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(57) ABSTRACT

This disclosure provides systems, methods and apparatus of
establishing a free-space communication link through a
medium. The medium can be an occluded environment with
increased absorption and/or scattering effects. The free-space
communication link includes a transmitter configured to
transmit an optical signal at a wavelength suitable for trans-
mission through the medium without suffering excessive
optical losses due to absorption and/or scattering effects. The
free-space communication link includes a receiver config-
ured to recerve the transmitted optical signal. The transmaitter-
receiver pair 1s configured to efficiently transmit optical sig-
nals at the suitable wavelength over a distance between about
1 mm and about 50 m. The transmitter and the receiver can be
configured as portions of a fiber-optic connector assembly
that can be used to connect two fiber-optic cables 1n an
occluded environment.
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FREE SPACE FIBER-OPTIC CONNECTOR

TECHNICAL FIELD

[0001] The present application generally relates to systems

and methods of free space optical communication and, 1n
particular, to connecting fiber-optic cables using a free-space
optical commumnication link.

DESCRIPTION OF THE RELATED
TECHNOLOGY

[0002] The growth in social networking, e-commerce,
cloud computing, data streaming, etc. 1s causing an explosive
growth 1n global data traffic. Handling this growth requires
high capacity networks that can carry a large amount of data

traific over large distances. Fiber-optic communication sys-

tems can operate at data rates beyond 1.0 Gbits/s, for example
2.5 Gbits/s, 10 Gbats/s, 20 Gbits/s, 40 Gbits/s, 100 Gbits/s,

128 Gbaits/s, and 256 Gbits/s and are thus capable of handling
the explosive growth in data rate. Since optical fibers can
advantageously carry higher bandwidth data over distances
spanmng hundreds of kilometers, they are used in access
networks, metro networks as well as long distance terrestrial
and submarine networks.

[0003] Optical fiber connectors are used to join optical
fibers where a connect/disconnect capability 1s required.
Optical fiber connectors include a ferrule disposed 1n a con-
nector body. Optical fibers are connectorized by inserting a
bare optical fiber into the ferrule, attaching the optical fiber to
the ferrule (e.g., by crimping or by applying epoxy) and
preparing the end-face of the connectorized optical fiber by
cleaving and polishing the fiber end to have a smooth surface
that 1s free of scratches and/or defects. Most optical fiber
connectors are spring-loaded, so that the end-face of the opti-
cal fibers 1s pressed together when the connectors are mated.
Before connecting connectorized optical fibers, the end-face
of each of the optical fibers 1s cleaned to be free of dust, dirt,
oils or other impurities and 1s inspected to ensure that the
end-face 1s free of scratches. Ensuring that the end-faces are
clean and scratch free ensures that the optical connection has
a low 1nsertion loss and reduced reflection and/or scattering at
the 1nterface resulting in a high return loss.

[0004] A variety of optical fiber connectors are available
such as FC, LC, SC, ST, FDDI, etc. The various optical fiber
connectors can be used to connect single optical fibers or a
plurality of optical fibers. The main differences among dif-
ferent types of connectors are dimensions and methods of
mechanical coupling. Different connectors can be selected
tor different equipment based on manufacturer’s recommen-
dations.

SUMMARY

[0005] The systems, methods and devices of this disclosure
cach have several innovative aspects, no single one of which
1s solely responsible for the desirable attributes disclosed
herein.

[0006] Various embodiments described herein comprise an
optical connector assembly including components that estab-
lish a free space optical communication link between a plu-
rality of fiber-optic cables to transmit data between the plu-
rality of fiber-optic cables. The components in the optical
connector assembly can be configured to condition the optical
data signal (e.g., by amplifying, regenerating and/or retiming
the optical data signal) before transmitting the optical data
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signal over the free space communication link. Embodiments
of the optical connector assembly described herein can be
configured to establish unidirectional or bidirectional free
space communication links between the plurality of fiber-
optic cables. Various embodiments of the optical connector
assembly described herein can utilize wavelength division
multiplexing (WDM) and/or time division multiplexing
(TDM) technology to provide full duplex communication
link to enable simultaneous bi-directional communication
between the plurality of fiber-optic cables.

[0007] In various embodiments, components of the con-
nector assembly can be housed in metal or plastic casings that
can be physically connected to each other. The casings can
protect the components of the connector assembly. The cas-
ings could also block mcoming light which may interfere
with the signals transmitted over the free space communica-
tion link and prevent leakage of the optical signals transmaitted
over the free space link. In various embodiments, the casings
can mclude magnets to achieve physical connection between
the two optical fibers.

[0008] Various implementations of the optical fiber con-
nector assembly described herein can be used to connect two
fiber-optic cables without requiring the end-faces of the two
fiber-optic cables to physically touch each other. Accord-
ingly, the implementations of the connector assemblies
described herein are less sensitive to the environment and/or
cleanliness of the end-faces and can be used 1n obstructed
and/or occluded environments. Furthermore, since the optical
end-faces of the optical fibers do not contact each other, they
experience less wear and tear and thus can have a greater
lifetime and can withstand a larger number of connections
and disconnection as compared to traditional connector
assemblies.

[0009] The various embodiments of the optical fiber con-
nector assembly including a free-space communication link
also have a higher tolerance to misalignment between the
faces of the fiber-optic cables as compared to traditional
connector assemblies, since the light beams employed 1n the
free-space communication link between the two optical fibers
can have a large spot size. Additionally, the free-space link
between the two fiber-optic cables can be established by
selecting a wavelength that 1s efficiently transmitted through
the medium. For example, 11 the optical fiber connector
assembly including a free-space communication link 1s used
to connect to fiber-optic cables underwater, then the free-
space link between the two fiber-optic cables can be estab-
lished by selecting a wavelength in the range between about
400 nm and about 3 microns which 1s least absorbed by water
and thus most efficiently transmitted through water.

[0010] The embodiments of the optical fiber connector
assembly 1ncluding a free-space communication link as
described here are also configured to recondition the optical
signal before transmitting over the free space communication
link. This can advantageously improve the optical link budget
and overall fidelity of the fiber-optic link.

[0011] One innovative aspect of the subject matter
described 1n this disclosure can be implemented in a fiber-
optic connector assembly comprising a first connecting por-
tion and a second connecting portion. The first connecting
portion comprises a fiber-optic receiver configured to receive
an optical signal from an input optical fiber at a fiber commu-
nication wavelength between about 1300 nm and about 1650
nm. The {first connecting portion further comprises a free-
space optical transmitter configured to transmit a free-space



US 2016/0087726 Al

optical signal at a free-space communication wavelength
between about 360 nm and about 3 microns through a free
space medium. The free-space optical signal 1s modulated
with data recovered from the recerved optical signal. The
second connecting portion comprises a Iree-space optical
receiver configured to recetve at least a portion of the free-
space optical signal transmitted from the free-space optical
transmitter. The second connecting portion further comprises
a fiber-optic transmitter configured to transmit a fiber-optic
signal at a fiber communication wavelength between about
1300 nm and about 1650 nm through an output optical fiber.
The fiber-optic signal 1s modulated with data recovered from
the portion of the free-space optical signal received at the
free-space optical recerver. The first and second connecting
portions are configured to be physically connected to each
other such that when connected, the free-space optical trans-
mitter of the first connecting portion 1s spaced apart {rom the
free-space optical receiver of the second connecting portion
by a distance 1n the free space medium.

[0012] In vanious implementations, the distance between
the free-space optical transmitter and the free-space optical
receiver can be between about 0.01 mm and about 1 m. The
first connecting portion can comprise a first signal condi-
tioner connected to the output fiber-optic receiver and the
input of free-space optical transmitter. In various implemen-
tations, the signal conditioner can include a repeater. The
signal conditioner i1s configured to condition a signal at the
output of the fiber-optic recerver. For example, the signal
conditioner can condition the signal at the output of the fiber-
optic recerver by amplifying, regenerating and/or retiming
the signal at the output of the fiber-optic receiver.

[0013] In various implementations, the second connecting
portion can comprise a signal conditioner connected at the
output of the free-space optical recerver and the mnput of the
fiber-optic transmitter. The signal conditioner 1n the second
connecting portion can condition a signal at the output of the
free-space optical recerver. For example, the signal condi-
tioner 1n the second connecting portion can condition the
signal at the output of the free-space optical receiver by
amplifving, regenerating and/or retiming the signal at the
output of the free-space optical recerver.

[0014] In various implementations, the fiber-optic connec-
tor assembly can be used to connect pairs of fiber-optic cables
disposed 1n an occluded medium. In such implementations,
the space between the free-space optical transmitter of the
first connecting portion and the free-space optical recerver of
the second connecting portion can include at least one of
water, smoke, fog, ice, gas, o1l, smoke or dust. In various
implementations, the free-space medium can comprise a lig-
uid having turbidity between about 5 NTU and about S000
NTU. The first and the second connecting portions can be
configured such that when physically connected a portion of
the free-space medium can be present between the free-space
optical transmitter and the free-space optical recerver.

[0015] The components of the first and the second connect-
ing portions can be housed in metal or plastic casing. In
various 1implementations, the casing can include a magnet.
The casing can substantially shield the free-space optical
receiver Irom ambient light emanating sources other than the
free-space optical transmitter. In various implementations,
portions of the casings can be coated by an anti-biologic
material.

[0016] In various implementations, the fiber-optic connec-
tor assembly can be configured to provide bi-directional com-
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munication. In such implementations, the first connecting
portion includes a free-space optical receiver configured to
receive an optical signal over the free space medium at a
free-space wavelength between about 360 nm and about 3
microns; and a fiber-optic transmitter configured to transmit
the recetved signal at a fiber communication wavelength
between about 1300 nm and about 1650 nm through an output
optical fiber. In such implementations, the second connecting
portion comprises a fiber-optic receiver configured to receive
an optical signal from an input optical fiber at a fiber commu-
nication wavelength between about 1300 nm and about 1650
nm; and a free-space optical transmitter configured to trans-
mit the conditioned signal at a free-space communication
wavelength between about 360 nm and about 3 microns
through the free space medium.

[0017] Another innovative aspect of the subject matter
described 1n this disclosure can be implemented 1n an optical
communication system comprising a first free-space optical
transmitter and a first free-space optical recerver coupled to
the first free-space optical transmitter. The first free-space
optical recerver 1s spaced apart from the first free-space opti-
cal transmitter by a distance less than or equal to about 50 cm
in a iree space medium. The first free-space optical transmit-
ter 1s configured to transmit a first beam of light at a first
free-space communication wavelength between about 360
nm and about 3 microns through the free space medium. The
first free-space optical transmitter comprises an optical
source and a collimating lens configured to collimate light
output from the optical source and emit a first free-space
optical signal. The first free-space optical receiver 1s config-
ured to receive at least a portion of the first free-space optical
signal. The first free-space optical recerver comprises an opti-
cal detector and a focusing lens having an optical axis and a
focal length. The optical detector 1s positioned at a distance
less than or greater than the focal length of the focusing lens
such that the recerved portion of the free-space optical signal
1s defocused at the recerver. In various implementations, the
first beam of light 1s 1incident on the focusing lens along a
direction that 1s at an angle between about £30 degrees with
respect to the optical axis 1n a plane orthogonal to a plane
including the optical axis.

