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WAVELENGTH-DIVISION MULTIPLEXING DEVICES WITH
MODIFIED ANGLES OF INCIDENCE

PRIORITY APPLICATION
{6061} This application claims the benefit of priority of U.S. Provisional Application
No. 62/712,698, filed on July 31, 2018, the content of which is relied upon and incorporated

herein by reference in s entirety.

BACKGROUND
[06062] The disclosure relates to wavelength-division multiplexing and demultiplexing,

and more particularly, to wavelength-division multiplexing devices utilizing modified
angles of mcidence 1o decrease the footprint size of a WDM device and increase signal
quality. The disclosure also relates to the use of stacked WDM filters in wavelength-
diviston multiplexing devices.

LEHIRY Wavelength-division multiplexing (WDM) 15 a technology that multiplexes
(e.g., adds} a number of distinct wavelengths of light onto a single optical fiber and
demultiplexes {e.g., divides) a number of distinct wavelengths of light from a single optical
fiber, thereby increasing imformation capacity and enabling bi-directional flow of signals.
Multiple optical signals are multiplexed with different wavelengths of light combined by a
multiplexer at a transmutter, directed to a single fiber for transmission of the signal, and
split by a demultiplexer to designated channels at a recetver. By combining multiple
channels of light into a single channel, WDM devices and associated devices can be used
as components in an optical network, such as a passive optical network (PON}.

{0004] FIG. 115 a diagram iliustrating a WDM device 188, The WDM device 180
inciudes a common port 182, a plurality of channel ports 184{(1}-184(7) {(may be referred
to generally as a channel port 104}, and a plurality of WDM filters 106(1)-106(7) (may be
referred to generally as a WDM filter 186). The common port 102 is configured for optical
communication of a multiplexed signal including a plurality of demultiplexed signals.
Fach of the channel ports 104 is configured for optical communication of one of the
plurality of demultiplexed signals. The WDM filters 106 are configured for routing

demultiplexed signals of a multiplexed signal between the common port 162 and the
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channel ports 104 along an optical signal path 108. In other words, the optical signal path
comprises the multiplexed signal which includes one or more demultiplexed signals. The
channel ports 104 are divided into a first channel array 116(1} and a second channel array
116(2). The WDM filters 106 are divided into a first WDM filter array 112{1) aligned
along a first axis A1, and a second WDM filter array 112(2} aligned along a second axis
Bi

{60G5] In order to properly filter and route the demultiplexed signals, each WDM filter
106 requires that the optical signal path 108 intersects the WDM filter 106 within a
maximum angle of incidence {AOI) of the WDM filter 106, The AOI 1s the angle that the
signal makes with a perpendicular to a surface of the filter at the point of incidence. For
example, the common port 192 transmits a multiplexed signal to the first WDM filter
106(1) along a first portion 114(1) of the optical signal path 108 which intersects the first
WDM filter 106(1) at a first AOI ¢1{1}. A portion of the multiplexed signal is reflected
by the first WDM filter 106(1) and transmits along a second portion 114(2} of the optical
signal path 188 which intersects the second WDM filter 106(2) at a second AGT al(2).
This process of passing and reflecting signals 1s repeated for the remaining WDM filters
186,

{06006] Different filters may have different maximum AQOIs. For example, multiband
filters (e.g., for XGS signals, NG-PON2 signals, etc.) may have smaller maximum AOIs
than single passband filters. WDM filters 186 with smaller maximum AOIs can have high
isolation, wider pass bands, etc. WDM filters 106 that have smaller maxaimum AQH also
require larger distances X1 between the first WDM set 112(1) (and common port 102) and
the second WDM set 112(2) 10 order to accommodate the smaller maximum AQL In
addition, the positioning and distance X1 between the first WDM set 112(1) {and common
port 162) and the second WDM set 112(2) 1s limited because the WDM filters 186 must
maintain a mnimum refative distance Y1 from each other. For example, the WDM filters
106 in the first WDM set 112{1) cannot be moved closer to each other than their widths
allow. Accordingly, the minimum distance X1 between the first WDM set 112(1) (and
common port 162) and the second WDM set 112(2) 15 determined by the distance Y1
between adjacent WDM filters 106 {(e.g., due to the size of the filters if they are directly

adjacent to each other) and by the smallest maxaimum AQI for a single WDM filter 106,
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even if all of the other WDM filters 186 allow for much larger AOIs. This can result ina
WDM device 180 with a relatively large footprint. Further, the larger the distance X1
between the first WDM set 112{(1} (and common port 102} and the second WDM set
112(2}, the longer the portions of the optical signal path 108 between filters {e.g., D1, D2).
A longer optical signal path 168 may result in larger signal loss and decreased performance.
{B007] FIG. 2 15 a diagram of 3 WDM filter 200 idlustrating signal leakage. A WDM
filter 200 has a first surface 2024 (also called the filtering surface) which includes an
optical filter and a second surface 2028 opposite the first surface 2024, As used herein,
the term “filtering surface” is a surface of a WDM filter that includes an opucal filter.
When a multiplexed signal intersects with the filtering surface 202A of the WDM filter
200 along an input optical signal path 204, any demultiplexed signal within the passband
transmits through the WDM filter 200 along a transmit optical signal path 206 on a
transmission side 208 of the WDM filter 200. The remaining portion of the multiplexed
signal outside of the passband s reflected by the WDM filter 200 along a reflected optical
signal path 210 on the reflection side 212 of the WDM filter 200. In some 1nstances, small
amounts of the signal outside of the passband may still transmit through the WDM filter
208, This 1s measured by the power density ratio, also called 1solation. Certain applications
may require greater 1solation and less leakage. In particular, WDM filters 200 with smaller
maximum AOIs may require greater isolation and less leakage.

{6068] No admussion s made that any reference cited herein constitutes prior art.
Applicant expressly reserves the right to challenge the accuracy and pertinency of any cited

documents.

SUMMARY
[60069] Disclosed herein are wavelength-division multiplexing devices. In particular,
disclosed is a wavelength-division multiplexing (WDM) device using different angles of
incidence (AQOIs) from variable placement and orientation of WDM filters and channel
ports. Also disclosed are stacked WDM filters. One embodiment of the disclosure relates
to a wavelength~division multiplexing (WDM) device that includes a first common port, a
first channel port, a second channel port, a first WDM filter, a second WDM filter, and an

optical signal path. The first coramon port 1s configured for optical communication of a
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first mukltiplexed signal comprising a first demultiplexed signal and a second demultiplexed
signal. The first channel port 18 configured for optical communication of the first
demultiplexed signal. The second channel port is configured for optical commumication of
the second demultiplexed signal. The first WDM filter has a first passhand and a first
maximum angle of incidence (AG1). The first WDM filter 1s configured to pass the first
demuitiplexed signal of the first multiplexed signal at a first AQI less than the first
maximum AOT and reflect the second demultiplexed signal of the first multiplexed signal.
The second WDM filter has a second passband and a second maximum AQIL The second
WM filter 1s configured to pass the second demultiplexed signal of the first multiplexed
signal at a second AOI less than the second maximum AOI The second ACGI at the second
WDM filter 1s different than the first ACH at the first WDM filter. The optical signal path
comprises the first common port, the first WIDM filter, the second WDM filter, and the
second channel port.

