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FREE SPACE OPTICAL COMMUNICATIONS NETWORK WITH BENT
PIPE CHANNEL AND PILOT CHANNEL

ABSTRACT

A method for a plurality of nodes in a free space optical communications network
(100) comprises using a bent pipe channel (1) to relay data between at least some of
the nodes (110 & 120) of the network (100); and using a pilot channel for pointing,
acquisition and tracking to continuously maintain line-of-sight between all of the nodes

(110 & 120) even when the bent pipe channel (1) is not active.
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FREE SPACE OPTICAL COMMUNICATIONS NETWORK WITH BENT
PIPE CHANNEL AND PILOT CHANNEL

TECHNICAL FIELD

[0001] In a free space optical (FSO) communications network having a bent pipe
architecture, data is transferred between relay nodes via optical space links. At each
relay node, the data is re-amplified, but not modulated or demodulated.

BACKGROUND

[0002] On an optical link between a ground station and a relay satellite, outages can
occur due to the physical nature of the atmosphere (e.g., cloud blockage, and clear air
turbulence effects so severe that the optical link cannot function properly). An outage
may be characterized by high bit errors or a total loss of data. In anticipation of a link
outage at a single ground station, the network may be reconfigured by terminating an
existing optical link and re-establishing a new optical link.

[0003] Recent reconfiguration approaches take time. Re-establishing a new optical
link requires a spatial and signal acquisition that can take minutes to perform. As the
reconfiguration is being performed, data is being buffered to prevent data loss. At a
100 Gbps data rate and a one minute switching time, six terabits of data must be
buffered. The added latency from the buffering affects the network traffic and adds
the potential for loss of data.

SUMMARY

[00034] It is an object of the present invention to substantially overcome, or at least

ameliorate, one or more disadvantages of existing arrangements.

[0003b] According to a first aspect, the present invention provides a method for a
plurality of nodes in a free space optical communications network, the method
comprising: using a bent pipe channel to relay data between at least some of the
nodes of the network; and using a pilot channel for pointing, acquisition and tracking
to continuously maintain line-of-sight between all of the nodes even when the bent
pipe channel is not active, the method further comprising: optically separating a bent
pipe-in signal from a pilot-in signal and optically re-amplifying and transmitting the
bent pipe-in signal without modulating or demodulating the bent pipe-in signal.
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[0003c] According to a second aspect, the present invention provides a node for a
free space optical communications network, the node comprising: a first terminal for
establishing a first optical link with a near companion node in the network; and a
second terminal for establishing a second optical link with a far companion node in the
network; wherein each terminal includes an optical aperture, a power tap for
separating a portion of a pilot-in signal received via the optical aperture, and an
aperture control processor for using the portion for pointing, acquisition and tracking to
continuously maintain optical line of sight with its companion node; and wherein each
terminal further includes optical circuitry for separating a bent pipe-in signal from the
pilot-in signal, re-amplifying and transmitting the bent pipe-in signal without

modulating or demodulating the bent pipe-in signal.

[0004] According to an embodiment herein, a method for a plurality of nodes in a free
space optical communications network comprises using a bent pipe channel to relay

data between at least some of the nodes of the network; and using a pilot channel for
pointing, acquisition and tracking to continuously maintain line-of-sight between all of

the nodes even when the bent pipe channel is not active.

[0005] According to another embodiment herein, a method for a relay node in a free
space optical communications network comprises using a first optical aperture to
establish a first optical link with a near companion node in the network and a second
optical aperture to establish a second optical link with a far companion node in the

network. The method further comprises receiving a pilot-in signal and a bent pipe-in
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signal via the first optical link; using the pilot-in signal to control the first optical aperture
for pointing, acquisition and tracking to continuously maintain optical line of sight with
the near companion node; and optically re-amplifying the bent pipe-in signal, and

sending the re-amplified signal to the far companion node via the second optical link.