[0018] The optical communication system can further com-
prise a second free-space optical transmitter configured to
transmit a second free-space optical signal at a second free-
space communication wavelength between about 360 nm and
about 3 microns through the free space medium; and a second
free-space optical receiver optically coupled to the second
free-space optical transmitter and spaced apart from the sec-
ond free-space optical transmitter by a distance less than or
equal to about 50 cm 1n the free space medium. The second
free-space optical recerver 1s configured to receive at least a
portion of the second Iree-space optical signal. In various
implementations, the first and the second iree-space optical

signals can be modulated with data having a data rate less than
or equal to about 10 Gb/s.

[0019] The optical communication system described above
can be included 1n a fiber-optic connector assembly compris-
ing a {irst connecting portion and a second connecting por-
tion. In various implementations, the first connecting portion
of the fiber-optic connector assembly can include the first and
the second Iree-space optical transmitter while the second
connecting portion includes the first and the second free-
space optical receiver. In some implementations, the first
connecting portion can include the first free-space optical
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transmitter and the second free-space optical recerver while
the second connecting portion can include the first free-space
optical receiver and the second free-space optical transmitter.
The fiber-optic connector assembly can be used to connect a
pair of fiber-optic cables in an occluded medium. In such
implementations, the free-space medium between the first
and the second connecting portion can include water, gas,

smoke, o1l, 1ce, fog, a liquid having turbidity between about 5
NTU and about 5000 NTU, etc.

[0020] Yet another innovative aspect of the subject matter
described 1n this disclosure can be implemented 1n an optical
communication system comprising a {irst transceiver and a
second transcerver 1s spaced apart from the first transceiver by
a distance 1n a free-space medium. In various implementa-
tions, the free-space medium can be occluded. For example,
the free-space medium can include a liquid having turbidity
between about 5 NTU and about 5000 NTU. The second
transceiver 1s configured to receive signals transmitted from
the first transceiver and transmit signals to first transceiver.
The first transceiver comprises a first free-space optical
receiver configured to receive optical signals at a first wave-
length A1 and a first plurality of free-space optical transmit-
ters configured to transmit optical signals at a second wave-
length A2. The second transcerver comprises a second free-
space optical receiver configured to receive optical signals
transmitted from the first plurality of free-space optical trans-
mitters at the second wavelength A2 and a second plurality of
free-space optical transmitters configured to transmit optical
signals at the first wavelength A1 to the first free-space optical
receiver.

[0021] In various implementations, the first free-space
optical receiver can be disposed about a first longitudinal axis
of the first transceiver and the first plurality of free-space
optical transmitters can be disposed around the first free-
space optical receiver. In various implementations, the first
transceiver can be rotationally symmetric about the first lon-
gitudinal axis.

[0022] In various implementations, the second free-space
optical recerver can be disposed about a second longitudinal
axis of the second transceiver and the second plurality of
free-space optical transmitters can be disposed around the
second free-space optical receiver. In various implementa-
tions, the second transceiver can be rotationally symmetric
about the second longitudinal axis.

[0023] The first and the second transceivers can be included
in a fiber-optic connector assembly comprising a first con-
necting portion and a second connecting portion. In various
implementations, the first connecting portion of the fiber-
optic connector assembly can include the first transcerver and
the second connecting portion can include the second trans-
ceiver. The first connecting portion can be attached to a first
fiber-optic cable and the second connecting portion can be
attached to a second fiber-optic cable and the first and the
second fiber-optic cables can be connected by bringing the
first and the second connecting portions within a distance of
cach other. In various implementations, the first and the sec-
ond connecting portions can be connected 1n any orientation.
For example, the first and the second connecting portions can
be rotated while making the connection or when connected.

[0024] Another mnovative aspect of the subject matter
described 1n this disclosure can be implemented 1n a method
ol connecting a first connecting portion and a second con-
necting portion of a fiber-optic connector assembly. The
method comprises bringing the first connecting portion
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within a distance of the second connecting portion such that
the first connecting portion 1s self-guided under the influence
of an attractive force towards the second connecting portion.
Under the influence of the attractive force the first and the
second connection portions physically contact each other
such that an optical transmitter disposed in the first connect-
ing portion or the second connecting portion 1s spaced apart
from an optical recerver disposed in the second connecting
portion or the first connecting portion by a space including a
medium. In various implementations, the medium can be
occluded. For example, the medium can include water, oil,
gas, smoke, fog, ice, liquid with turbidity between 5 NTU and
5000 NTU, etc.

[0025] In various implementations, the first connecting
portion 1s brought within a distance of the second connecting
portion by an automated device such as, a remotely operated
vehicle, a robotic arm, etc. Accordingly, various implemen-
tations of this method of connection can be accomplished
without human intervention. Alternately, 1n some implemen-
tations, the first and the second connecting portions can be
connected using human intervention.

[0026] Details of one or more implementations of the sub-
ject matter described 1n this disclosure are set forth i the
accompanying drawings and the description below. Other
features, aspects, and advantages will become apparent from
the description, the drawings and the claims. Note that the
relative dimensions of the following figures may not be drawn
to scale.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1A 1s a perspective view of a fiber-optic con-
nector assembly, including a free-space optical communica-
tion link 1n the connected mode.

[0028] FIG. 1B-1 1s a perspective view of the implementa-
tion of the fiber-optic connector assembly illustrated 1n FIG.
1A 1n the un-connected mode.

[0029] FIG. 1B-2 1s a cross-section view of the implemen-
tation of the fiber-optic connector assembly taken along lines

150a-15056 of FI1G. 1B-1.

[0030] FIG. 1C 1s a side-view of an implementation of a
umdirectional optical commumication link included 1n an
implementation of a fiber-optic connector assembly.

[0031] FIG. 1D 1s a side-view of an implementation of a
bi-directional optical communication link included in an
implementation of a fiber-optic connector assembly.

[0032] FIG. 1E 15 a side-view of another implementation of
a bi-directional optical communication link included 1n an
implementation of a fiber-optic connector assembly.

[0033] FIG. 2A 1s a side-view 1illustrating the components
of the free-space optical communication link that form a
portion of the bi-directional communication link 1llustrated in

FIG. 1D.

[0034] FIG. 2B 1s a side-view illustrating the components
of the free-space optical communication link that form a

portion of the bi-directional commumnication link illustrated in
FIG. 1.

[0035] FIGS. 3A-3D illustrated end views of implementa-

tions of an optical connector assembly including components
configured to provide a plurality of free-space optical links.

[0036] FIG. 3E 15 a perspective view of an implementation
of a connecting portion of an optical connector assembly
including components configured to provide a plurality of
free-space optical links.

(1]
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[0037] Like reference numbers and designations in the
various drawings indicate like elements.

DETAILED DESCRIPTION

[0038] The following detailed description 1s directed to
certain implementations for the purposes of describing the
inovative aspects. However, the teachings herein can be
applied 1n a multitude of different ways. As will be apparent
from the following description, the innovative aspects may be
implemented 1n a fiber-optic communication system. More
particularly, 1t 1s contemplated that the innovative aspects
may be implemented 1n or associated with connector assem-
blies that are used to connect fiber-optic cables. Various
implementations of the systems and methods described
herein can be used to establish a free-space optical commu-
nication link across a medium including air, water, oil, gas,
smoke, dust, particulates, etc. Various implementations of the
systems and methods described herein include connector
assemblies that are used to connect optical fibers 1n various
places such as, for example, underwater (e.g., 1n sea water, in
muddy water, 1n icy water, 1n sandy water ), smoke-filled areas
(e.g., 1n o1l refineries, coal mines, etc.), natural gas environ-
ment, areas that are difficult or impossible to access (e.g.,
tight spaces between walls, ceilings or floors 1n residential or
commercial structures, tunnels, underground places), or other
places where the environment 1s occluded by dirt, gas, oil,
water, smoke, particulates or other maternials. Other uses are
also possible and are within the scope of this disclosure.
[0039] Optical communication may occur within environ-
ments including underwater, 1n smoke-filled areas, around
natural gas environments, and other places where the medium
(be 1t gas or liguid) 1s not clear, or 1s occluded. In such
environments 1t may not be possible to use traditional fiber-
optic connectors that are configured to connect two fiber-
optic cables by bringing the end-faces of the two fiber-optic
cables 1n contact with each other and keeping them in contact
with each other via a latching force, such as a latching force
provided by a spring. Furthermore, 1t may not be possible to
use traditional fiber-optic connectors 1n occluded environ-
ments, since traditional fiber-optic connectors are sensitive to
(1) the environment, (11) cleanliness of the end-faces of the
fiber-optic cables and (111) the alignment between the end-
faces of the fiber-optic cables. For example, the fiber-optic
link including the two fiber-optic cables connected using
traditional connector assemblies can experience an increased
optical loss 11 the end-faces of the connected optical fibers are
dirty or become misaligned (e.g., due to a change in the
latching force). The increased optical loss could reduce the
optical link budget and/or degrade the communication chan-
nel.

[0040] A common method of connecting two fiber-optic
cables using traditional connector assemblies includes clean-
ing the end-faces of the fiber-optic cables prior to making the
connection. As discussed above, cleaning the end-faces of the
fiber-optic cable canreduce insertion loss. However, it may be
difficult to clean the end-faces of the fiber-optic cables prior to
making the connection in places such as, for example, under-
water (e.g., 1n sea water, 1n muddy water, in 1cy water, in
sandy water), smoke-filled areas (e.g., in o1l refineries, coal
mines, etc.), natural gas environment, areas that are difficult
or impossible to access (e.g., tight spaces between walls,
ceilings or floors 1n residential or commercial structures, tun-
nels, underground places), or other places where the environ-
ment 1s occluded by dirt, gas, o1l, water, smoke, particulates
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or other matenals. Accordingly, there 1s a need for novel
connector assemblies and methods that can be used to con-
nect one or more pairs of fiber-optic cables 1n places such as,
for example, underwater (e.g., 1n sea water, 1n muddy water,
in 1cy water, 1n sandy water), smoke-filled areas (e.g., in o1l
refineries, coal mines, etc.), natural gas environment, areas
that are difficult or 1impossible to access (e.g., tight spaces
between walls, ceilings or tloors 1n residential or commercial
structures, tunnels, underground places), or other places
where the environment 1s occluded by dirt, gas, o1l, water,
smoke, particulates or other materials.

[0041] Various implementations described herein include a
umdirectional and/or a bidirectional free space optical com-
munication link comprising a transmitter system that 1s con-
figured to transmit data at one or more free-space wave-
lengths through a free space medium to a recerver system. The
free space medium can include air, water (e.g., salt water,
sandy water, 1cy water, muddy water, etc.), smoke, o1l, dust,
gas (e.g., natural gas, methane, etc.), particulates, etc. In
various i1mplementations, the free space medium can be
occluded (or not clear). The one or more free-space wave-
lengths are selected based on their transmission efficiency
through the medium. For example, in various implementa-
tions, the one or more free-space wavelengths can have lower
absorption coeflicient and/or lower scattering coellicient as
compared to other wavelengths. The unidirectional and/or a
bidirectional free space optical communication link 1s con-
figured to transmit a signal through the free space medium
over a distance that ranges between about 0.001 mm and
about 1 m (e.g., between about 0.001 mm and about 0.01 mm,
between about 0.01 mm and about 0.1 mm, between about 0.1
mm and about 1.0 mm, between about 1 mm to about 1 cm,
between about 1 cm to about 10 cm, between about 10 cm and
about 50 cm, between about 50 cm and about 1 m or there
between) depending on characteristics of the free space
medium including but not limited to turbidity, particle density
and attenuation.