{6010 An additional embodiment discloses a method of using a WDM device that
meludes transnmitting from a common collimator a multiplexed signal comprising a fust
demultiplexed signal and a second demultiplexed signal.  The method further mncludes
passing the first demultiplexed signal through a first passband of a fust WDM filter at a
first angle of incidence (AOI) to a first channel collimator. The method further includes
reflecting the second demultiplexed signal from the first WDM filter to a second WDM
filter. The method further includes passing the second demultiplexed signal through a
second passband of the second WDM filter at a second AOI to a second channel collimator,
the second AQT at the second WDM filter being different than the first AOI at the first
WDM filter.

{601 1] An additional embodiment discloses a WDM device that comprises a first
common port, a first channel port, a first primary WDM filter, a first secondary WDM
filter, and an optical signal path. The first common port 15 configured for optical
communication of a first multiplexed signal comprising a first demultiplexed signal and a
second demudtiplexed signal.  The first channel port s configured for optical
communication of the first demultiplexed signal. The first primary WDM filter has a first
passband configured to pass the first demultiplexed signal of the first multiplexed signal

and reflect the second demultiplexed signal of the first multiplexed signal.  The first
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secondary WM filter has the first passband configured to further isolate the first
demuitiplexed signal transmitted through the first primary WDM filter. The optical signal
path comprises the first common port, the first primary WDM filter, the first secondary
WDM filter, and the first channel port. The first secondary WDM filter is positioned in
the optical signal path between the first primary WDM filter and the first channel port.
[0012] An additional embodiment discloses a method of isolating a wavelength-
division multiplexing {(WDM) signal. The method mncludes transmitting from a first
common collimator a first multiplexed signal comprising a demultiplexed signal. The
method further includes passing the demultiplexed signal through a first passband of a
primary WDM filter. The method further includes passing the demultiplexed signal
through the first passband of a secondary WDM filter to a channel collimator.

[0013] Additional features and advantages will be set forth in the detailed description
which follows, and in part will be readily apparent to those skilied in the art from that
description or recognized by practicing the embodiments as described herein, including the
detailed description which follows, the claims, as well as the appended drawings.

[6014] It 15 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 understanding the nature and character of the claims. The
accompanying drawings are included to provide a further understanding, and are
meorporated in and constitute a part of this specification. The drawings illustrate one or
more embodiment(s}, and together with the description serve to explain principles and

operation of the various embodiments.

BRIFF DESCRIPTION OF THE DRAWINGS
{001 5] FIG. 1 15 a diagram dlustrating a wavelength-division multiplexing (WDM)
device;
[0016] FIG. 2 15 a diagram of a WDM filter illustrating signal leakage;
{0017} FIG. 3A 15 a top view of a WDM device with different angles of incidence
(AOIs);
{001 8] FIG. 3B 15 a top view of the WDM device of FIG. 3A illustrating a decreased
footprint by using different AOIs;
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{6019] FIG, 3C 1s a flowchart of steps for using the WDM device of FIGS. 3A-3B;
{0020] FIG. 44 15 a diagram illustrating a stacked WDM filter subassembly for
increased signal isolation;

[0021] FIG. 4B 15 a flowchart of steps for isolating a WDM signal using the stacked
WM filter subassembly of FIG. 44

{0022] FIG. 5 is a top view of an example micro-optical device including the ditferent
AOls and/or stacked WDM subassembly of FIGS. 3A-48;

(0023] FIG. 6 13 a perspective view of an example steel-tube collimator for use with
the components and devices of FIGS. 3A-5;

(0024] FIG. 7A 1s a perspective view of an example square tube collimator for use
with the components and devices of FIGS. 3A-5;

[0025] FIG. 7B 1s a cross-sectional top view of the square tube collimator of FIG. 7A;
{0026} FIG. 8A 15 a side view of an example compact collimator for use with the
components and devices of FIGS, 3A-5;

{0027} FIG. 8B 13 a close-up side view of the compact collimator of FIG. 8A;

[06028] FIG. 9A 15 a perspective view of an example array of the compact collimators
of FIGS. 8A-8B;

[06029] FIG. 9B 15 a close-up front view of the array of compact collimators of FIG.
9A; and

{6030} FIG. 18 15 a perspective view of an example of a fiber array umit (FAU) for use

with the components and devices of FIGS, 3A-8.

DETAILED DESCRIPTION

{0031} Reference will now be made in detail to the present preferred embodiments,
examples of which are illustrated in the accompanying drawings. Whenever possible, the
same reference numerals will be used throughout the drawings to refer to the same or like
parts.

[3032] Terms such as “left,” “night,” “top,” “bottom,” “front,” “back,” “horizontal,”
“parallel,” “perpendicular,” “vertical,” “lateral,” “coplanar,” and similar terms are used for
convenience of describing the attached figures and are not intended to limit this

description. For example, terms such as “left side” and “right side” are used with specific
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reference to the drawings as illustrated and the embodiments may be in other origntations

3% &<

in use. Further, as used herein, terms such as “horizontal,” “paraliel” “perpendicular,”
“vertical,” “lateral)” etc., include slight variations that may be present i working
embodiments.

{6033} As used herein, the terms “optical communication,” “in optical
communication,” and the like mean that two elements are arranged such that optical signals
are passively or actively transmuttable therebetween via a medium, such as, but not limited
to, an optical fiber, connectors, free space, index-matching structure or gel, reflective
surface or surfaces, filters, or other light directing or transmitting means.

[{6034] As used herein, the term “port” means an interface for actively or passively
passing {e.g., receiving, transmitting, or both receiving and transmitting) optical signals.
A port may include, by way of non-limiting examples, one or more collimators, pigtails,
connectors, fiber optic connectors, optical splices, optical fibers, free-space, or a
combination of the foregoing.

[0035] As used herein, the term “pigtail” means a one or more optical fibers that extend
from a ferrule. The optical fibers may each be terminated with a fiber optical connector
but are not required to be terminated with a connector.

[6036] Disclosed herein are wavelength-division multiplexing devices. In particular,
disclosed 1s a wavelength-division multiplexing (WDMj} device with WDM filters having
different angles of ncidence (AQIs) and WDM filters and channel ports oriented to
decrease the device footprint and provide shorter signal travel distances between
components such as WDM filters and ports. It 1s noted that the features discussed herem
can be used m a variety of applications, including NG-PONZ applications.

{6037} FIGK. 3A and 3B are diagrams llustrating a WDM device 308 (may also be
referred to as a micro-optical device, WDM optical device, multiplexer/demultiplexer, etc )
with different AOIs from variable placement and orientation of WDM filters and channel
ports. The WM device 300 includes a common port 362, a plurality of channel ports
304(13-304(7) (may be referred to generally as channel ports 304}, a plurality of WDM
filters 306(13-306(7) {(may be referred to generally as a WDM filter 386) and a housing
367, Asillustrated in FIGS. 3A and 3B, in some embodiments the first WDM filter 306(1)
and the second WDM filter 306(2} are located in the housing 307. Although the channel
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ports 304 are illustrated as being completely within the housing 307, in some embodiments
one or more of the channel ports (e.g., the first channel port 30¢4(1} and the second channel
port 304(2)) are collimators that are located at least partially within the housing 367 (1.e.,
extending partially from the housing 367). 1t 1s noted that other configurations of the WDM
device 308 may be used, for example, mcluding more or fewer common ports 382, channel
ports 304, and/or WDM filters 306, and/or other layouts of such components in 3 housing
3067,

{6038] The common port 302 is configured for optical communication of a multiplexed
signal {also called a first multiplexed signal} including a plurality of individual,
demultiplexed signals {e g, first, second, third, fourth, fifth, sixth, seventh, etc signals;
also called the first demubtiplexed signal, the second demultiplexed signal, the thud
demultiplexed signal, the fourth demultiplexed signal, the fifth demultiplexed signal, the
sixth demultiplexed signal, the seventh demultiplexed signal, etc). The individual,
demultiplexed signals may be referred to as a first signal, a second signal, a third signal, a
fourth signal, etc. Each of the channel ports 304 is configured for optical communication
of at least one of the plurality of demultiplexed signals. The WDM filters 306 (may also
be referred to as optical filters) are configured for routing the demultiplexed signals to the
channel ports 384, In particular, each of the WDM filters is wavelength selective including
a passband (e.g., coating, thin film filter, etc ) to allow a portion of the multiplexed signal
to pass through the WDM filter 366 and to reflect a remaining portion of the multiplexed
signal. Each WDM filter 306 may have a single passband or multiple passbands. For
example, in certain applications (e.g., NG-PON2 applications) one or more of the WDM
filters 306 may be a multi-passband filter.

