides 52 can be used to distribuie
these compression forces over a larger area, allowing for a smaller bend radius. Optical
waveguides 52 designad for low loss and high reliability when bent through small radius
turns may also be well-suited for configurations of the photonic assembly 130 that includes

waveguide crossings 552,

[00171] In an example, recesses 560 can be positioned to line up with the waveguide
crossing locations 550 reduce or eliminate stress that can otherwise be induced in the
crossed optical waveguides 52 at the waveguide crossing 552 during PCB lamination. In the
example shown in FIG. 23B, the recess 560 formed in the top surface 22 of the PCB layer
20A for example can be made large enough so that multiple waveguide crossings 552 can be
accommodated within a single via, e.g., when two optical waveguide arrays cross. Inan
example, the recesses 560 are defined by pre-existing vias or blind vias formed in the PCB

layer 204 and/or the PCB layer 20C.

-36 -



WO 2019/079271 PCT/US2018/056042

(001727 Example waveguide link assemblies

[60173] Itis preferred that the optical waveguides 52 of the waveguide link assembiy 100
lie flat on the top surface 22 of the PCB 20A. However, this can be difficult to achieve when
the optical waveguides 52 are fixed within a cable such as a cable ribbon, which has very
limited in-plane flexibility. FIG. 24 shows an example waveguide link assembly 10C disposed
on the top surface 22 of the PCB layer 204, wherein the optical waveguides 52 all lie in the
same waveguide plane FP and wherein the optical waveguides traverse a curve path within

the waveguide plane.

[00174] This is accomplished by allowing the optical waveguides 52 to have different in-
plane bend radii at in-plane bend locations BL. This configuration can be achisved using a
multi-waveguide feeding tool that allows the waveguide feed rate to be varied ona
waveguide-to-waveguide basis wherein the optical waveguides on the outside of the bend
have a larger bend radius to accommodate the other waveguides in the waveguide array
closer to the center of the bend. This configuration allows the array 50 of optical
waveguides 52 to lay flat on the top surface 22 of the PCB 20A. The feed rate of the optical
waveguides 52 located near the outside of the in-plane bend is made higher than for optical
waveguides located near the inside of the bend so that through the in-plane bend the

optical waveguides are arranged on fixed pitch.

[003175] The length of the optical waveguide 52 that reside at or near the inside of the bend
location BL will be less than those on or near the outside of the bend location and this must
be considered when using the waveguide array bending apparatus. In addition, in an

example, all in-plane bends that are not smaller than allowable {minimum) bend radius.

[00176] In an example, the optical performance of the waveguide link assembly 100 can be
tested prior to integrating it with the PCB assembly 120. Also in an example, connectorized
ends of the waveguide link assembly are protected through subsequent PCB lamination and

flip-chip attachiment solder reflow processes.
[00177] High-density OF PCBs and method of forming same

[00178] Using one or more arrays 50 of optical waveguides 52 integrated with a PCB
assembly 120 can involve tens, hundreds or even thousands of optical interconnections.

Even if each optical waveguide interconnection requires only a few seconds, the fabrication
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time for a high-density photonic assembly 130 could take hours. Thus, the fabrication of
high-density photonic assemblies can benefit from OF PCB designs and fabrication methods

that can reduce the overall fabrication time.

[60179] For example, in one fabrication method, many optical waveguides 52 are applied
to the top surface 22 of the PCB {ayer 20A simultaneously. Using this approach, the time
required to fabricate any arrayed waveguide link assembly 100 can be reduced by a factor

N, where N is the number of optical waveguides 52 that can be laid down simultaneously.

[0031807 In another example such as shown in FIG. 25, arrayed waveguide link assemblies
100 can be pre-fabricatad, with the optical waveguides 52 sach following a similar route
across the top surface 22 of the PCB layer 20A. In an example, the optical waveguides 52
can be arranged on a carrier sheet 600, pretested, and then applied to the top surface 22 of

the PCB layer 204 in a single step.