[0042] Various implementations described herein include
an optical fiber connector assembly 1ncluding one or more
umdirectional and/or bidirectional free space optical commu-
nication links that are configured to transmit data at one or
more communication wavelengths through the free space
medium. The optical fiber connector assembly comprises a
first connecting portion including the transmitter system of
the one or more umidirectional and/or bidirectional free space
optical communication links and a second connecting portion
including the recerver system one or more unidirectional and/
or bidirectional free space optical communication links. The
first connecting portion can be attached to a first fiber-optic
cable and the second connecting portion can be attached to a
second fiber-optic cable. The first and the second connecting,
portions can be configured to be physically connected to each
other such that when the first and the second connecting
portions are connected, the end-face of the first fiber-optic
cable 1s spaced apart from the end-face of the second fiber-
optic cable by the free-space medium. In various implemen-
tations, the end-face of the first fiber-optic cable 1s separated
from the end-face of the second fiber-optic cable by a distance
between about 1 mm and about 50 cm from the end-face of the
second fiber-optic cable. Since, the end-faces of the two fiber-
optic cables are configured to not touch each other; the fiber-
optic cables are subject to less wear and tear and thus can
survive a greater number of mating cycles (1.e. the number of
times the fiber-optic cables are connected, disconnected and
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reconnected) as compared to fiber-optic cables provided with
traditional connector assemblies. Furthermore, since, the
end-faces of the two fiber-optic cables are configured to not
touch each other, the connection 1s less sensitive to dirt and
dust on the end-faces. Accordingly, these connector assem-
blies can be used to connect fiber-optic cables 1n occluded
environments including air, water, smoke, gas, o1l, particu-
lates, sandy water, muddy water, etc.

[0043] FIG. 1A illustrates an implementation of a fiber-
optic connector assembly 100 including a free-space optical
communication link in the connected mode. The fiber-optic
connector assembly 100 1s used to connect two fiber-optic
cables 101a and 1015. The fiber-optic cables 101a and 1015
can include multimode fiber (MMF), single mode fiber
(SMF), dispersion shifted fiber (DSF), polarization maintain-
ing fiber (PMF) or any other optical fiber that 1s used 1n optical
communication systems and networks. The fiber-optic cables
101a and 1015 can be configured to transmit optical signals in
a variety of data formats (e.g., Gigabit Ethernet, OC-768,
and/or a variety of data rates (e.g., less than or equal to about
100 Mb/s, between about 1 Mb/s-about 100 Mb/s, between
about 100 Mb/s-1 Gb/s, between about 1 Gb/s-10 Gb/s,
between about 10 Gb/s-40 Gb/s or greater than or equal to 40
Gb/s). For example, 1n some implementations, the fiber-optic
cable 101a can be optically coupled to a first Gigabit Ethernet
(GigE) transmitter/recetver and the fiber-optic cable 1015 can
be optically coupled to a second Gigabit Ethernet (GigE)
transmitter/receiver. Accordingly, 1in such implementations,
the fiber-optic cables 101a and 1015 can transmit Gigabit
Ethernet signals. Without any loss of generality, the fiber-
optic cables 101a and 1015 and the components 1ncluded 1n
the connector assembly 100 are independent of the data for-
mat and thus can be used to transmit data signals in any
format. The fiber-optic cables 101a and 1015 and the com-
ponents included in the connector assembly 100 are not lim-
ited for use 1n digital optical communication systems and
networks but can also be used 1n analog optical communica-
tion systems and networks.

[0044] The fiber-optic connector assembly 100 1ncludes a
first connecting portion 10354 and a second connecting portion
10556. FIG. 1B-1 1s a perspective view of the implementation
of the fiber-optic connector assembly 100 1llustrated 1n FIG.
1A 1n the unconnected mode. FIG. 1B-2 1s a cross-section
view of the implementation of the fiber-optic connector
assembly 100 along the lines 1504-1506 of FIG. 1B-1. The
optical components 1n the first connecting portion 105a are
housed 1n metal or plastic casing 108a and the optical com-
ponents in the second connecting portion 1055 are housed in
metal or plastic casing 1085. The casing 108a includes an
opening 110q configured to recerve the fiber-optic cable 101a
and the casing 1085 includes an opening 1105 configured to
receive the fiber-optic cable 1015. Without any loss of gen-
erality, the sides of the casings 108a and 1085 adjacent the
openings 110q and 1105 can be referred to as the fiber ends.

[0045] Thecasing 108a has anoptical window 111a and the
casing 1085 has an optical window 1115. The optical win-
dows 111a and 1115 are disposed on a side opposite the fiber
ends 110q and 1105, Without any loss of generality, the opti-
cal windows 111a and 1115 can be referred to as the end-faces
of the fiber-optic cables 101a and 1015 respectively. The first
connecting portion 1054 and the second connecting portion
1056 each has a longitudinal axis 150aq and 1505 passing
through the openings 110aq and 1105, respectively and inter-
secting the end-faces 111a and 1115, respectively. In various
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implementations, the first and second connecting portions
105a and 10556 can be symmetric about the longitudinal axis

150a and 1505.

[0046] The first connecting portion 1054 has a tip 109a that
1s disposed around the end-face 111q and extending outward
from the end-face 111a. The second connecting portion 1055
has a tip 1095 disposed around the end-face 1115 and that
extends outward from the end-face 1115. The tip 109515 s1zed
and shaped to mate with the tip 1094 and to thereby form a
light-tight connection. In various implementations, the tip
109q has a protruding member and can thus be referred to as
a male connecting portion. In such implementations, the tip
1095 has arecess 120, as shown 1n FIG. 1B-2 that 1s sized and
shaped to accommodate the protruding member.

[0047] The components in the first connecting portion 105q
and the second connecting portion 1055 are configured such
that when the portions 105¢ and 1055 are connected, the
external surfaces of the first connecting portion 105a and the
second connecting portion 1055 (e.g., the tips 109aq and 1095)
physically contact each other, while the end-faces 111a and
1115 are spaced apart from each other 1n a free-space medium
by a distance. The components included 1n the first and sec-
ond connecting portions 1054 and 1056 can be used to estab-
lish a unidirectional or a bidirectional free space optical com-
munication link between the fiber-optic cables 101a and 1015
in the free-space optical medium. In various implementa-
tions, the distance between the end-faces 1114 and 1115 can
vary between about 1 mm and about 1 m. For example, the
distance between the end-faces 111a and 1115 can be
between about 1 mm to about 1 cm, 1 cm to about 10 cm,
between about 10 cm and about 50 cm, between about 50 cm
and about 1 m or there between. In various implementations,
depending on the characteristics of the free-space medium
and parameters of the optical signal, the distance between the
end-faces 111a and 1115 can exceed 1 m. For example, 1n
various implementations, the distance between the end-faces
111a and 1115 can be greater than or equal to 1 m and less
than or equal to 50 m, greater than or equal to 10 m and less
than or equal to 40 m, greater than or equal to 20 m and less
than or equal to 40 m, or there between.

[0048] As discussed above, the {fiber-optic connector
assembly 100 can be used to connect fiber-optic cables 101a
and 1015 disposed 1n an occluded environment and/or under-
water. For example, the fiber-optic connector assembly 100
can be advantageously used to connect the fiber-optic cables
101a and 1015 even when deployed 1n places such as, for
example, underwater (e.g., 1n sea water, in muddy water, 1n
icy water, in sandy water), smoke-filled areas (e.g., 1n o1l
refineries, coal mines, etc.), natural gas environment, areas
that are difficult or 1impossible to access (e.g., tight spaces
between walls, ceilings or tloors 1n residential or commercial
structures, tunnels, underground places), or other places
where the environment 1s occluded by dirt, gas, o1l, water,
smoke, particulates or other materials. Various implementa-
tions of the fiber-optic connector assembly 100 described
herein as well as existing fiber-optic connector assemblies
can be used to connect the fiber-optic cables 101qa and 1015 1n
a liquid environment having a turbidity between about 1
nephelometric turbidity units (NTU) and about 3 NTU. While
it may not be possible to use existing fiber-optic connector
assemblies to connect fiber-optic connectors 1n a liquid envi-
ronment having a turbidity greater than 5 NTU, implementa-
tions of the fiber-optic connector assembly 100 described
herein can be used to connect the fiber-optic cables 101a and
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10156 deployed 1n a liqud environment having a turbidity
greater than or equal to 5 NTU (for example, turbidity

between about 5 NTU and 5000 NTU, or values there
between).

[0049] In various implementations, the fiber-optic connec-
tor assembly 100 can be used to connect the fiber-optic cables
101a and 1015 deployed 1n hazy environments comprising
particles with diameter less than or equal to 2.5 microns, less
than or equal to 10 microns, less than or equal to 100 microns
or less than or equal to 1000 microns. The fiber-optic connec-
tor assembly 100 can be configured to be used even when the
particulate density 1n the hazy environment exceeds 50
ug/m>, such as for example, greater than or equal to 50 ng/m>
and less than or equal to 100,000 ng/m?, greater than or equal
to 100 ng/m> and less than or equal to 10,000 pg/m°, greater
than or equal to 1000 ug/m> and less than or equal to 5000
ug/m>, or values there between.

[0050] The distance 1n the free-space medium between the
end-faces 111a and 1115 when the connecting portions 105a
and 1055 are physically contacting each other can depend on
the turbidity and/or the particulate density of the free-space
medium. For example, the end-faces 111a and 1115 can be
separated by a distance between about 0.001 mm and about 1
cm 1n water having a turbidity less than or equal to S000 NTU.
As discussed above, the distance between the connecting
portions 105 and 1055 depends on the characteristics of the
free-space medium 1including but not limited to turbidity,
attenuation, particulate density, etc. Thus, based on the char-
acteristic of the free-space medium, the end-faces 111a and
1115 can be separated by a distance between about 1 cm and
about 1 m 1n different implementations. In various implemen-
tations, the connecting portions 105a and 1055 can include
mechanisms, such as, for example, springs, screws, motors,
etc. to adjust the distance between the end-faces 111a and
1115 1n the free-space medium.

[0051] The casings 108a and 1085 and the tips 109a and
1095 can 1include materials that are not transparent to light 1n
a wavelength range between about 360 nm and about 3
microns so as to shield the optical components included in the
casings 108a and 1085 from stray light and/or ambient light
such as sunlight. The surfaces of the tips 1094 and 1095
adjacent the end-faces 111a and 1115 can have openings to
allow transmission of light between the first and second con-
necting portions 105q and 1055.

[0052] In various implementations, the components in the
first and second connecting portions 10354 and 10556 can be
assembled at atmospheric pressure and then deployed 1n high
pressure environments (e.g., at a depth between 100-10,000
teetunderwater). The optical components included in the first
and second connecting portions 105a and 1055 are config-
ured to operate at ambient pressure. Accordingly, the casings
108a and 1085, the material of the optical windows 111a and
1115 can be configured to withstand sullicient pressure such
that they can be deployed up to a depth of 10,000 feet under
the surface of water without damage to the casings 108a and

10856 or the optical components included in the casings 108a
and 1085.