{6039} The WDM filters 306 are arranged such that a multiplexed optical signal from
the common port 302 can pass between the WDM filters 306 to successive ones of the
WDM filters 386 for successive wavelength-selective reflection or transmission 1o the
channel ports 304. Additionally, the WDM filters 306 are arranged such that demultiplexed
optical signals from the channel ports 384 can pass between the WDM filters 306 in a back-
and-forth progression along an optical signal path 308 for multiplexing at successive ones
of the WDM filters 306 and multiplexed transmission to the common port 362, In other

words, the optical signal path 308 comprises the multiplexed signal and the multiplexed



WO 2020/028077 PCT/US2019/042740

signal comprises the demultiplexed signals {e.g, the tirst demultiplexed signal, the second
demuitiplexed signal, the third demultiplexed signal, etc). In the particular embodiment
itlustrated in FIG. 3A, the common port 302 serves as an iput/output {1/0) port for a
multiplexed signal having wavelengths A1-A» while the channel ports 304 serve as the seven
individual channel ports. The WDM filters 306 are respectively configured to transmit
wavelengths A1, A2, Az, A4 As As and A7, (where wavelengths may inchide multiple discrete
wavelengths) and reflect the other wavelengths. In a DeMux operation, the multi-
wavelength hght exits the common port 302 that defines the I/O port and travels towards
the first WDM filter 306(1). The first WDM filter 306(1) transmits the wavelength A1 to
the first channel port 304(1) and reflects the remaining wavelengths Az-A7 of multi-
wavelength light. This reflected multi-wavelength light then proceeds to the second WDM
filter 306(2), which transmits the wavelength Az to the second channel port 304(2) and
reflects the remaining wavelengths 23-7 of multi-wavelength hight This process is
repeated for the remaining WDM filters 306{3)-306(7) and channel ports 384(3}-304(7) so
that the wavelength components A3-A7 of the multi-wavelength hight are distributed to their
respective channel ports 304(3)-304(7). In the Mux operation, the direction of the light 1s
reversed and the imdividual wavelengths M-A7 from the individual channpel ports 364(1}-
304(7) are recombived by the WDM filters 306(1)-306(4) into a multiplexed signal that is
passed to the common port 382,

{0040} The WDM filters 306 include a first WDM filter 306 (e.g., WDM filter 306(1}))
having a first passband and a first maximum AOI, a second WDM filter 306 (e.g., WDM
filter 306(6)) having a second passhand and a second maximom AOI which may be
different than the first maximum AQIL The AT is the angle that the signal makes relative
to a perpendicular of a surface of the filter at the pomnt of incidence. The first WDM filter
306(1) 15 configured to pass a first demultiplexed signal (also called the “first signal”) of
the multiplexed signal at a first AOI that 15 less than the first maximum AQOI, and the second
WDM filter 366(2} 1s configured to pass a second demultiplexed signal (also called the
“second signal”} of the multiplexed signal at a second AOI that s less than the second
maximum AGEL The second AT at the second WDM filter 386 1s different than the first
AQH at the first WDM filter 366. By relative variable rotation and translation of the WDM
filters 306 to create different AOIs at the first and second WDM filters 306(1}, 366(2}, a
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footprint of the WDM device 300 may be reduced, and a length of the optical signal path
308 may also be reduced, which can improve performance and reliability, as described in
more detatl below.

{0041] The channel ports 384 are divided into a first channel array 316(1} and a second
channel array 318(2). The WDM filters 366 are divided into a first WDM array 312(1) and
a second WDM array 312(2). The distance between adjacent WDM filters 306 is
configured so that the adjacent WDM filters 306 do not interfere with the optical signal
path 308 As explained in more detail below, in some embodiments the WDM filters
306(1), 306(2), 306(3) have a first maximum AOI (e g., less than about 6°, between about
6 and about 3°, about 6°), the WDM filters 306(4), 306(%) have a second maximum AOIL
(e.g., greater than about 6° and less than about 10°, between about 8° and about 10°, about
107}, and the WDM filters 306(6), 306(7) have a third maximum AOI (e.g, greater than
about 6° and less than about 14°, between about 8° and about 14°, greater than about 10°
and less than about 14°, about 14°), where the first maximum AQI, the second maximum
AQOIL, and the third maximum AOT are different from one another. In some emboduments,
the difference between the first maximum AQL the second maximum AQOL and the third
maximum AOI 1s greater than about 5% difference, greater than about 10% difference,
greater than about 20% difference, greater than about 30% difference, greater than about
40% difference, or greater than about 50% difference. The WDM filters 306 with the same
AQI are parallel to each other and the optical length 1s designed according to the AQT.
[0042] The WDM filters 306(1}, 306(2), 306(3) have a small maximum A0 {e.g., less
than or equal to about 6°). Accordingly, the first WDM filter 306(1) and the third WDM
filter 306(3) are aligned along axis A3 and the second, fourth and sixth WDM filters 366(2),
306(4), 306(6) are aligned along axis B3, which 1s parallel to and offset from axis A3, As
used herein, the terms “align,” “aligned” or similar terms mean that two or more features
of the WDM device share an axis. The third, fifth and seventh WDM filters 386(3), 306(5),
306(7) are not aligned (1.e., each WDM filter 1s positioned on separate, spaced-apart axis}.
{0043] The common port 302 transmits a multiplexed signal to the first WDM filter
306(1) along a first portion 314(1) of the optical signal path 308 which intersects the first
WM filter 106(1) at a first AOE e3(1}. A portion of the multiplexed signal (e.g., the

second, third, fourth, fitth, sixth and seventh signals; also called the “first remaining

10
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multiplexed signal”} is reflected by the first WDM filter 306{1) and transmits along a
second portion 314(2) of the optical signal path 388 which intersects the second WDM
filter 306(1) at a second AOIE @3(2). In some embodiments, the second ACI ¢3(2) 1s the
same as the first AQL a3(1}. A portion of the multiplexed signal {e.g., the third, fourth,
fifth, sixth and seventh signals; also called the “second remaining multiplexed signal™} 1s
reflected by the second WDM filter 306(2) and transmuts along a third portion 314{3} of
the optical signal path 308 which mtersects the third WDM filter 306(3} at a third AQH
@3(3). In some embodiments, the third AOL @3(3}) 1s also the same as the first AOL a3(1)
and the second AOT a3(2).