[0006] According to another embodiment herein, a node for a free space optical
communications network comprises a first terminal for establishing a first optical link
with a near companion node in the network, and a second terminal for establishing a
second optical link with a far companion node in the network. Each terminal includes
an optical aperture, a power tap for bleeding a portion of a pilot-in signal received via
the optical aperture, and an aperture control processor for using the portion for pointing,
acquisition and tracking to continuously maintain optical line of sight with its companion
node. Each terminal further includes optical circuitry for separating a bent pipe-in
signal from the pilot-in signal and re-amplifying the bent pipe-in signal without

modulating or demodulating the bent pipe-in signal.

[0007] These features and functions may be achieved independently in various
embodiments or may be combined in other embodiments. Further details of the

embodiments can be seen with reference to the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is an illustration of a free space optical communications network and a

method of reconfiguring the network.

[0009] FIG. 2 is an illustration of an example of optical payload for a node in the free

space optical communications network.

[0010] FIG. 3 is an illustration of another example of optical payload for a node in the

free space optical communications network.
DETAILED DESCRIPTION INCLUDING BEST MODE

[0011] Reference is made to FIG. 1, which illustrates a free space optical
communications network 100 having a bent pipe architecture. The network 100
includes end nodes 110 and relay nodes 120. The end nodes 110 include ground
stations, and the relay nodes 120 include relay satellites in Earth orbit. FIG. 1 shows
four ground stations as end nodes 110, and four relay satellites as relay nodes 120 for

2-
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illustrative purposes. However, the network 100 is not limited to those numbers.

[0012] The four ground stations are at locations A, B, C and D. The four relay
satellites are at locations W, X, Y and Z. These locations may move if, for instance, the

satellites are not geostationary or the ground stations are mobile.

[0013] Each node 110 and 120 may communicate with one or more other nodes 110
and 120 in the network 100 via laser communications (lasercom). Lasercom may be

performed over one or more optical links.

[0014] The network 100 utilizes a bent pipe channel to relay data between nodes 110
and 120. An incoming signal is received by a relay node 120, re-amplified, and relayed
to another node 110 or 120 (e.g., another relay satellite, or a ground station). The data
on the bent pipe channel is not modulated or demodulated by any relay node 120. The
bent pipe channel may or may not be active at any given time. For instance, there

might be periods during which data is not sent.

[0015] Consider the end-to-end bent pipe channel 1 shown in solid. The channel 1 is
formed by optical links between nodes at the following locations: AW, W/X, X/Z and
Z/D. The bent pipe channel 1 is bidirectional. It allows data to be relayed between the
ground nodes at locations A and D in one direction at a first wavelength (A4) and in an
opposite direction at a second wavelength (Ay). The bent pipe channel 1 may also relay

additional wavelengths in each direction.

[0016] The network 100 also utilizes a pilot channel to relay an optical pilot signal
between nodes 110 and 120. The pilot channel has a clear line of sight (i.e. no clouds
or physical blockages by the earth). The pilot channel is dedicated to pointing,
acquisition and tracking (PAT). A pilot signal may be modulated/demodulated at each
node 110 and 120. The pilot channel is used for pointing, acquisition and tracking to
continuously maintain line-of-sight between all of the nodes 110 and 120 even when

the bent pipe channel is not active.

[0017] The pilot channel is formed by optical links between pairs of nodes. These
optical links cover all of the nodes 110 and 120 in the network 100. Consider the
example of FIG. 1. The optical links are formed between the pairs of nodes at the
following location: AW, WIX, B/X, C/X, X/Y, X/Z, C/Y, and D/Z. Other optical links
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(e.qg., Y/Z and W/Y) may be established if sufficient resources are available on the
satellites (i.e., sufficient optical terminals) and the satellite line of sight is not blocked by
the Earth.

[0018] A constellation manager (e.g., distributed command and control facilities) may
use the pilot channel to communicate directly with each node 110 and 120 in the
network 100. The communications may be direct (e.g., from the ground station at
location B to the relay satellite at location X) or through a cross channel link (e.g., from

the ground station at location B to the satellite at location Y).