[0053] Various implementations of the fiber-optic connec-
tor assembly 100 can be configured such that the external
portions of the first and second connecting portions 105a and
10556 can be connected to each other while maintaining the
portions between the end-faces 111aq and 1115 at ambient
pressure. Accordingly, the design and manufacturing of the
first and second connecting portions 1054 and 10556 can be
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simplified and the first and second connecting portions can be
connected with ease. In various implementations, one or more
magnets can be disposed 1n the tips 1094 and 1095 to connect
the first and second connecting portions 1034 and 1055 of the
fiber-optic cables 101aq and 1015. In some implementations,
the tips 109q and 1095 can 1nclude physical locking mecha-
nisms, such as, for example, clips, hooks, screws, grooves,
nubs, spring loaded structures, etc. to secure the connection
between the first and the second connecting portions 105a
and 1055. As discussed above, the mechanisms used to physi-
cally connect the first and the second connecting portions
1054 and 10556 need not be configured to maintain the pres-
sure between the end-faces 111a and 1115 at atmospheric
pressure. Furthermore, the mechamisms used to physically
connect the first and the second connecting portions 105q and
1055 are configured to block stray ambient light and/or sun-
light from 1nterfering or disrupting the free-space optical link
between the first and the second connecting portions 103a

and 1055.

[0054] In various implementations, the mechanisms used
to physically connect the first and the second connecting
portions 105a and 1055 can be configured such that the first
and the second connecting portions 1054 and 1055 can be
casily connected by automated systems (e.g., remotely oper-
ated vehicles, robotic arms, etc.). For example, when the first
and the second connecting portions 10354 and 10556 include
magnets, automated systems can be used to bring the first and
second fiber-optic cables 101a and 1015 within a distance of
cach other such that the first and the second connecting por-
tions 105qa and 1055 are self-guided towards each other under
the mfluence of attractive magnetic forces and are physically
connected to each other. In such implementations, the mag-
nets can be oriented such that they maintain the first and the
second connecting portions 105a and 1056 in the correct
orientation. In some implementations, the first and the second
connecting portions 1054 and 10556 can be physically keyed
such that they are connected 1n the correct orientation. How-
ever as discussed, 1t may not be required to maintain a specific
orientation between the first and the second connecting por-
tions 105a and 1055 either during connection or after the first
and the second connecting portions 105a and 10556. For
example, 1n various implementations, the first connecting
portion 105a or the second connection portion 10356 may be
rotated with respect to the other such that the components of
the first connecting portion 10354 and the components of the
second connecting portion 1055 are not displaced along a
common axis when connected.

[0055] As discussed above, the first and the second con-
necting portions 105a and 10556 are connected to provide a
light-tight but not a pressure-tight connection. Thus, the first
and the second connecting portions 1054 and 10355 are con-
nected such that the free space medium between the end-faces
111a and 1115 are maintained at ambient pressure. Further-
more, 1t 1s not required to displace or remove the free-space
medium 1n the space between the end-faces 111a and 1115
prior to and/or while connecting the first and second connect-
ing portions 1054 and 105b. Accordingly, when the first and
second connecting portions 105q and 1055 are connected, the
free-space medium between the end-faces 111q and 1115 1s
retained and can be freely exchanged with the surrounding.
For example, 1n implementations of the fiber-optic connector
assembly 100 used to connect fiber-optic cables 101a and
1015 underwater, the first and the second connecting portions
105a and 10556 are connected such that water between the
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end-faces 111a and 1115 1s freely exchanged with water 1n
the surrounding areas. Thus, there 1s a possibility that micro-
organisms, plants, algae, or animals can accumulate on wet-
ted surfaces of the end-faces 111a and 1115, casing 108a and
10856 and/or the tips 109a and 10956. In order to prevent the
accumulation of microorganisms, plants, algae, or animals,
the surfaces of the end-faces 111a and 1115, casing 108a and
1086 and/or the tips 109a and 1095 can be coated with an
anti-biologic material, such as, for example, biocides (e.g.,
tributyltin moiety (ITBT), copper compounds) and/or non-
toxic coatings (e.g., silicone coatings, PDMS coatings, etc.).

[0056] FIG. 1C schematically illustrates an implementa-
tion of a unidirectional commumnication link 107a that can be
included in an implementation of a fiber-optic connector
assembly (e.g., fiber-optic connector assembly 100). In the
illustrated 1implementation, optical components included 1n
the link 107q are configured to transmit optical signals from
fiber-optic cable 101a to fiber-optic cable 1015. The first
connecting portion 105a includes fiber-optic recerver 205a
configured to receive an incoming optical signal at a fiber
communication wavelength (e.g., between about 1300 nm
and about 16350 nm) from the fiber-optic cable 101qa, a signal
conditioner 207a connected to the output of the fiber-optic
receiver 205q and configured to condition the signal at the
output of the receiver 205a and a free-space optical transmiut-
ter 209a connected to the output of the signal conditioner
207a and configured to transmit the conditioned signal at a
free-space communication wavelength (e.g., between about
360 nm and about 3 micron) through a free-space (e.g. air,
water, dirt, smoke, some other liquid, occluded medium, etc.)
medium 115 to the second connecting portion 10556, Without
any loss of generality, the conditioned signal at a free-space
communication wavelength can be emitted out of the first

connecting portion 105a generally along a direction parallel
to the longitudinal axis 150a.

[0057] The fiber-optic recerver 2054 includes a photodiode
that 1s sensitive to optical radiation 1n the wavelength range
between about 1300 nm and about 1650 nm. For example, the
photodiode can include semiconductor materials, such as, for
example, silicon, GaAsP, GaAs, InGaAsP, InP, GaN, etc. In
various 1implementations, the fiber-optic receirver 2035a can
include one or more optical filters disposed at the input of the
photodiode to improve the signal to noise ratio of the incom-
ing optical signal at the fiber communication wavelength. In
various implementations, the optical recerver 205a can com-
prise various electronic components (e.g., amplifiers, filters,
demultiplexers, splitters, etc.) at the output of the photodiode.
One or more of the electronic components at the output of the
photodiode can be useful to recover the incoming data from
the optical fiber 101a. In various implementations, the fiber-
optic receiver 205q can include components that are config-
ured to recerve and recover GigE signals. However, in other
implementations, the fiber-optic recerver 2035a can be config-
ured to receive and recover data 1n a wide variety of formats
and protocols.

[0058] The signal conditioner 207a i1s connected to the
output of the fiber-optic recerver 205q and can condition the
signal at the output of the recerver 205a. In various 1mple-
mentations, the signal conditioner 207a can condition the
signal at the output of the fiber-optic recerver 205a by ampli-
tying, amplifying and reshaping or by ampliiying, reshaping
and retiming the recovered data. The various operations per-
formed by the signal conditioner 207a can be useful to
recover and regenerate the electrical data from the optical
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signal at the fiber communication. Various implementations
of the signal conditioner 207a can include some or all of the
tollowing electronic components that can be useful to recov-
ering and regenerate the electrical data—electrical amplifiers
(e.g., RF amplifiers), electrical filters (e.g., band-pass filters
having a bandwidth selected less than or equal to the data
rate), signal generators, clock recovery circuits, phase locked
loops, etc. In various implementations, the signal conditioner
207 a can 1include an electronic repeater. In various implemen-
tations, the signal conditioner 207a can include components
that are configured to regenerate and/or retime GigE signals.
However, 1n other implementations, the signal conditioner
207a can be configured to regenerate data 1n a wide variety of
formats and protocols.

[0059] The free-space optical transmitter 209¢q includes an
optical source (e.g., a semiconductor laser, an organic laser
diode, a vertical-cavity surface emitting laser (VCSEL), etc.)
that produces an optical carrier at a free-space wavelength 1n
the wavelength range between 360 nm and about 3 micron. In
various implementations, the optical source of the free-space
optical transmitter 209a can be directly modulated with the
clectrical data recovered and regenerated by the optical
receiver 205a and the signal conditioner 207a to generate an
optical data signal at a free-space wavelength 1n the wave-
length range between 360 nm and about 3 micron. Alter-
nately, 1n some implementations, the free-space optical trans-
mitter 209a can include an optical modulator that 1s
configured to modulate the optical carrier output from the
optical source with the electrical data recovered and regener-
ated by the fiber-optic recerver 205q and the signal condi-
tioner 207a to generate an optical data signal at a free-space
wavelength 1in the wavelength range between 360 nm and
about 3 micron.

[0060] The free-space optical data signal can be configured
to be eye safe for humans and/or birds and animals. For
example, 1n various implementations the optical data signal
can have peak or average optical power and/or wavelength
that 1s eye safe for humans and/or birds and animals. In some
implementations, devices that detect blocking of the free-
space optical data signal and change the optical power, wave-
length or other parameters of the free-space optical data sig-
nal can be provided to render the free-space optical data
signal eye safe for humans and/or birds and animals. Other
methods of making the free-space optical data signal eye safe
for humans and/or birds and animals can also be used. The
free-space optical transmitter 209q can 1include one or more
optical components (e.g., lenses, polarizers, filters, amplifi-
ers, collimating elements, focusing elements, beam shaping
clements, etc.) to condition the optical data signal at a free-
space wavelength 1n the wavelength range between 360 nm
and about 3 microns such that 1t can be transmitted through
the free-space medium 115, as discussed 1n detail below with
reference to FIGS. 2, 3A and 3B. In various implementations,
the free-space optical transmitter 209q can include compo-
nents that are configured to transmit GigE signals. However,
in other implementations, the free-space optical transmitter
2094 can be configured to transmit data in a wide variety of
formats and protocols. As discussed above, the conditioned
signal at the free-space communication wavelength can be
emitted generally along a direction parallel to the longitudinal
axis 150a.

[0061] Thesecond connecting portion 10556 includes a free-
space optical recerver 2055 configured to recerve the optical
data signal at a free-space wavelength 1n the wavelength
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range between 360 nm and about 3 microns transmitted from
the free-space optical transmitter 209a over the free-space
medium 115, a signal conditioner 2075 that conditions (e.g.,
amplifies, regenerates and/or retimes) the output of the opti-
cal recerver 2055 and fiber-optic transmitter 2095 that injects
the conditioned signal at the output of the signal conditioner
207b at a fiber communication wavelength (e.g., between
about 1300 nm and about 1650 nm) 1into the optical fiber 1015.

[0062] The free-space optical recerver 2055 includes a pho-
todiode that 1s sensitive to optical radiation in the wavelength
range between about 360 nm and about 3 microns. For
example, the photodiode can include semiconductor materi-
als, such as, for example, silicon, GaAsP, InGaAsP, InP, GaN,
etc. In various implementations, the Ifree-space optical
receiver 2055 can include one or more optical filters disposed
at the input of the photodiode to improve the signal to noise
ratio of the incoming optical signal at the free-space wave-
length. In various implementations, the free-space optical
receiver 205b can include one or more optical components
(e.g., lenses, polarizers, filters, amplifiers, collimating ele-
ments, focusing elements, beam shaping elements, etc.) at the
input of the photodiode to receive an optical data signal trans-
mitted through the free-space medium 115 via the free-space
optical link.

[0063] In various implementations, the free-space optical
receiver 2055 can comprise various electronic components
(e.g., amplifiers, filters, demultiplexers, splitters, etc.) at the
output of the photodiode. One or more of the electronic com-
ponents at the output of the photodiode can be usetul to
recover the data transmitted through the free-space medium
115. In various implementations, the free-space optical
receiver 2055 can include components that are configured to
receive and recover GigE signals. In various implementa-
tions, the free-space optical recerver 2055 can be configured
such that the optical data signal transmitted through the free-
space medium 115 can be 1incident on the free-space optical
receiver 2055 along a direction that 1s generally parallel to the
longitudinal axis 1506 or along a direction that 1s at an angle
with respect to the longitudinal axis 1506 1n a plane orthogo-
nal to the plane contaiming the longitudinal axis 1505.