[0044] A portion of the multiplexed signal {e.g., the fourth, fifth, sixth and seventh
signals; also called the “third remaining multiplexed signal”) 15 then reflected by the third
WDM filter 306(3) and transmits along a fourth portion 314(4} of the optical signal path
308 which intersects the fourth WDM filter 306(4) at a fourth AOI a3{(4). In some
embodiments, the fourth WDM filter 306(4) has a larger maximum AOI {e.g., about 10°)
than the maximum AOT of the WDM filters 306(1), 306(2), 306(3). The fourth WDM filter
3066(4) 15 posttioned on axis T3 and 15 horizontally aligned with the second WDM filter
306(2) (1.e., intersects axis B3), but 1s rotationally offset from axis B3 by angle ©1 {a non-
parallel angle). In other words, a filtering surfaces of the first WDM filter 306(1}, the
second WDM filter 306(2) and the third WDM filter 306(3) are parallel. However, the
filtering surface of the fourth WDM filter 386(4) and a filtering surface of the third WDM
filter 306(3) are non-parallel.

[0045] In addition, the fourth AOT a3{4) 15 different than the third ACI a3(4}. More
specifically, in some embodiments the fourth AOT a3(4) 1s larger than the third AOT e3(4).
[6046] A portion of the multiplexed signal {e.g., the fitth, sixth and seventh signals;
also called the “fourth remaiming multiplexed signal”) 1s then reflected by the fourth WDM
filter 3064} and transmits along a fifth portion 314(8) of the optical signal path 308, which
intersects the fifth WDM filter 306(5) at a fifth AOT @3(5). The fifth WDM filter 306(5)
has the same maximum AQI (e.g., about 10} as the fourth WDM filter 306(4}. As such,
the maximum AQI of the fifth WDM filter 386(5) 1s larger than the maximum AOI of
WDM filters 306(1), 306(2), 3066(3}, 306(4). The fifth WDM filter 306(5) defines axis D3

that is laterally offset from axis A3 (along axis A3 toward the second WDM array 312(2})
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and is parallel to axis €3 (1.e, rotationally offset from axis A3’ and B3 by angle 82 (a non-
parailel angle)}. In other words, the angle ©1 is equal to the angle 62 and the filtering
surface of the fifth WDM filter 306(5) and the filtering surface of the fourth WDM filter
306(4) are parallel. Accordingly, the fifth AOL ¢3(5} 1s larger than AGIs a3(1), ¢3(2},
a3{3} but s equal to the fourth ADT a3(4).

{0047] The fifth WDM filter 306(5} is not aligned with the first and third WDM filters
305(1}, 306(3) along the axis A3. As such, the portion 314(5) of the optical signal path
308 between the fourth WDM filter 306(4) and the fifth WDM filter 306(5) 1s smaller than
the portion 314(2) of the optical signal path 308 between the first WDM filter 306(1) and
the second WDM filter 306(2). The shorter optical signal path 308 decreases signal loss
and increases performance compared with a typical WDM device {e.g., the WDM device
100 of FIG. 1)

{0048} A portion of the multiplexed signal {e g., the sixth and seventh signals; also
called the “fifth remaining multiplexed signal”) 1s reflected by the fifth WDM filter 306(5)
and transmits along a sixth portion 3146} of the optical signal path 308, which intersects
the sixth WDM filter 306(6) at a sixth AGI ¢3(6). The sixth WDM filter 306(6) has a
larger maximum AQOI (e.g., 14°) than those of WDM filters 306(1), 306(2}, 306(3), 306(4).
3066(5). The sixth WDM filter 386(6) defines axis E3 that 1s horizontally aligned with the
second WDM filter (i e, intersects axis B3), but is rotationally offset from axis B3 by angle
€3 (a non-paraliel angle). In some embodiments, the angle 83 15 not equal to the angle
92 and, thus, the filtering surface of the sixth WDM filter 306(6) and the filtering surface
of the fifth WDM filter 306(8) are non-parallel.

{3049] The sixth ACT ¢3(6) 15 different than the fifth AGCI @3(8) and, more specifically,
m some embodiments the sixth ACT a3(6) 1s larger than the fifth AOL a3(8). Accordingly,
the sixth AGT a3(6) 1s larger than AOIs a3(1), @3(2), ¢3(3}, a3(4), «3(5).

{6050} In addition, because the fifth WDM filter 386(5) 1s not aligned with the first and
third WDM filters 305(1), 306(3) along the axis A3, the portion 314{6) of the optical signal
path 308 between the fifth WDM filter 306(5) and the sixth WDM filter 306(6) 1s smaller
than the portion 314(2) of the optical signal path 308 between the first WDM filter 306(1)

and the second WDM filter 306(2). The shorter optical signal path 308 decreases signal
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loss and increases performance compared with a typical WDM device (e.g., the WDM
device 100 of FIG. 1),

{0051] A portion of the multiplexed signal {e.g., the seventh signal} 1s reflected by the
sixth WDM filter 306{6) and transmits along a seventh portion 314(7) of the optical signal
path 308 which mtersects the seventh WDM filter 306(7} at a seventh AOL ¢3(7). The
seventh WDM filter 306(7) may have the same maximum AQI (e.g., 14°} as the sixth
WM filter 306{6}, but could be configured for any AGI because 1t 1s the last WDM filter
306 n the optical signal path 388 In other words, the seventh WDM filter 306(7) is the
last WDM filter and does not have to route a reflection portion of the signal. In the
embodiment tlustrated in FIGS. 3A and 3B, however, the seventh ACGIH 1s equal to the sixth
ACL

[0052] The seventh WDM filter 306(7) defines axis F3 that is laterally offset from axis
A3 (along axis A3 toward the second WDM array 312(2)) and parallel to axis E3. As
such, the filtering surface of the seventh WDM filter 306(7) and the filtering surface of the
sixth WDM filter 306(6) are parallel.

[06053] In addition, because the seventh WDM filter 306(7) is not aligned with the first
and third WDM filters 306(1), 306(3) along the axis A3, or the fifth WDM filter 306(5)
along the axis D3, the portion 314(7) of the optical signal path 308 between the sixth WDM
filter 306(6) and the seventh WDM filter 306(7) is smaller than the portion 314(2) of the
optical signal path 308 between the first WDM filter 306(1) and the second WDM filter
306(2). The shorter optical signal path 3688 decreases signal loss and mcreases performance
compared with a typical WDM device (e.g., the WDM device 184 of FIG. 1),

[0054] As noted above, the different AQOIs of the WDM device 300 allow for a smaller
footprint and shorter optical signal path 308, FIG. 3B 1s a view similar to FIG. 34 of the
WDM device 300 except that in FIG. 3B, the decreased footprint of the WDM device 306
is shown by calling out the distances between the filters 306(1)-306(7) and channel ports
304(1)-304(7). In particular, the vertical distances Y3(1}), Y3(2}, Y3(3}, Y3{(4) and Y3(5}
between the adjacent channel ports 304(1}, 384(2}, 304(3}, 384{4}, 304(5}, 304(6}, and
304(7}, respectively, may be smaller than a typical WDM device (e.g., the WDM device
1680 lustrated 1in FIG. 1), and the horizontal distances X3{1), X3(2), and X3{3) may also
be reduced compared with a typical WDM device (&.g., the WDM device 106 illustrated in
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FIG. 1). For example, the first WDM filter 306(1} 1s a distance X3(1) {(e.g., 14.4mm) from
the second WDM array 312(2} and the fifth WDM filter 306(S) is a distance X3(2} (e g,
8.6mm} from the second WDBM array 312(2}. The seventh WDM filter 366(7} 1s a distance
X3(3) {e.g., 6.2 mm} from the second WDM array 312(2}. As a result, the distance of the
optical signal path 308 15 reduced, which may reduce signal loss or distortion and may
simphify the alignment process and assembly of the WDM device 308 during
manufacturing. In particular, the distance of the third portion 314(3} of the optical signal
path 308 15 a distance B3(1), the distance of the fifth portion 314(5) of the optical signal
path 308 is distance D3(2), and the distance of the seventh portion 314(7) of the optical
signal path 308 is distance D3(3). Accordingly, the seventh portion 314(7} of the optical
signal path 308 is less than the fifth portion 314(S), which is less than the third portion
314(3}. The shorter optical signal path 308 decreases signal loss and increases performance
compared with a typical WDM device (e g., the WDM device 100 of FIG. 1),