[60181] Further in the example shown in FIG. 25, larger, more complex waveguide link
assemblies 100 can be fabricated by laying out multiple waveguide link assemblies on a
common carrier sheet 600 to form a waveguide link assembly sheet 610. In this example,
the waveguide link assemblies 100 are grouped based on similarities in their starting and
ending locations on the OFE PCB 10.  Each waveguide link assembly sheet 610 can have all of

its waveguide link assemblies 100 pretested prior to attachment to a PCB 20.

[060182] In another example, the OF PCB 10 can include multiple waveguide link assemblies
100 sandwiched between different PCB layers 20. The optical waveguides 52 associated
with each layer of a multilayer OF PCB 10 can be integrated into multiple waveguide link
assemblies and /or waveguide link assembly sheets. Each layer of the multilayer CE PCB 10

can be pretested prior to PCB lamination into a complete multilayer OF PCB.

(001831 1t will be apparent to those skilled in the art that various modifications to the
preferred embodiments of the disclosure as described hersin can be made without
departing from the spirit or scope of the disclosure as defined in the appended claims.
Thus, the disclosure covers the modifications and variations provided they come within the

scope of the appended claims and the equivalents thersto.

- 38 -



WO 2019/079271 PCT/US2018/056042

What is claimed is:

1. An optical-electrical printed circuit board {OE-PCB), comprising:

a waveguide link assembly comprising an array of optical waveguides sach having a
first-end section with an end face and a second end;

a printed circuit board {PCB) assembly comprising at least first and second PCB layers
and having opposite first and second ends, a major surface and an access aperture in the
major surface that resides between the first and second ends; and

wherein the array of optical waveguides is disposed between the at least first and
second PCH layers, with the end faces of the first-end section of the array of optical

waveguides being accessible at the access aperture.

2. The QE-PCB according to claim 1, wherein the first-end section of the optical

waveguides extend into the access aperture,

3. The OE-PCB according to claims 1 or 2, wherein the end faces of the array of optical

waveguides reside either at or proximate to an edge of the access aperture.

4, The OE-PCB according to claim 3, wherein the waveguide link assembly comprises a
waveguide alignment member that supports the first-end sections of the array of optical

waveguides.,
5. The OE-PCB according to claim 4, wherein the waveguide alignment member
includes one or more V-grooves within which the array of optical waveguides at least

partially reside.

&. The OE-PCB according to any one of claims 1-5, wherein the array of optical

waveguides is secured between the first and second PCB layers.
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7. The OE-PCB according to any one of claims 1-6, wherein the PCB assembly further
comprises a cavity and wherein the array of optical waveguides passes through the cavity

and are positionable within the cavity.

8. The OE-PCB according to claim 7, wherein the cavity accommodates slack for one or

more of the optical waveguides.

S. The OE-PCB according to any one of claims 1-8, wherein the waveguide link assembly
comprises a ferrule securad to the second end of the PCB assembly and receives a portion of

array of optical waveguides.

10. The OE-PCB according to any one of claims 1-9, wherein the waveguide link assembly
comprises a ferrule secured to the second end of the PCB assembly and wherein the ferrule
comprises ferrule waveguides that are respectively optically coupled to the second ends of

the array of optical waveguides.

11. The OFE-PCB according to any one of claims 1-10, wherein each optical waveguide
comprises a temperature-resistant protective coating that can withstand a processing

temperature of up to 200 °C.

12. The OE-PCB according to any one of claims 1-11, wherein one or more of the optical
waveguides are disposed at a waveguide crossing location and wherein at least one of the

first and second PCB layers comprises a recess at the waveguide crossing location.

i3. The OE-PCB according to any one of claims 1-12, wherein the one or more optical

waveguides comprise optical fibers.

i4. A photonic assembly, comprising:
an optical-electrical printed circuit board {OE-PCB} comprising a printed circuit board
{PCR) assembly with at least first and second PCB layers and comprising opposite first
and second ends, a major surface and an access aperture in the major surface disposed

between the first and second ends, and an optical waveguide array disposed between
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the at least first and second PCRB layers, the optical waveguide comprising a first-end
section with an end face accessible through the access apserture;
an optical-electrical integrated circuit {OF-iC) operably disposad on the top surface
of the PCB assembly, the QE-IC having at least one OE-IC device; and
an optical interconnector having at least one optical interconnection waveguide and
disposed so that the optical interconnection waveguide optically interconnect the optical

waveguide of the OE-PCB with the at least one OE-IC active device of the OE-iC.

is. The photonic assembly according to claim 14, wherein the body of the optical
interconnector comprises glass and wherein the optical interconnection waveguide is

defined within the body of the glass.