[0064] For example, referring to FIG. 2A, the longitudinal
axis 2505 extends along the x-axis and the optical data signal
transmitted through the free-space medium 115 can be inci-
dent on the free-space optical recerver 205br along a direction
that 1s at any angle with respect to the longitudinal axis 2505
in the x-z plane or the y-z plane. For example, the angle can be
between +5 degrees. In other implementations, the optical
data signal transmitted through the free-space medium 1135
can be 1incident on the free-space optical recerver 20567 along
a direction that 1s at an angle between x15 degrees, £30
degrees, +45 degrees, +60 degrees, +75 degrees, +90 degrees,
+105 degrees, £120 degrees, £135 degrees, =150 degrees or
+180 degrees with respect to the longitudinal axis 2505 1n the
x-z plane or the y-z plane. Accordingly, 1n various implemen-
tations described herein the first and the second connecting
portions 1054 and 1056 can be tilted with respect to each
other by an angle between about £180 degrees while still
having the ability to recerve and recover the free-space optical
data signal with an error-rate less than 10~°. For example,
depending on the characteristic of the free-space medium
including but not limited to turbidity or particulate density,
the first connecting portion 105a can be disposed adjacent the
second connecting portion 1055 thereby forming an angle of
+180 degrees such that optical data signal transmitted from
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the first connecting portion 1054 1s scattered by the free-space
medium and incident on the free-space optical receiver 2055

with suificient intensity to be recovered with an error-rate less
than 10~

[0065] With continued reference to FIG. 1C, the signal
conditioner 2075 1s connected to the output of the free-space
optical recetver 2055 and can condition the signal at the
output of the free-space optical receiver 2055, In various
implementations, the signal conditioner 2075 can condition
the signal at the output of the free-space optical recerver 2055
by amplifying, amplifying and reshaping or by amplifying,
reshaping and retiming the recovered data. The various opera-
tions performed by the signal conditioner 2075 can be usetul
to recover and regenerate the electrical data from the optical
signal at the fiber communication. Various implementations
of the signal conditioner 2075 can include some or all of the
tollowing electronic components that can be useful to recov-
ering and regenerate the electrical data—electrical amplifiers
(e.g., RF amplifiers), electrical filters (e.g., band-pass filters
having a bandwidth selected less than or equal to the data
rate), signal generators, clock recovery circuits, phase locked
loops, etc. In various implementations, the signal conditioner
2075 can 1include an electronic repeater. In various implemen-
tations, the signal conditioner 2075 can include components
that are configured to regenerate and/or retime GigE signals.
However, 1n other implementations, the signal conditioner
207b can be configured to regenerate data 1n a wide variety of
formats and protocols.

[0066] The fiber-optic transmitter 2095 1s connected to the
signal conditioner 2075 and includes an optical source (e.g.,
a semiconductor laser, an organic laser diode, a vertical-
cavity surface emitting laser (VCSEL), etc.) that produces an
optical carrier at a fiber communication wavelength in the
wavelength range between 1300 nm and about 1650 nm. In
various implementations, the optical source of the fiber-optic
transmitter 2095 can be directly modulated with the electrical
data recovered and regenerated by the free-space optical
receiver 2055 and the signal conditioner 2075 to generate an
optical data signal at a fiber communication wavelength in the
wavelength range between 1300 nm and about 1650 nm.

[0067] Alternately, in some implementations, the fiber-op-
tic transmitter 20956 can include an optical modulator that 1s
configured to modulate the optical carrier output from the
optical source with the electrical data recovered and regener-
ated by the optical recerver 2055 and the signal conditioner
207b to generate an optical data signal at a fiber communica-
tion wavelength 1n the wavelength range between 1300 nm
and about 1650 nm. The fiber-optic transmitter 2095 can
include one or more optical components (e.g., polarizers,
filters, amplifiers, etc.) to condition the optical data signal at
the fiber communication wavelength 1n the wavelength range
between 1300 nm and about 1650 nm such that it can be
transmitted through the optical fiber 1015. In various 1mple-
mentations, the fiber-optic transmitter 2095 can include com-
ponents that are configured to transmit GigE signals. How-
ever, 1n other implementations, the fiber-optic transmitter
2095 can be configured to transmit data in a wide variety of
formats and protocols.

[0068] Various optical and electronic components of the
fiber-optic recerver 205q, the signal conditioner 207a and
207D, free-space optical transmitter 2094, the free-space opti-
cal receiver 2055 and the fiber-optic transmitter 2095, such as,
for example, optical sources, optical recervers, optical and
clectrical amplifiers, etc. can be powered by a power cable




US 2016/0087726 Al

bundled with the fiber-optic cable 101a and fiber-optic cable
10156. Alternately, a battery could be included 1n the first
and/or second connecting portions 1054 and 1055 to power
the various optical and electronic components of the fiber-
optic recerver 205a, the signal conditioner 207a and 2075,

free-space optical transmitter 209a, the free-space optical
receiver 20556 and the fiber-optic transmitter 2095.

[0069] In various implementations, the fiber-optic recerver
205a, the signal conditioner 207a and the free-space optical
transmitter 209q of the first connecting portion 1054 can be
disposed along the longitudinal axis 150a. Alternately, 1n
some 1mplementations, the fiber-optic receiver 2054, the sig-
nal conditioner 207a and the free-space optical transmitter
209a of the first connecting portion 105a can be disposed
off-axis such that they are displaced from the longitudinal
axis 150a. Similarly, the free-space optical recerver 20355, the
signal conditioner 2075 and the fiber-optic transmitter 2095
of the second connecting portion 2055 can be disposed along
the longitudinal axis 15056 or displaced from the longitudinal
axis 150b. Whether, the components of the first and second
connecting portions 105q and 1055 are disposed on the lon-
gitudinal axis 150q and 15056 or displaced from the longitu-
dinal axis 150a and 1505, the free-space optical data signal
transmitted from the first connecting portion 105a can be
scattered by the free-space medium and made incident on the
free-space optical receiver 2055 with suilicient intensity such
that data can be recovered with an error-rate less than 10~
This property allows the first and the second connecting por-
tions 105a and 1055 to be connected without requiring a
specific orientation. Accordingly, the first and the second
connecting portions 105a and 1055 can be rotated during
connection or can rotate when connected without sacrificing
receiver sensitivity or incurring a loss of signal.

[0070] FIG. 1D illustrates an implementation of a bidirec-
tional communication link 107¢ and 1075 included in an
implementation of a fiber-optic connector assembly (e.g.,
fiber-optic connector assembly 100). The communication
link 107a 1s configured to transmit optical signals from fiber-
optic cable 101a to fiber-optic cable 1015 while the optical
communication link 1075 1s configured to transmit optical
signals from fiber-optic cable 1015 to fiber-optic cable 101a.
Accordingly, the first connecting portions 105a and the sec-
ond connecting portion 1056 each include two branches. The
first branch forms a portion of the communication link 107a

and the second branch from a portion of the communication
link 1075.

[0071] As discussed above, the first branch of the first con-
necting portion 105a includes a fiber-optic recewver 203ar
configured to receive an incoming optical signal at a first fiber
communication wavelength (e.g., between about 1300 nm
and about 1650 nm) from the fiber-optic cable 1014, a signal
conditioner 207ac configured to condition the signal at the
output of the fiber-optic recerver 205ar and a free-space opti-
cal transmitter 209a¢ configured to transmit the conditioned
signal at a first free-space communication wavelength (e.g.,
between about 360 nm and about 3 microns) through the
free-space medium 115 (e.g. air, water, dirt, smoke, some
other liguid, occluded medium, etc.) to the second connecting
portion 1056 generally along a direction parallel to the lon-
gitudinal axis 150a. The free-space optical data signal trans-
mitted from the free-space optical transmitter 209a¢ can be
configured to be eye sate for humans and/or birds and animals
as discussed above.
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[0072] The first branch of the second connecting portion
1055 1includes free-space optical recerver 20355y configured to
receive the optical data signal at the first free-space wave-
length 1n the wavelength range between 360 nm and about 3
microns transmitted from the free-space optical transmitter
209a over the free-space medium 115, a signal conditioner
207bc that conditions (e.g., amplifies, regenerates and/or
retimes) the output of the free-space optical receiver 203557
and a fiber-optic transmitter 2095¢ that injects the conditioned
signal at the output of the signal conditioner 2075¢ at a second
fiber communication wavelength (e.g., between about 1300
nm and about 1650 nm) into the optical fiber 1015.

[0073] The second branch of the second connecting portion
1056 includes a fiber-optic recerver 205'br configured to
receive an incoming optical signal at a third fiber communi-
cation wavelength (e.g., between about 1300 nm and about
1650 nm) from the fiber-optic cable 1015, a signal condi-
tioner 207'bc configured to condition the signal at the output
of the fiber-optic recetver 205'6r and a free-space optical
transmitter 209'b¢ configured to transmit the conditioned sig-
nal at a second free-space communication wavelength (e.g.,
between about 360 nm and about 3 microns) through the
free-space medium 115 (e.g. air, water, dirt, smoke, some
other liquid, occluded medium, etc.) generally along a direc-
tion parallel to the longitudinal axis 15056 to the first connect-
ing portion 103a. The free-space optical data signal transmiut-
ted from the free-space optical transmitter 209'6¢ can be
configured to be eye sate for humans and/or birds and animals
as discussed above.

[0074] The second branch of the first connecting portion
105a includes a free-space optical receiver 205'ar configured
to receive the optical data signal at the second free-space
wavelength in the wavelength range between 360 nm and
about 3 microns transmitted from the free-space optical trans-
mitter 209'bt over the free-space medium 115, a signal con-
ditioner 207'ac that conditions (e.g., amplifies, regenerates
and/or retimes) the output of the free-space optical recerver
205'ar and a fiber-optic transmitter 209'ar that injects the
conditioned signal at the output of the signal conditioner
207'ac at a fourth fiber communication wavelength (e.g.,
between about 1300 nm and about 1650 nm) 1nto the optical
fiber 101a. Although, in the implementation 1llustrated 1n
FIG. 1D, only two communication links 107a and 1075 are
shown, other implementations can include a plurality of com-
munication links operating at a plurality of different wave-
lengths. For example, 1n various implementations, four, eight,
sixteen, thirty two different communication links each oper-
ating at a plurality of wavelengths can be provided.

[0075] In various implementations, each of the first, sec-
ond, third and fourth fiber communication wavelengths can
be different. In some implementations, the first and the sec-
ond fiber communication wavelengths can be equal and have
a value that 1s different from the third and/or the fourth fiber
communication wavelengths. Similarly, 1n some implemen-
tations, the third and the fourth fiber communication wave-
lengths can be equal and have a value that 1s different from the
first and/or the second fiber communication wavelengths.

[0076] Invarious implementations, the first and the second
free-space wavelengths can be different from each other.
Alternately, 1n various implementations, the first and the sec-

ond free-space wavelengths can be the same.