{BOSE] It is noted that although the channel ports 304(2), 304(4) and 304(6) in FIGS.
3A and 3B are aligned, the location and orientation of the channel ports 304(2}), 304(4) and
304(6) may be modified to modify the footprint of the WDM device 308, Simularly, the
location and orientation of the channel ports 304(1), 304(3), 304(5) and 304(7) may also
be moditied to modify the footprint of the WDM device 300

{0056] Further, it 15 noted that while only the WDM filters 366 i the first WDM array
312(1) were laterally translated relative to the second WDM array 312(2) in the example
embodiments described above, in other embodiments the WDM filters 306 in the second
WDM array 312{2} may also be translated (in other words, the location and orientation of
the WDM filters 306 in the second WDM array 312(2) may be modified alone or in addition
to modifying the WDM filters 306 m the first WDM array 312(1}}.

[B037] While the WDM device 300 iHustrated n FIGS. 3A and 3B includes seven
WM filters 306(1)-306(7) and seven channel ports 304(13-304(7}, the WDM device may
include any number of WM filters and channel ports as long as at least two of the signal
path intersects at least two of the WDM filters at different AOlIs. For example, the WDM
device may include one or more common ports configured for optical communication of
multiplexed signals comprising one or more demultiplexed signals, and at least two WDM

filters and two channel ports, wherein the AOI at the first WDM filter 1s different than the
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AQH at the second WDM filter. The difference in AOI between the first WDM filter and
the second WDM fiiter may allow for a smaller footprint and a shorter signal path, as
described above.

{H058] In addition, the WM fiiters having different AOIs need not be placed within
the WDM device exactly as illustrated i FIGS. 3A and 3B. For example, i other
embodiments, the WDM device may have seven WDM filters, and the WDM filters having
different AQIs may be the first and second WM filters rather than the third and fourth (or
fitth and sixth) as illustrated in FIGS. 3A and 3B, In addition, the WDM filters having
different AOIs need not be sequential WDM filters. Thus, in another example having seven
WDM filters, the WDM filters having different AOIs may be the first and fifth WDM
filters.

[B059] In addition, it may not be required to have two or more WDM filters with the
same AQL In other words, all of the WDM filters in a2 WDM device may have different
AOQOIs. For example, in a WDM device having only two WDM filters, the AOI at the first
WDM filter may be different than the AOT at the second WDM filter. Likewise, in a WDM
device having more than two WDM filters (e.g., ten WDM filters), all of the ten WDM
filters may have a unique WDM filter. Of course, a WDM device may include a mixture
of WDM filters having the same AOI and WDM filters having different AQIs, as was
tustrated in FIGS. 3A and 3B herein.

{6060} In another specific example, a WDM device includes a first common port that
is configured for optical communication of a multiplexed signal (the multiplexed signal
melodes a first demultiplexed signal and a second demultiplexed signal), The WDM
device also includes a first channel port configured for optical communication of the first
demultiplexed signal and a second channel port configured for optical communication of
the second demultiplexed signal. The WDM device also includes a first WDM filter
configured to pass the first demultiplexed signal of the fust multiplexed signal at a first
angle of mcidence (AQI) and reflect the second demultiplexed signal of the first
multiplexed signal, and a second WDM filter configured to pass the second demultiplexed
signal of the first multiplexed signal at a second AQL The second AGT may be ditferent

than the first AOI and, specifically, the second AOI may be larger than the first ACL In
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addrtion, the filtering surface of the first WDM filter and the filtering surface of the second
WDM filter may be non-paraliel.

{6061} FIG. 3C 15 a flowchart of steps 316 for using a WDM device such as the WDM
device 300 illustrated in FIGS. 3A and 3B, In step 318, a common collimator (e.g.,
common port 382} transmits a multiplexed signal comprising a first demultiplexed signal
(first signal}, a second demultiplexed signal (second signal}, a third demultiplexed signal
(third signal) and a fourth demultiplexed signal (fourth signal}. In step 320, a multiplexed
signal intersects the first WDM filter 306(1) at a first AOI (e g, AOI 3(1)) and passes the
first demultiplexed signal through the first WDM filter to a first channel collimator {e.g.,
first channel port 304(1)). In step 322, the second demultiplexed signal, the third
demultiplexed signal, and the fourth demultiplexed signal are reflected from a first WDM
filter {(e.g., WDM filter 306(1}) to a second WDM filter (e.g., WDM filter 306(2)).

{0062] In step 324, the multiplexed signal intersects the second WDM filter (e g.,
WDM filter 306(2)) at a second AOI (e.g., AOI &3(2}} and passes the second demultiplexed
signal through the second WDM filter to a second channel collimator (e g , second channel
port 304(2)).

[0063] In step 326, the third demultiplexed signal and the fourth demultiplexed signal
are reflected from the second WDM filter {e.g., WDM filter 306(2})) to a third WDM filter
(e.g., WDM filter 306(3)).

[06064] In step 328, the multiplexed signal intersects the third WDM filter (e.g., WDM
filter 306(3)) at a third AOQI (e.g., AOT 3(3)) and passes the third demultiplexed signal
through the third WDM filter to a third channel collimator (e g, third channel port 304(3})).
[0065] In step 330, the fourth demultiplexed signal 13 reflected from the third WDM
filter {e.g., WDM fiiter 306(3}) to a fourth WDM filter (e.g., WDM f{ilter 306(4)).

[B066] In step 332, the fowrth demultiplexed signal ntersects the fourth WDM filter
(e.g., WDM filter 306(4}) at a fourth AGI {eg, AOI ¢3{(4)) and passes the fourth
demuitiplexed signal through the fourth WDM filter to a fourth channel collimator {(e.g.,
third channel port 384{4}}. In some embodiments, the fourth AOI s different than the third
AQL as described above.

{6067} FIG. 4A 15 a diagram illustrating a stacked WDM filter subassembly 468 for

increased signal isolation. The stacked WDM subassembly 480 may be used with any of
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the WDM devices discussed above. The stacked WDM filter subassembly 480 mcludes a
primary WDM filter 402 and a secondary WDM filter 404 which may be positioned in a
housing 465, The primary WDM filter 462 and the secondary WDM filter 404 may inchude
the same passband (e.g., with the same maximum AQI) to ncrease signal isolation.
{6068] The primary WDM filter 462 has a first surface 406A and a second surface
4068 oppostte the first surface 406A. When a multiplexed signal intersects with the
primary WDM filter 404 along an input optical signal path 408, any demultiplexed signal
within the passhand transmits through the WDM filter 404 along an imtermediate optical
signal path 410 on an mtermediate side 412 of the primary WDM filter 484, The remaining
portion of the multiplexed signal outside of the passhand is reflected by the primary WDM
filter 402 along a reflected optical signal path 414 on the reflection side 416 of the primary
WDM filter 402

{0069} The secondary WDM filter 484 has a first surface 418A and a second surface
4188 opposite the first surface 418A. When a demultiplexed signal intersects with the first
secondary WDM filter 404 along the intermediate optical signal path 410, any
demultiplexed signal within the passband transnuts through the second WDM filter 404
along a transmission optical signal path 420 on a transnussion side 422 of the primary
WDM filter 402. The remaining portion of the multiplexed signal outside of the passband
15 reflected by the secondary WM filter 404 along a second reflected optical signal path
424 on the intermediate side 421 of the secondary WDM filter 484, In this way, the
secondary WDM fiiter 484 reflects at least a portion of any signal leakage that occurs
through the primary WDM filter 402, thereby increasing signal isolation. In particular, a
typical value of 1solation for a single WDM filter may be about 25-45 dB (depending on
the band{s) and AOI). However, in certain embodiments, using two stacked filters with 25
dB 1solation can have an effective isolation of 50 dB.