16. The photonic assembly according to claim 14 or 15, wherein the optical
interconnector has first and second ends and comprises a turn such that the first end of the
optical interconnector resides in plane different than the second end of the optical

interconnector.

17. The photonic assembly according to any one of claims 14-16, wherein the optical
interconnector has first and second ends and comprises an S-shape such that the first and

second ends of the optical interconnector reside in offset planes.

18. The photonic assembly according to any one of claims 14-17, wherein the optical

interconnector comprises first and second optically coupled sections.

is. The photonic assembly according to claim 18, wherein the first optically coupled
section resides at least partially within the access aperture of the PCB assembly and wherein

the second optically coupled section resides upon the major surface of the PCB assembily.

20, The photonic assembly according to any one of claims 14-19, further comprising a

waveguide bending structure that resides at least partially within the access aperture to

which the first-end section of the optical waveguide is secured to define bends in the optical
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waveguides 5o that the end face of the optical waveguide resides substantially at or above

the major surface of the PCE assembly.

21. The photonic assembly according to claim 20, wherein the waveguide bending
structure comprises a guide block having a bend surface and a first surface, and a V-groove
block that includes a support surface that confronts the bend surface and that includes

waveguide V-grooves that engages and guides the optical waveguide over the bend surface.

22, The photonic assembly according to claim 20, wherein the waveguide bending
structure comprises a guide block with a top surface, and wherein the optical
interconnector comprises a flat first-end section that is secured to the first surface of the

guide block.

23. The photonic assembly according to claim 22, wherein the flat first-end section is

secured to the top of the guide block using an adhesive.

24, A photonic assembly, comprising:
an optical-electrical printed circuit board {OF-PCB} comprising a printed circuit board
{PCB) assembly with at least first and second PCB layers and comprising opposite first
and second ends, a major surface and an access aperture in the major surface disposed
between the first and second ends, and an optical waveguide array disposed between
the at least first and second PCB layers, the optical waveguide array comprising optical
waveguides each having a first-end section that extends into the access aperture;
an optical-electrical integrated circuit {OE-IC) operably disposed on the top surface
of the PCB assembly, the OE-IC having an array of OE-IC devices; and
a waveguide bending structure that resides at least partially within the access
aperture to which the first-end sections of the optical waveguides are secured to define
bends in each of the optical waveguides so that the optical waveguides are optically coupled

t0o the QE-IC devices.

25. A method of forming an optical-electrical printed circuit board {QE-PCB}, comprising:
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disposing an array of optical waveguides between first and second PCB layers, with
each optical waveguide having a first-end section with an end face and an opposite second
end; and

securing the first and second PCB layers to sach other to define a PCB assembly
having opposite first and second ends and a major surface with an access aperture formed
between the first and second ends of the PCB assembly, wherein the optical waveguide
array is disposed between the first and second PCB layers, with the end faces of the first-

end sections of the optical waveguides being accessible through the access aperture.

26. The method according to claim 25, further comprising supporting the first-end

sections of the optical waveguides with a waveguide alignment member.

27. The method according to claim 25 or 26, further comprising securing the optical
waveguide array between confronting surfaces of the first and second PCB layers using a

securing material.

28. The method according to any one of claims 25-27, wherein the PCB assembly
includes a cavity through which the array of optical waveguides passes and further
comprising accommodating slack of the one or more of the optical waveguides within the

cavity.

29. The method according to any one of claims 25-28, further comprising securing a
ferrule to the second end of the PCB assembly and passing the array of optical waveguides

into the ferrule.

30. The method according to any one of claims 25-29 of forming a photonic assembly,
comprising:
operably disposing an optical-electrical integrated circuit {QE-IC) on the major
surface of the PCB assembly, wherein the OE-IC has an array of QE-IC devices; and
moving the waveguide alignment member so that the optical waveguides are

optically coupled to the QE-IC devices.
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