[0077] Invariousimplementations, the connecting portions
105a and 1055 can include optical components 211 that are
configured to direct optical signals from the fiber-optic cables
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101a and 1015 mto the first and/or the second communication
links 107a and 1075. The optical components 211 can also be
configured to direct optical signals from the first and/or the
second communication links 107a and 1075 into the fiber-
optic cables 101 and 1015. The optical components 211 can
include all or some of the following components: wavelength
demultiplexers, wavelength multiplexers, optical splitters,
optical couplers, optical switches, optical filters, etc.

[0078] Althoughin FIG. 1D, the free-space optical recerver
205br 1s 1llustrated as being coaxial with the free-space opti-
cal transmitter 209at, they can be axially displaced from each
other. As discussed above, since the free-space optical data
signal transmitted from the free-space optical transmitter
209atcan be scattered by the free-space medium 115 and
made incident on the free-space optical receiver 2055 with
suificient intensity such that data can be recovered with an
error-rate less than 10", whether the free-space optical trans-
mitter 209at 1s coaxial with the free-space optical receiver
205br or not will not affect the performance of the free-space
optical receiver 205br. For the same reason, the free-space
optical receiver 205'ar can be coaxial with the free-space
optical transmitter 209'b¢ or axially displaced from the free-
space optical transmaitter 209'bz.

[0079] FIG. 1E 1s a side-view of another implementation of
a bi-directional optical commumnication link included in an
implementation of a fiber-optic connector assembly. The
transmitting portion of the first communication link to trans-
mit data from the fiber-optic cable 101a to the fiber-optic
cable 1015 1ncludes a fiber-optic recerver 205ar configured to
receive an incoming optical signal at a first fiber communi-
cation wavelength between about 1300 nm and about 1650
nm from the fiber-optic cable 101a, a signal conditioner
207ac configured to condition the signal at the output of the
fiber-optic recerver 205ar and a plurality of free-space optical
transmitters 209aq¢1 and 209a72 both operating at a first free-
space wavelength between about 360 nm and about 3
microns. The output of the signal conditioner 207ac simulta-
neously drives the plurality of free-space optical transmitters
209at1 and 2094a¢2 such that two modulated optical beams are
transmitted from the first connecting portion 1035a through
the free-space medium 115 towards the second connecting
portion 1055.

[0080] The receiving portion of the first communication
link 1ncludes free-space optical recerver 2055 configured to
receive the optical data signal at the first free-space wave-
length 1n the wavelength range between 360 nm and about 3
microns transmitted from the plurality of free-space optical
transmitters 209a71 and 209a¢2 over the free-space medium
115, a signal conditioner 207b¢ that conditions (e.g., ampli-
fies, regenerates and/or retimes) the output of the free-space
optical recerver 2055 and a fiber-optic transmitter 20957 that
injects the conditioned signal at the output of the signal con-
ditioner 207bc at a second fiber communication wavelength
(e.g., between about 1300 nm and about 1650 nm) 1nto the
optical fiber 1015.

[0081] The transmitting portion of the second communica-
tion link to transmit data from the fiber-optic cable 1015 to the
fiber-optic cable 101a includes a fiber-optic receiver 205'br
configured to receive an mcoming optical signal at a third
fiber communication wavelength between about 1300 nm and
about 1650 nm from the fiber-optic cable 1015, a signal
conditioner 207'bc configured to condition the signal at the
output of the fiber-optic receiver 205'br and a plurality of
free-space optical transmitters 209'571 and 209'512 both oper-
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ating at a second Iree-space wavelength between about 360
nm and about 3 microns. The output of the signal conditioner
207'bc simultaneously drives the plurality of free-space opti-
cal transmitters 209'571 and 209'5¢2 such that two modulated
optical beams are transmitted from the second connecting
portion 1055 through the free-space medium 115 towards the
first connecting portion 105a.

[0082] Therecerving portion of the second communication
link includes free-space optical recerver 2035'ar configured to
receive the optical data signal at the second free-space wave-
length 1n the wavelength range between 360 nm and about 3
microns transmitted from the plurality of free-space optical
transmitters 209'5¢1 and 209'b72 over the free-space medium
115, a signal conditioner 207'ac that conditions (e.g., ampli-
fies, regenerates and/or retimes) the output of the free-space
optical receiver 205'ar and a fiber-optic transmitter 209'a¢ that
injects the conditioned signal at the output of the signal con-
ditioner 207'ac at a fourth fiber communication wavelength
(e.g., between about 1300 nm and about 1650 nm) into the
optical fiber 101a.

[0083] As discussed above, the first and the second fiber

communication wavelengths can be the same. Similarly, the
third and the fourth fiber communication wavelengths can
also be the same. In various implementations, the first, sec-
ond, third and fourth fiber communication wavelengths can
be ditferent.

[0084] The free-space optical receiver 205'ar can be dis-
posed on the longitudinal axis 150a of the first connecting
portion 105¢q as shown 1n FIG. 1E. In such implementations,
the plurality of transmitters 209a71 and 209a72 can be dis-
posed symmetrically about the longitudinal axis 150a. Simi-
larly, the free-space optical receiver 2055 can be disposed on
the longitudinal axis 1505 of the second connecting portion
1056 as shown in FIG. 1E. In such implementations, the
plurality of transmitters 209'571 and 209'b72 can be disposed
symmetrically about the longitudinal axis 15054. Such a con-
figuration can allow the first and second connecting portions
to be connected without a specific orientation. For example,
the second connecting portion 1055 can be rotated with
respect to the first connecting portion 105q during connection
or when connected without sacrificing receiver sensitivity or
incurring a loss of signal.

[0085] Although, only a pair free-space optical transmitter
209ar1 and 209a72 and 209'56¢1 and 209'5¢1 are shown 1in each
connecting portion 105q and 1055, various implementations,
can include a plurality of free-space optical transmitters
209a11, 209a72, . . . 209atn. For example, 1n various imple-
mentations, four free-space optical transmitters can be pro-
vided in each connecting portion. As another example, in
various implementations, eight, twelve, sixteen or thirty-two
free-space optical transmitters can be provided 1n each con-
necting portion.

[0086] FIG. 2A illustrates the components of the free-space
optical communication link that form a portion of the bi-
directional communication links 107a and 1075 1llustrated 1n
FIG. 1D. As discussed above, the communication link 1074
includes a first free-space communication link configured to
transmit optical data signal at the first free-space wavelength
from the first connecting portion 1034 to the second connect-
ing portion 10556 through the free-space medium 115. The
communication link 1075 includes a second free-space com-
munication link configured to transmit optical data signal at
the second free-space wavelength from the second connect-
ing portion 1055 to the first connecting portion 1034 through
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the free-space medium 115. In various implementations, the
free-space medium 115 can be an occluded medium, such as,
for example, water having turbidity greater than 5 NTU.

[0087] The first free-space communication link includes
the first free-space optical transmitter 209a¢ that comprises a
first optical source 217a and a beam shaping element 213at
and the first free-space optical receiver 20355y that comprises
a beam shaping element 213ar and a first recerver 219a. The
second free-space communication link includes the second
free-space optical transmitter 209'5¢ that comprises a second
optical source 217b and a beam shaping element 21357 and a
second Iree-space optical recerver 205'ar that comprises a
beam shaping element 21357 and a second recerver 2195. The
first optical source 217a and the beam shaping element 213a
are disposed 1n the first connecting portion 105q rearward of
the optical window 1114 and the beam shaping element 213ar
and the recerver 219q are disposed 1n the second connecting
portion 1055 forward of the optical window 1115. The for-
ward and rearward directions are specified with reference to a
direction of propagation of light. Stmilarly, the first optical
source 2175 and the beam shaping element 2135¢ are dis-
posed 1n the second connecting portion 1054 rearward of the
optical window 1115 and the beam shaping element 21357
and the receiver 21956 are disposed in the first connecting
portion 1055 forward of the optical window 111a.

[0088] Althoughin FIG. 2A, the free-space optical recerver
205br 15 1llustrated as being coaxial with the free-space opti-
cal transmitter 209at, they can be axially displaced from each
other. As discussed above, since the free-space optical data
signal transmitted from the free-space optical transmitter
209at can be scattered by the free-space medium 115 and
made incident on the free-space optical receiver 2055 with
suificient intensity such that data can be recovered with an
error-rate less than 10", whether the free-space optical trans-
mitter 209at 1s coaxial with the free-space optical receiver
205567 or not will not affect the performance of the free-space
optical recerver 205br. For the same reason, the free-space
optical receiver 205'ar can be coaxial with the free-space
optical transmitter 209'b¢ or axially displaced from the free-
space optical transmitter 209'bz.

[0089] As discussed above, the first and second optical
sources 217a and 2175 can include a semiconductor laser, an
organic laser diode, a vertical-cavity surface emitting laser
(VCSEL), or any other source that produces an optical carrier
at the first and second free-space wavelengths 1n the wave-
length range between 360 nm and about 3 microns. In various
implementations, the optical source 217a can be configured
to be directly modulated with the electrical data recovered
and regenerated by the optical receiver 205ar and the signal
conditioner 207ac to generate an optical data signal at the first
free-space wavelength i the wavelength range between 360
nm and about 3 microns. Alternately, 1n some 1mplementa-
tions, an optical modulator can be coupled to the optical
source 217a to modulate the optical carnier output from the
optical source 217a with the electrical data recovered and
regenerated by the optical receiver 205ar and the signal con-
ditioner 207ac to generate an optical data signal at the first
free-space wavelength 1 the wavelength range between 360
nm and about 3 microns.

[0090] Similarly, 1n various implementations, the optical
source 2175 can be configured to be directly modulated with
the electrical data recovered and regenerated by the optical
receiver 205'br and the signal conditioner 207'bc to generate
an optical data signal at the second free-space wavelength 1in
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the wavelength range between 360 nm and about 3 microns.
Alternately, 1n some implementations, an optical modulator
can be coupled to the optical source 2175 to modulate the
optical carrier output from the optical source 2175 with the
clectrical data recovered and regenerated by the optical
receiver 205'br and the signal conditioner 205'5¢ to generate
an optical data signal at the second free-space wavelength 1in
the wavelength range between 360 nm and about 3 microns.

[0091] The optical source 217a and 2175 can each be dis-

posed at a distance from the corresponding beam shaping
clement 213ar and 2135z, respectively. For example, in vari-
ous implementations, the optical source 217a can be disposed
at distance equal to the focal length of the beam shaping
clement 213at and the optical source 2175 can be disposed at
distance equal to the focal length of the beam shaping element
213b¢. In various implementations, the optical source 217a
and 2175 can be disposed at the focus of the corresponding
beam shaping element 213a¢ and 21357 respectively. In vari-
ous 1implementations, the beam shaping elements 213at and
213561 can include collimating lenses and or diverging lenses.
In various 1mplementations, the beam shaping elements
213at and 21357 can have a diameter between about 2 mm-
about 100 mm.

[0092] The beam shaping elements 213ar and 21357 can
have a size and a shape that i1s configured to increase the
diameter of the light beam output from the optical source
217a and 2175. For example, 1n various implementations, the
spot size (or the beam diameter) of the beam output from the
optical source 217a and 2175 can be less than 1 mm and the
beam shaping elements 213a¢ and 2135¢ can be configured to
increase the spot size of the beam output from the optical
source 217a and 2175 such that 1t 1s between about 1 mm and
about 1 cm. As another example, the beam shaping elements
213at and 2135t can be configured to increase the spot size of
the beam output from the optical source 217a and 2175 such
that 1t 1s between about 3 mm and about 4 mm. Without any
loss of generality, the size of the beam shaping element can be
selected based on one or more factors including but not lim-
ited to the size of the optical source, the spot size of the beam
emitted from the optical source, the desired spot size of the
beam transmitted through the free-space medium or the over-
all dimensions of the connecting portions. The beam shaping
clements 213a¢ and 21357 can each have an optical axis 250q
and 250c¢ respectively.