{6070} It 15 noted that alternatively, the two WDM filters could be adhered together, so
that there is no free space in between. Also alternatively, a primary WDM filter 462 could
be used with a first dielectric coating on the first surface and a second dielectric coating on
the second surface. However, in either case two WDM filters separated by free space

provides easter fine tuning.
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{6071] FIG. 4B 15 a flowchart of steps 426 for 1solating a WDM signal. In step 428, a
first common collimator transmits a first multiplexed signal comprising a demultiplexed
signal. Instep 430, the demuliiplexed signal is passed through a first passband of a primary
WDM filter 402. In step 432, the demultiplexed signal is passed through the first passband
of a secondary WDM filter 404 to a channel collimator.

{6672] FIG. 5 15 a top view of a micro-optical device 568 that could be used with any
of the above embodiments. In general, the micro-optical device 568 includes at least one
micro-collimator 502 (e.g., coliimators S02P and S02(1}-502(4}) supported on an upper
surface 504 of a support substrate 506. In an example, the micro-optical device 506 can
include a housing 508 that defines a WDM module. In an example, the WDM module can
have a small form factor as defined by length {e.g. . in the range of 30 mm to 41 mm)}, width
{(e.g., in the range of 14 mm to 28 mm}, and height {(within the range of 5 mm to 6 mm).
{6073} The particular example of micro-optical device 566 {may also be referred to as
a WDM micro-optical device 500} 1s in the form of a four-channel WDM device that
emplovs five of the micro-collimators 802, ncluding common collimator 862P and
channel collimators S02(1)-502(4}), in optical communication with each other along an
optical signal path 810 via WDM filters $12(1)-512(4). It is noted that a more basic WDM
micro-optical device 308 can employ only three micro-collimators 862 and 1s used to
separate or combine two wavelengths., Likewise, more complicated WDM micro-optical
devices 860 can employ many more micro-collimators 862 to separate or combine many
more wavelengths besides two wavelengths or even four wavelengths (e.g., tens or even
hundreds of different wavelengths). In examples, the WDM channels can be dense WDM
(DWDM) channels or coarse WDM (CWDM) channels. Other types of micro-optical
devices 580 besides the WDM mucro-optical device described herein can also be formed
using the basic techmques described herein. For example, the nucro-optical device 560
can be used to form many types of freg-space optical fiber devices, as well as compact
variable optical attenuators, switches, optical amplifiers, taps, optical couplers/splitters,
optical circulators, optical 1solators, optical time-domain reflectometer (OTDRs), etc.
{6074] In an example, the support substrate 506 i1s made of glass {e.g., quartz} or
sapphire. In another example, the support substrate 506 is made of a glass that is receptive

to the formation of glass bumps. In other examples, the support substrate 806 can be made
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of stainless steel or silicon, a low-CTE metal alloy (e.g., having a CTE of < 10 ppm/°C, or
more preferably CTE < 5 ppm/°C, or even more preferably CTE < 1 ppnv/°C). Examples
of metal alloys having such a low CTE include the nickel-iron alloy 64FeNi also known in
the art under the registered trademarked INVAR® alloy or the nickel-cobalt ferrous alloy
known 1n the art under the registered trademark KOVAR® alloy. Inan example, the upper
surface 504 1s precision polished to be flat to within a tolerance of 0.005 mm so that the
collimators 502 can be precision mounted to the upper surface 584, In an example, the
support substrate 306 includes one or more reference features, such as alignment fiducials,
for positioning and/or aligning the micro-collimators 502 and other optical components
{e.g., optical filters, other micro-collimators, etc.).

{8075} FIGS. 6-10 are views of example collimators and collimator arrays for use with
the components and devices of FIGS, 3A-5 In the embodiments described above, the
common port 302 and the channel ports 364 may be collimators, such as the collimators
described in FIGS. 6-10.

[0076] FIG. 6 13 a perspective view of an example steel-tube collimator 666 for use
with the components and devices of FIGS. 3A-8. The collimator 688 narrows a beam of
particles or waves. In other words, the collimator 680 causes the directions of motion to
become more aligned 1o a specific direction. The steel-tube collimator 660 includes a steel-
tube body 602, with a curved lens 604 at one end of the steel-tube body, and a fiber optic
pigtail 606 at an opposite end of the steel-tube body.

[B077] FIGS. 7A and 7B are views of an example square tube collimator for use with
the components and devices of FIGS. 3A-8. The square tube collimator 708 includes a
glass tube 702 (e.g., cvlindrical) with a central bore 784, As used herein, the term
“cylidrical” 13 used n 1ts most general sense and can be defined as a three-dimensional
object formed by taking a two-dimensional object and projecting it in a direction
perpendicular to its surface. Thus, a cyhinder, as the term 1s used herein, 1s not hinuted to
having a circular cross-sectional shape but can have any cross-sectional shape, such as the
square cross-sectional shape described below by way of example.

{B078] The square tube collimator 780 further includes optical elements, such as a
collimating lens 706, ferrule 788, etc., which can be secured to the glass tube 702 using a

securing mechanism {e.g., an adhesive}. The collimating lens 706 has a front surface 710A

o0
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and a back surface 7108 opposite thereto. In the example shown, the front surface 710A
is convex while the back surface 716B can be angled, e.g , in the x-z plane as shown. In
an example, the front surface 7184 of collimating lens 786 can reside outside of the central
bore 704, 1 e, the front-end portion of the collimating lens 786 can extend shghtly past the
front end of the glass tube 702, In an example, the collimating lens 706 can be formed as
a gradient-index {GRIN) element that has a planar front swrface 716A. In an example, the
collimating lens 706 can consist of a single lens element, while 1n another example it can
consist of multiple lens elements. In the discussion below, the collimating lens 706 is
shown as a single lens element for ease of illustration and discussion.

{6079] The optical fiber support member is the form of a ferrule 708. The ferrule 708
includes a central bore 712 that runs between a front end and a back end along a ferrule
central axis AF, which in an example s co-axial with the tube central axis AT of the glass
tube 702 and the optical axis QA as defined by the collimating lens 786. The central bore
712 can include a flared portion 714 at the back end of the ferrule 708

[B080] An optical fiber 716 has a coated portion 718, and an end portion 728 is bare
¢lass {e.g., 18 stripped of the coated portion) and 1s thus referred to as the “bare glass
portion.” The bare glass portion 720 meludes a polished end face 722 that defines a
proximal end of the optical fiber. The bare glass portion 728 of the optical fiber 716
extends into the central bore 712 of the ferrule 708 at the back end of the ferrule 708. A
securing element 724 can be disposed arcund the optical fiber 716 at the back end of the
ferrule 708 to secure the optical fiber to the ferrule 768. The front end of the ferrule 708
is angled m the x-z plane and 15 axaally spaced apart from the angled back end of the
collimating lens to define a gap 726 that has a corresponding axial gap distance BG. While
a glass optical fiber 1s described above, other types of optical {ibers may be used, such as,
for example, a plastic optical fiber,

{6081] The ferrule 708, optical fiber 716, and securing element 724 constitute a fiber
optic pigtail 728, which can be said to reside at least partially within the bore 704 adjacent
the back end of the glass tube 782, Thus, in an example, the square tube collimator 760
inciudes only the glass tube 702, the collimating lens 786, and the fiber optic pigtail 728
The glass tube 702 serves in one capacity as a small lens barrel that supports and protects

the collimating lens 706 and the fiber optic pigtail 728, particularly the bare glass portion
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728 and 1ts polished end face 722. The glass tube 702 also serves in angther capacity as a
mounting member that allows for the square tube collimator 768 to be mounted to a support
substrate. In this capacity, at least one flat surface 730 serves as a precision mounting
surface.

{0082] In an example, the glass tube 762, the collimating lens 706, and the ferrule 708
are all made of a glass matenal, and further in an example, are all made of the same glass
matertal. Making the glass tube 762, the collimating lens 706, and the ferrule 708 out of a
glass material has the benefit that these components will have very close if not identical,
coefficients of thermal expansion (CTE} This feature is particularly advantageous in
environments that can experience large swings in temperature.

{G083] In an example, the optical elements used in micro-optical systems are sized to
be slightly smaller than the diameter of the bore 704 (e.g., by a few microns or tens of
microns) so that the optical elements can be inserted into the bore 704 and be movable
within the bore 784 to a select location. In an example, the select location s an axial
position where the optical element resides for the micro-optical system to have optimum
or substantially optimum optical performance. Here, substantially optimum performance
means performance that may not be optimum but that s within a performance or
specification for the micro-optical system.

[0084] In another example, the optical elements have a clearance with respect to the
bore 704 1n the range of a few mucrons {e.g., 2 nucrons or 3 microns} to tens of microns
{e.g., 20 microns up to 50 microns). A relatively small value for the clearance allows for
the optical elements to be well-aligned with the central bore axis AB, e.g , to within a few
mucrons {e.g., from 2 microns to 5 microns).

[{0085] The optical elements and the support/positioning elements can be mnserted mto
and moved within the bore 704 to their select locations using mucro-positioning devices.
The optical elements and the support/positioning elements can be secured within the bore
764 using a number of securing techniques. One example of a securing technique uses a
securing feature that is an adhesive {(e.g., a curable epoxy). Another securing technique
uses a securing feature that involves a glass soldering to create one or more glass solder

points. Another securing technique uses glass welding to create a securing feature in the
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form of one or more glass welding points. A combination of these securing features can
also be employed.

EHERTY Thus, one or more optical elements can be secured within the bore 704 using
one or more securing features, and can also be supported and/or positioned using one or
more support/positioning elements.  The non-adhesive securing techniques described
below allow for the micro-optical systems disclosed herein to remain free of adhesives so
that, for example, micro-optical systems can consist of glass only.

(6087] FIG. 8A 1s a sude view of an example compact collimator for use with the
components and devices of FEGS. 3A-5. A collimator 800 includes a lens 802 (e.g., a glass
or silica collimating lens), a fiber optic pigtail 804, and a groove (e.g., a generally V-shaped
groove) formed 1n a base 806, The lens 802 and the fiber optic pigtail 804 are disposed in
the groove. The lens 802 is configured to recetve a light signal provided to the WDM
multiplexer/demultiplexer from an external optical transmission system or provide a light
signal multiplexed or demultiplexed by the WDM to an external optical transmission
system. The lens 882, for example, may be configured to recetve a light signal from a fiber
optic element for multiplexing or demultiplexing and/or to provide a multiplexed or
demultiplexed light signal to an external fiber optic element. The fiber optic pigtail 804 13
optically coupled to the lens 802 and is configured to provide a light signal to the lens 862
from the external fiber optic element and/or to receive the light signal from the lens 802
for transmussion to the external fiber optic element.

{HES] In various embodiments, the lens 802 and the fiber optic pigtail 884 may or may
not contact each other. The lens 802 and the fiber optic pigtail 884 may be securable to
the groove independent of each other to allow for precise adjustment of a pointing angle
between an optical beam from the collimator 880 and a side and/or bottom surface of the
groove. In addition, the lens 802 and fiber optic pigtail 834 may have the same outer
diameter.

{(089] The base 806 of the collimator 860 has a generally flat bottom surface 808 for
mounting on a substrate of a WDM multiplexer/demultiplexer or other optical system. The
base 806 further includes a width that is less than a width of the lens 802 and a width of

the fiber optic pigtail 804
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{6090} FIG. 8B 15 a close-up side view of the compact collimator of FIG. 84 A
pointing angle between an optical beam from a collimator 804 and the side and bottom
surface of the groove can be eliminated (or at least reduced) by controlling the relative
position between the lens 802 and the fiber optic pigtail 884 (see FI{., 8A) of the collimator
808. By fine tuning the position of the fiber optic pigtail 834 to make an outgoing beam
come across a focal point of the lens 882, a collimated zers pointing angled beam with
negligible off axis offset can be achieved. In one embodiment, for example, the tuning can
be monitored by near field and far field beam position comparison {e.g., using a beam
scanner). The zero pointing angle collimating components are easier to attach to the
substrate with little inclination, and more reliable bonding is possible due to the uniform
epoxy or bonding agent. It is noted that FEG. 8B s a schematic tllustration used to illustrate
concepts of the description and that the ends of the glass lens and the fiber optic pigtail 884
may be oriented at other angles, including perpendicular, to the body of the glass lens and
the fiber optic pigtail, respectively.

{009 1] The structures of the collimator 860 allow for easier modularization and remove
redundant degrees of freedom versus designs in which a collimator 15 coupled and attached
to the substrate via external wedges or supports. Thus, the collimator 888 may reduce the
complexity and further increase the device efficiency and process rehiability of the overall
multiplexer/demultiplexer design.

[6092] FIGK. 8A-9B are views of an example array 908 of the collimators 808 of
FEGS. 8A-8B. The collimators 860 are arranged side-by-side on a surface of a substrate
02, the substrate 982 mcluding a plurality of grooves 904 (discussed above). The grooves
904 could be v-grooves or any other type of groove. A spacing between the substrate 982
of the side-by-side collimators 880 is greater than a spacing between the lenses 802 (see
FIGS. 8A-8B) and fiber optic pigtails 884 (see FIGS. 8A-8B) of the side-by-side
collimators 809,

{B093] FIG. 10 is a perspective view of an example of a fiber array unit (FAU) 1609
and multi-lens array (MLA) 1882 for use with the components and devices of FIGS, 3A-
8. More specifically, the FAU 1000 includes a plurality of fibers 1804, and the MLA 1062
includes a pluarality of lenses 1806, The FAU 10060 and MLA 1802 can be used with any

of the embodiments discussed above.
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{6094] It will be apparent to those skilled in the art that various modifications and
variations can be made without departing from the spirit or scope of the invention.