[0093] In various implementations, the optical axes 250q
and 250c¢ can be parallel to the corresponding longitudinal
axes 150a and 1506 of the connecting portions 105a¢ and
1055. In various implementations, the optical windows 1114
and 1115 could be configured to provide little to no beam
shaping effect. Alternately, in some embodiments, the optical
windows 111a and 1115 could be configured to tailor the
beam shape and/or size of the beam output from the beam
shaping elements 213a7 and 2135¢. In various implementa-
tions, one or more surfaces of the beam shaping elements
213at, 213ar, 213b6¢ and 21367 could be configured as the

optical windows 111a and 1115.

[0094] The beams output from the beam shaping elements
213at and 213b¢ can be collimated or diverging and can be
emitted along the corresponding optical axis 250a and 2350c¢
(or along a direction parallel to the longitudinal axis 1504 and
15056 respectively). In various implementations, additional
components such as apertures can be disposed at the input or
the output of the beam shaping elements 213a¢ and 2135¢ to
tailor the beam shape and/or the beam diameter. The output
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beams from the beam shaping elements 213ar and 2135b¢
transmitted through the free-space medium 115 are incident
on the beam shaping elements 213ar and 21357 respectively.
The spot size or the diameter of beams output from the beam
shaping element 213a¢ and 21357 can increase as they propa-
gate through the free-space medium 1135 due to scattering
and/or diffusion. The beam shaping elements 213ar and
213br can be configured to reduce the spot size or beam
diameter of the beam transmitted through the free-space
medium 113 such that 1t can be detected by the recervers 2194
and 219b with sullicient signal-to-noise ratio. For example, 1in
various implementations, the beam shaping elements 213ar
and 213br can be configured to reduce the spot size or beam
diameter of the beam transmitted through the free-space
medium 115 from about 1 mm-about 1 cm down to a size
between about 0.5 mm-about 1 mm. In various implementa-
tions, one or more apertures could be disposed forward of the
beam shaping elements 213ar and 21357 to tailor the beam
s1ze and/or shape. Without any loss of generality, the size of
the beam shaping elements 213ar and 21357 can be selected
based on one or more factors including but not limited to the
s1ze ol the receivers 219a and 2195, the spot size of the beam
emitted from the optical source, the desired spot size of the
beam 1ncident on the receivers 219a and 2195 or the overall
dimensions of the connecting portions.

[0095] In various implementations, the beam shaping ele-
ments 213ar and 21357 can 1nclude one or more focusing
clements. The beam shaping elements 213ar and 21357 can
cach have an optical axis 2506 and 250d respectively. In
various implementations, the optical axes 2505 and 2504 can
be parallel to the corresponding longitudinal axes 150aq and
15056 of the connecting portions 1054 and 1035. In various
implementations, the connecting portions 1054 and 10356 can
be connected with each other such that the optical axis 2505
1s aligned with optical axis 250a and optical axis 250c¢ 1s
aligned with optical axis 250d.

[0096] Theoptical recervers 219q and 2196 can be disposed
at a distance different from the focal length (e.g., less than or
greater than the focal length) of the beam shaping elements
213ar and 213567 such that the optical beams are defocused at
the recervers 219a and 21956. Detocusing the optical beams at
the recervers 219a and 2195 can be advantageous because 1t
allows the first and second connecting portions 105aq and
1055 to be angled or tilted with respect to each other without
sacrificing the ability of the recerver to recover the data with
an error rate less than a threshold. Accordingly, the first con-
necting portion 105a can be tilted with respect to the second
connecting portion 10356 by any angle. For example, first
connecting portion 1035a can be tilted with respect to the
second connecting portion 1055 at an angle between about £5
degrees, £15 degrees, £30 degrees, £45 degrees, £60 degrees,
+75 degrees, £90 degrees, 105 degrees, £102 degrees, £135
degrees, £150 degrees, £180 degrees or angles there between
in a plane orthogonal to the plane containing the longitudinal
axis of the connecting portion 1035 without sacrificing the
ability of the receivers 219a and 2195 to receive and recover
data with an error rate less than a threshold from the optical
data signals transmitted through the free-space medium 115.

[0097] FIG. 2B llustrates the components ol the free-space
optical communication link that form a portion of the bi-
directional communication links illustrated 1n FIG. 1E. The
first connecting portion 1054 includes a free-space optical
receiver 205'br disposed along the longitudinal axis 150a of
the first connecting portion 105q and a plurality of free-space
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optical transmitters 209a71 and 209q¢2 disposed on either
side of the longitudinal axis 150a and displaced from the
longitudinal axis 150a. Each of the plurality of free-space
optical transmitters 209a¢1 and 209a72 comprises an optical
source 217a emitting light at a first free-space wavelength Al
and a beam shaping element 213az.

[0098] The second connecting portion 1055 includes a tfree-
space optical recerver 205br disposed along the longitudinal
axis 1505 of the second connecting portion 1055 and a plu-
rality of free-space optical transmitters 209'b¢1 and 209512
disposed on either side of the longitudinal axis 1505 and
displaced from the longitudinal axis 1505. Each of the plu-
rality of free-space optical transmitters 209'6¢1 and 209512
comprises an optical source 2176 emitting light at a second
free-space wavelength A2 and a beam shaping element 2135z

[0099] The free-space optical receiver 205'br 1s configured
to recerve the Iree-space optical signal transmitted at wave-
length A2 from the second connecting portion 1056 and the
free-space optical recerver 205ar 1s configured to recerve the
free-space optical signal transmitted at wavelength A1 from
the second connecting portion 105a.

[0100] Asdiscussed above, this configuration of free-space
optical transmitters and receivers allows the first and the
second connecting portions 1054 and 10355 to be rotated dur-
ing connection or when connected without sacrificing
receiver sensitivity or sulfering a loss of signal.

[0101] A free-space optical communication link 1s usually
designed and configured with a small optical power budget
wherein the beam transmitted through the free-space medium
1s launched with just enough optical power to overcome the
various optical losses 1n the free-space optical communica-
tion link and be incident on the receiver with a signal strength
suificient to recover the data with an error rate less than a
threshold. Accordingly, 1n such free-space optical communi-
cation links, the optical beam transmitted through the free-
space medium 1s focused on the receiver to increase the sig-
nal-to-noise ratio of the recerved signal such that the receiver
can recover the transmitted data with an error rate less than a
threshold at low optical powers.

[0102] In contrast, in the implementations of free-space
communication link described herein, the free-space optical
signal 1s launched with an optical power that 1s between about
10-10,000 times more than the optical power required at the
receiver to recover the transmitted data with an error rate less
than orequal to 10™". Accordingly, the implementations of the
free-space communication link described herein have excess
optical power budget and thus have suificient signal strength
at the recerver to recover the data with an error rate less than
less than or equal to 10~ even when defocused.

[0103] FIGS. 3A-3D illustrate end views of implementa-
tions of an optical connector assembly including components
configured to provide a plurality of free-space optical links.
FIGS. 3A and 3B illustrate the cross-sectional views of an
implementation of the first connecting portion 105a as seen
through the optical window 111« and the second connecting
portion 1055 as seen through the optical window 1115 respec-
tively. The first connecting portion 1054 includes a plurality
of free-space optical transmitters 209aq71-209at4 disposed
around the longitudinal axis 150a. Each free-space optical
transmitter 209a¢1-209at4 can include an optical source that
1s configured to emit radiation at a free-space communication
wavelength between about 360 nm and about 3 microns and a
beam shaping element as described with reference to FIG. 2.
In various implementations, the wavelength of the free-space
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optical beam emitted by each of the plurality of free-space
optical transmitters 209a¢1-209a¢4 can be different.

[0104] The free-space optical beam emitted by each of the
plurality of free-space optical transmitters 209a71-209az4 can
be received by a corresponding free-space optical receivers
205ar1-205ar4 disposed 1in the second connecting portion
10556. Each of the free-space optical recervers 205ar1-205ar4
can 1nclude one or more optical filters that are configured to
filter out the optical signal transmitted from the associated
free-space optical transmitter and reject optical signals from
the other free-space optical transmitters. Accordingly, even i
the beams output from each of the free-space optical trans-
mitters 209a¢1-209a¢4 have a large spot size or beam diam-
eter such that a portion of the optical beams output from the
free-space optical transmitters 209a71-209a#4 1s incident on
the unassociated free-space optical recervers 205ar1-205a4,
there would be no cross-talk since the radiation from the
unassociated free-space optical transmitters 209a¢1-209at4
would be rejected by the optical filter.

[0105] The implementation i1llustrated in FIGS. 3A and 3B
1s configured to provide multi-channel unidirectional com-
munication at a plurality of different wavelengths from the
first connecting portion 105q to the second connecting por-
tion 1055. The plurality of free-space optical transmitters and
free-space optical receivers can also be configured to provide
multi-channel bi-directional communication at a plurality of
different wavelengths as shown 1n the implementation 1llus-
trated 1n FIGS. 3C and 3D. For example, the first connecting
portion 1054 can include a plurality of free-space optical
transmitters 209a71 and 209a72 disposed around the longitu-
dinal axis 150q and a plurality of free-space optical recervers

205'ar1 and 205'ar2 disposed around the longitudinal axis
150q, as shown 1n FIG. 3C.

[0106] Thesecond connecting portion 1055 includes a free-
space optical recerver 20556r1 associated with the free-space
optical transmitter 209471 and a free-space optical recerver
205672 associated with the free-space optical transmitter
209a72. The second connecting portion 1055 further includes
a free-space optical transmitter 209'6¢71 associated with the
free-space optical receiver 205'arl and a free-space optical
transmitter 209'5¢2 associated with the free-space optical
transmitter 205'a»2. In various implementations, the wave-
lengths of the optical radiation transmitted from the free-
space optical transmitters 209a71 and 209a¢2 can be different
from each other.

[0107] In various implementations, the wavelengths of the
optical radiation transmitted from the Iree-space optical
transmitters 209'5¢1 and 209'b72 can be different from each
other. However, 1n various implementations, the wavelengths
of the optical radiation transmitted from the free-space opti-
cal transmatters 209'571 and 209'6#2 can be equal to the wave-
lengths of the optical radiation transmitted from the iree-
space optical transmitters 209a71 and 209az2.

[0108] FIG. 3E illustrates an implementation of a second
connecting portion 1035 that 1s configured to provide multi-
channel free-space communication links. In the illustrated
implementation, the second connecting portion 10556
includes a mechanical holder 305 configured to hold the
plurality of free-space optical sources and/or free-space opti-
cal recervers, a printed circuit board 307 including driving
circuits to modulate the various Iree-space optical sources
and/or electronic circuits to recover data from the various
free-space optical receivers and a holder 309 configured to
hold a plurality of beam shaping elements (e.g., 313aq and
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313bH) associated with each of the plurality of free-space
optical sources and/or Iree-space optical receivers. The
mechanical holder 305 and the board 307 can include aper-
tures to allow passage of light from the plurality of free-space
optical sources and/or to the plurality of free-space optical
receivers.

[0109] The implementation of the second connecting por-
tion 1056 can be configured as a unidirectional multi-channel
transmitter or recerver 1f the mechanical holder 305 includes
only a plurality of free-space optical sources or free-space
optical receivers. The implementation of the second connect-
ing portion 1055 can be configured as a bi-directional multi-
channel transceiver 1f the mechanical holder 305 includes a
plurality of free-space optical sources and free-space optical
receivers. The connecting portion 1055 includes one or more
fiber-optic cables disposed on a side opposite the side on
which the plurality of beam shaping elements are disposed.
The mechanical holder can also include an optical recerver
that 1s configured to receive an optical data signal at a wave-
length between about 1300 nm and about 1650 nm from the
one or more fiber-optic cables and/or an optical transmitter
that 1s configured to 1nject an optical data signal at a wave-
length between about 1300 nm and about 1650 nm 1n to the
one or more fiber-optic cables. The printed circuit board 307
can include one or more electronic components that are con-
figured to condition the plurality of transmitted or recerved
data signals.

[0110] In various implementations, the printed circuit
board 307 can also include a power circuit that can receive
power from a power cable and/or a battery and provide elec-
trical power to the various optical and electrical components.

[0111] In various implementations disclosed herein, the
fiber-optic cables 101a and 1015 can carry optical time divi-
sion multiplexed data 1n which multiple data streams are
multiplexed 1n to a single optical channel. The free-space
optical transmitters and recervers can also be configured to
transmit and receive one or more beams of light included time
division multiplexed data signals through the free-space
medium.

[0112] Retferences throughout this specification to “one
embodiment,” “an embodiment,” “a related embodiment,” or
similar language mean that a particular feature, structure, or
characteristic described m connection with the referred to
“embodiment” 1s included 1n at least one embodiment of the
present invention. Thus, appearances of the phrases “in one
embodiment,” “in an embodiment,” and similar language
throughout this specification may, but do not necessarily, all
refer to the same embodiment. It 1s to be understood that no
portion of disclosure, taken on its own and 1n possible con-
nection with a figure, 1s intended to provide a complete

description of all features of the invention.

[0113] In the drawings like numbers are used to represent
the same or similar elements wherever possible. The depicted
structural elements are generally not to scale, and certain
components are enlarged relative to the other components for
purposes of emphasis and understanding. It 1s to be under-
stood that no single drawing 1s intended to support a complete
description of all features of the mvention. In other words, a
given drawing 1s generally descriptive of only some, and
generally not all, features of the invention. A given drawing
and an associated portion of the disclosure containing a
description referencing such drawing do not, generally, con-
tain all elements of a particular view or all features that can be
presented 1s this view, for purposes of simplifying the given
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drawing and discussion, and to direct the discussion to par-
ticular elements that are featured in this drawing. A skilled
artisan will recognize that the mvention may possibly be
practiced without one or more of the specific features, ele-
ments, components, structures, details, or characteristics, or
with the use of other methods, components, materials, and so
torth. Therefore, although a particular detail of an embodi-
ment of the invention may not be necessarily shown in each
and every drawing describing such embodiment, the presence
ol this detail in the drawing may be implied unless the context
of the description requires otherwise. In other instances, well
known structures, details, materials, or operations may be not
shown 1n a given drawing or described in detail to avoid
obscuring aspects of an embodiment of the invention that are
being discussed. Furthermore, the described single features,
structures, or characteristics of the mvention may be com-
bined in any suitable manner in one or more further embodi-
ments.

[0114] Moreover, if the schematic flow chart diagram 1is
included, 1t 1s generally set forth as a logical flow-chart dia-
gram. As such, the depicted order and labeled steps of the
logical flow are indicative of one embodiment of the pre-
sented method. Other steps and methods may be conceived
that are equivalent 1n function, logic, or effect to one or more
steps, or portions thereot, of the 1llustrated method. Addition-
ally, the format and symbols employed are provided to
explain the logical steps of the method and are understood not
to limit the scope of the method. Although various arrow
types and line types may be employed in the flow-chart dia-
grams, they are understood not to limit the scope of the
corresponding method. Indeed, some arrows or other connec-
tors may be used to indicate only the logical flow of the
method. For instance, an arrow may indicate a waiting or
monitoring period of unspecified duration between enumer-
ated steps of the depicted method. Without loss of generality,
the order 1n which processing steps or particular methods
occur may or may not strictly adhere to the order of the
corresponding steps shown.

[0115] The features recited 1n claims appended to this dis-
closure are intended to be assessed in light of the disclosure as
a whole.

[0116] At least some elements of a device of the imnvention
can be controlled—and at least some steps of a method of the
invention can be effectuated, 1n operation—with a program-
mable processor governed by instructions stored in a
memory. The memory may be random access memory
(RAM), read-only memory (ROM), flash memory or any
other memory, or combination thereof, suitable for storing
control software or other instructions and data. Those skilled
in the art should also readily appreciate that instructions or
programs defining the functions of the present invention may
be delivered to a processor 1n many forms, including, but not
limited to, mnformation permanently stored on non-writable
storage media (e.g. read-only memory devices within a com-
puter, such as ROM, or devices readable by a computer /O
attachment, such as CD-ROM or DVD disks), information
alterably stored on writable storage media (e.g. floppy disks,
removable flash memory and hard drives) or information
conveyed to a computer through communication media,
including wired or wireless computer networks. In addition,
while the invention may be embodied 1n software, the func-
tions necessary to implement the invention may optionally or
alternatively be embodied 1n part or in whole using firmware
and/or hardware components, such as combinatorial logic,
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Application Specific Integrated Circuits (ASICs), Field-Pro-
grammable Gate Arrays (FPGAs) or other hardware or some
combination of hardware, software and/or firmware compo-
nents.

[0117] Asusedherein, a phrasereferring to “at least one of™
a list of 1tems refers to any combination of those items,
including single members. As an example, “at least one of: a,
b, or ¢ 1s intended to cover: a, b, ¢, a-b, a-c, b-c, and a-b-c.
[0118] Various modifications to the implementations
described in this disclosure may be readily apparent to those
skilled 1n the art, and the generic principles defined herein
may be applied to other implementations without departing
from the spirit or scope of this disclosure. Thus, the claims are
not intended to be limited to the implementations shown
herein, but are to be accorded the widest scope consistent with
this disclosure, the principles and the novel features disclosed
herein.

[0119] Certain features that are described in this specifica-
tion 1n the context of separate implementations also can be
implemented in combination in a single implementation.
Conversely, various features that are described 1n the context
of a single implementation also can be implemented 1n mul-
tiple implementations separately or 1n any suitable subcom-
bination. Moreover, although features may be described
above as acting 1n certain combinations and even initially
claimed as such, one or more features from a claimed com-
bination can 1n some cases be excised from the combination,
and the claimed combination may be directed to a subcom-
bination or variation of a subcombination.

1-42. (canceled)

43. An optical system comprising:
a first transceiver unit comprising;:

a first plurality of optical transmitting systems config-
ured to transmit optical signals at a first plurality of
transmitting wavelengths, at least some of the first
plurality of transmitting wavelengths being different
from each other, wherein each of the first plurality of
optical transmitting systems 1s configured to transmit
an optical signal at a wavelength from the first plural-
ity of transmitting wavelengths; and

a first plurality of optical recerving systems configured
to receive optical signals at a first plurality of recerv-
ing wavelengths, at least some of the first plurality of
receiving wavelengths being different from each
other, wherein each of the first plurality of optical
receiving systems 1s configured to receive an optical
signal at a wavelength from the first plurality of
receiving wavelengths; and

a second transcerver unit comprising:

a second plurality of optical transmitting systems con-
figured to transmit optical signals, each of the second
plurality of optical transmitting systems configured to
transmit an optical signal at one of the first plurality of
receiving wavelengths; and

a second plurality of optical recerving systems config-
ured to recerve optical signals, each of the second
plurality of optical receiving systems configured to
receive an optical signal at one of the first plurality of
transmitting wavelengths,

wherein the first and the second transceiver units are
spaced apart from each other by a distance 1n a partially
transmissive medium.
44. The system of claim 43, wherein the medium includes
water, smoke, fog, 1ce, gas, o1l, smoke or dust.
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45. The system of claim 43, wherein the medium has a
turbidity between about 5 NTU and about 5000 NTU.

46. The system of claim 43, wherein the distance between
the first transceiver unit and the second transceiver unit 1s
between about 1 mm and 1 m.

47. The system of claim 43, wherein the each of the second
plurality of rece1ving systems of the second transcerver unit1s
configured to receive an optical signal transmitted by one of
the first plurality of transmitting systems of the first trans-
celver unit.

48. The system of claim 43, wherein the each of the first
plurality of receiving systems of the first transceiver unit 1s
configured to receive an optical signal transmitted by one of
the second plurality of transmitting systems of the second
transcerver unit.

49. The system of claim 43, wherein the first or the second
plurality of transmitting and receiving systems are disposed
around a longitudinal axis of the corresponding transcerver
unit.

50. The system of claim 43, wherein some of the first or the
second plurality of transmitting systems comprise a signal
conditioner configured to regenerate the optical signal.

51. The system of claim 43, wherein some of the first or the
second plurality of receiving systems comprise a signal con-
ditioner configured to regenerate the optical signal.

52.The system of claim 43, wherein some of the first or the
plurality of transmitting systems comprise a polarizer.

53.The system of claim 43, wherein some of the first or the
second plurality of receiving systems comprise a filter.

54. The system of claim 43, wherein the first transceiver
unit 1s configured as a first connecting portion of a fiber-optic
connector assembly and the second transceiver unit 1s con-
figured as a second connecting portion of the fiber-optic con-
nector assembly.

54. The system of claim 54, wherein the fiber-optic con-
nector assembly 1s configured to be disposed underwater.

56. The system of claim 54, wherein the first and second
connecting portions each comprise a metal or a plastic casing.
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57. The system of claim 56, wherein the casing includes a
magnet.

58. The system of claim 56, wherein the casing 1s config-
ured to substantially shield the optical recerving systems from
light emanating from sources other than the optical transmiut-
ting systems.

59.The system of claim 34, wherein the first and the second
connecting portions are configured such that when physically
connected the medium 1ncluded between the first and the
second transceiver units can be exchanged with the surround-
ing environment.

60. The system of claim 54, wherein the first connecting
portion comprises a {irst fiber optic transceiver configured to
transmit and receive optical signals propagating through a
first optical fiber.

61. The system of claim 60, wherein the first optical fiber 1s
selected from a group consisting of a single mode fiber, a
multimode {iber, a polarization maintaining fiber and a dis-
persion shifted fiber.

62. The system of claim 54, wherein the second connecting
portion comprises a second fiber optic transceiver configured
to transmit and receive optical signals propagating through a
second optical fiber.

63. The system of claim 62, wherein the first optical fiber 1s
one of a single mode fiber, a multimode fiber, a polarization
maintaining fiber and a dispersion shifted fiber.

64. The system of claim 43, wherein each of the first and the
second transceiver units include an optical window that 1s
transmissive to the plurality of transmitting and recerving
wavelengths.

65. The system of claim 64, wherein the window 1s coated
by an anti-biologic material.

66. The system of claim 43, wherein each of the first
plurality of wavelengths 1s between about 360 nm and about
3 microns.

67. The system of claim 43, wherein each of the second
plurality of wavelengths 1s between about 360 nm and about
3 microns.
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