{6095} Further, as used herein, it 1s intended that terms “fiber optic cables™ and/or
“optical fibers” include all types of single mode and multi-mode light waveguides,
including one or more optical fibers that may be glass core, plastic core, uncoated, colored,
buffered, ribbonized and/or have other organizing or protective structure in a cable such as
one or more tubes, strength members, jackets or the like. Likewise, other types of suitable
optical fibers include bend-insensitive optical fibers, or any other expedient of a medium
for transmitting light signals. An example of a bend-insensitive, or bend resistant, optical
fiber is ClearCurve® Multimode fiber commercially available from Corning Incorporated.
Suitable fibers of this type are disclosed, for example, in U.S. Patent Application
Publication Nos. 2008/0166094 and 2009/0169163,

{8096} Many modifications and other embodiments of the embodiments set forth
herein will come to mind to one skilled in the art to which the embodiments pertain having
the benefit of the teachings presented in the foregoing descriptions and the associated
drawings. Therefore, it 15 to be understood that the description and claims are not o be
limited to the specific embodiments disclosed and that modifications and other
embodiments are intended to be included within the scope of the appended claims. Tt 1s
mtended that the embodiments cover the modifications and variations of the embodiments
provided they come within the scope of the appended claims and their equivalents.
Although specific terms are employed herein, they are used i a generic and descriptive

sense only and not for purposes of limitation.
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What is claimed 1s:

b

2
3.

A wavelength-division multiplexing (WDM) device, comprising;

a common port for optical communication of a multiplexed signal;

a first channel port for optical communication of a first signal of the multiplexed
signal;

a second channel port for optical commumnication of a second signal of the
multiplexed signal;

a third channel port for optical communication of a third signal of the multiplexed
signal;

a fourth channel port for optical communication of a fourth signal of the
multiplexed signal;

an optical signal path between the common port, the first channel port, the second
channel port, the third channel port, and the fourth channel port;

a first WDM filter configured to pass the first signal and to reflect the second signal,
the third signal, and the fourth signal, the optical signal path intersecting the
first WDM filter at a first angle of meidence (AOI);

a second WDM filter configured to pass the second signal and reflect the third
signal and the fourth signal, the optical signal path intersecting the second
WDM filter at a second AQL

a third WDM filter configured to pass the third signal and to reflect the fourth
signal, the optical signal path intersecting the third WDM filter at a third
AQE

a fourth WDM filter configured to pass the fourth signal, the optical signal path
ntersecting the fourth WDM filter at a fourth AOI,

wherein the fourth AOI is different than the third AQL

The WDM device of claim 1, wherein the fourth AQI is larger than the third AOL

The WDM device of either claim 1 or 2, wherein the first AQI 1s equal to the second

AOI and the third AGL
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4. The WDM device of any of claims 1-3, wherein a filtering surface of the first WDM
filter, a filtering surface of the second WDM filter, and a filtering surface of the third WDM

filter are parallel.

5. The WDM device of claim 4, wherein a filtering surface of the fourth WDM filter

and the filtering surface of the third WDM filter are non-parailel.

6. The WDM device of any of claims 1-5, wherein the multiplexed signal further
comprises a fifth signal and wherein the WDM device further comprises:
a fifth channel port for optical communication of a fifth signal of the multiplexed
signal; and
a fifth WDM filter configured to pass the fifth signal, the optical signal path
intersecting the fifth WDM filter at a fifth AOL;
wherein the fifth AOI is equal to the fourth AOL

7. The WDM device of claim 6, wherein a filtering surface of the fifth WDM filter

and a filtering surface of the fourth WDM filter are parallel.

8. The WDM device of either claim 6 or 7, wheren a portion of the optical signal path
between the fourth WDM filter and the fifth WDM filter 1s smaller than a portion of the

optical signal path between the first WDBM filter and the second WDM filter.

9. The WDM device of any of claims 6-8, wherein the multiplexed signal further
comprises a sixth signal and wherein the WDM device further comprises:
a stxth channel port for optical communication of a sixth signal of the multiplexed
signal; and
a sixth WDM filter configured to pass the sixth signal, the optical signal path
intersecting the sixth WDM filter at a sixth AQI;
wherein the sixth AQI 1s different than the fifth AGL
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0. The WDM device of claim 9, wherein the sixth AGI s larger than the fifth AOL

it The WDM device of either claim 9 or 10, wherein a filtering surface of the sixth

WM filter and a filtering surface of the fifth WDM filter are non-parallel.

12. The WDM device of any of claims 9-11, wherein a portion of the optical signal
path between the fifth WDM filter and the sixth WDM filter 15 smaller than a portion of
the optical signal path between the first WDM filter and the second WDM filter.

13. The WDM device of any of claims 9-12, wherein the multiplexed signal further
comprises a seventh signal and wherein the WDM device further comprises:
a seventh channel port for optical communication of a seventh signal of the
multiplexed signal;
a seventh WDM filter configured to pass the seventh signal, the optical signal path
intersecting the seventh WDM filter at a seventh AOIL,
wherein the seventh AOI 1s equal to the sixth AGL

14 The WDM device of claim 13, wherein a filtering surface of the seventh WDM

filter and a filtering surface of the sixth WDM filter are parallel.
15 The WDM device of erther claim 13 or 14, wherein a portion of the optical signal
path between the sixth WDM filter and the seventh WDM filter 1s smaller than a portion

of the optical signal path between the first WDM filter and the second WDM fiiter,

16. The WDM device of any of claims 13-15, wherem the second WDM filter, the
fourth WDBM filter, and the sixth WDM filter are aligned.

17. The WDM device of claim 16, wherein the third WDM filter, the fifth WDM filter

and the seventh WDM filter are not aligned.
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I8, The WDM device of any of claims 1-17, further comprising a housing, wherein the
first WDM fiiter and second WDM filter are located in the housing, and wherein the first
channel port and second channel port are collimators located at least partially within the

housing.

19. The WDBM device of any of claims 1-18, wherein the first WDM filter comprises a
primary WDM filter and a secondary WDM fiiter, wherein the secondary WDM filter 15
configured to further isolate the first signal transmitted through the primary WDM filter.
20. A method of using a wavelength-division multiplexing (WDM) device, comprising:
transmitting from a common collimator a multiplexed signal comprising a first
signal, a second signal, a third signal, and a fourth signal;
intersecting the multiplexed signal at a first angle of incidence (ACGI) at a first
WM filter;
passing the first signal through the first WDM filter to a first channel collimator so
that the multiplexed signal becomes a first remaining multiplexed signal;
reflecting the first remaining multiplexed signal from the first WDM filter to a
second WDM filter;
intersecting the first remaining multiplexed signal at a second AOI at the second
WDM filter;
passing the second signal through the second WDM filter to a second channel
collimator s0 that the first remaining multiplexed signal becomes a second
remaining multiplexed signal;
reflecting the second remaining multiplexed signal from the second WDM filter to
a third WDM filter;
mtersecting the second remaining multiplexed signal at a third AOI at the third
WM filier;
passing the third signal through the third WDM filter to a third channel collimator;
reflecting the fourth signal from the third WDM fiiter to a fourth WDM filter; and
intersecting the fourth signal at a fourth ACH at the fourth WDM filter;

wherein the fourth AOI 15 different than the third AQL
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21

22,

23

A wavelength-division multiplexing {(WDM]) device, comprising:

a first common port configured for optical communication of a multiplexed signal
comprising a first signal and a second signal;

a first channel port configured for optical communication of the first signal;

a second channel port configured for optical commumication of the second signal;

a first WDM filter configured to pass the first signal at a first angle of incidence
(AO1) and reflect the second signal of the multiplexed signal; and

a second WDM filter configured to pass the second signal of the multiplexed signal
at a second AQL

wherein the second AQI s different than the first AOL

The WDM device of claim 21, wherein the second AOI is larger than the first AQOL

The WDM device of etther claim 21 or 22, wherein a filtering swrface of the first

WDM filter and a filtering surface of the second WDM filter are non-parallel.

24.

The WDM device of any of claims 21-23, further comprising a housing, wherein

the first WDM filter and second WDM filter are located in the housing, and wherein the

first channel port and second channel port are collimators located at least partially within

the housing.
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