[0019] The pilot channel may be bidirectional. Over each optical link, a first pilot signal
is transmitted at a first wavelength (Aa) in one direction, and a second pilot signal is
transmitted at a second wavelength (Ag) in an opposite direction. The two pilot signals
may be placed on the same channel via wavelength-division multiplexing (WDM),

frequency-division multiplexing (FDM), polarization or some other approach.

[0020] After a node 110 or 120 receives the pilot signal on the pilot channel optical
link, the received pilot signal is demodulated and processed. Modulation formats
include, but are not limited to, on-off keying (OOK), differential phase shift keying
(DPSK), and pulse-position modulation (PPM).The processing includes using the pilot
signal as an acquisition and tracking beacon for purposes of establishing and
maintaining line of sight connectivity with the node 110 or 120 that sent the pilot signal.
Spatial tracking may be performed on the received line of sight angles using a quadrant

detector or other angle sensing technique.

[0021] The pilot channel is used to perform rapid reconfiguration of the network 100.
Consider the example of an anticipated outage between the ground station at location
D and the relay satellite at location Z. The outage may be anticipated according to

gathered information (link conditions, etc.).

[0022] When the outage is anticipated, a new set of optical links for a new bent pipe
channel 2 is identified based on available resources. As illustrated in FIG. 1, the
ground stations at locations A and B are identified as end nodes 110, and the satellites
at locations W and X are identified as relay nodes 120 in the new bent pipe channel 2.
Once a command to switch to the new bent pipe channel 2 is initiated, the new bent
pipe channel 2 comes alive automatically since the spatial acquisition is already

4-
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established by the pilot channel. (The new set of optical links may be identified, and
the command to switch may be initiated by a network manager or a network manager
function residing external to the satellites.) Consequently, the reconfigured network
100 relays data over the new bent pipe channel 2 (shown in dot-dash), which is formed
by optical links A/W, W/X and X/B.

[0023] The reconfiguration of the network 100 is rapid, since spatial reacquisition is
not performed. Only a brief outage might occur (requiring a small buffer) to synchronize
the data receiver clock at the receiving ground station. However, the amount of
buffered data is substantially less than conventional reconfiguration. Latency is

reduced, as is the chance of losing data.

[0024] The pilot channel may be used for purposes in addition to rapid reconfiguration.
Data on the pilot channel may include telemetry and command data. The pilot channel
may be used to transfer command and low rate telemetry between the relay nodes 120

and the end nodes 110.

[0025] Data on the pilot channel may include data concerning link health. The link
health data may be used to monitor link conditions such as atmospheric and cloud

effects, fading statistics, and signal strength.

[0026] The pilot channel may be used to transmit bent pipe channel status (e.g.,
average power received) to a mission manager or provide the data for use in end-to-

end channel encoding and decoding.

[0027] The pilot channel may provide data for all of the relay nodes 120 in the network
100. The data for a particular satellite may be removed by the specific satellite needing
it. If data is removed from the pilot channel, the remainder of the data is then
remodulated and sent to the other satellites. In the alternative, the data is sent to all
the satellites, and each satellite operates only on the data keyed for it. This alternative

approach doesn’t require remodulation, but it does take up more bandwidth.

[0028] Each relay node 120 may add data to the pilot channel. If data is added to the

pilot signal, the pilot signal is remodulated and relayed.

[0029] The pilot channel may have a significantly lower data rate than the bent pipe

channel. For instance, the data rate of the bent pipe channel may be 100 Gbps,

-5-
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whereas the pilot channel has a data rage of less than one Mbps.

[0030] The addition of the pilot channel may be realized with minimal weight penalty.
A minimal amount of hardware is added. The additions include optical switching
circuitry such as optical add/drop multiplexers and waveguides, a modem, and a
processor. The pilot channel and bent pipe channel may share the same optical links.
After the incoming optical signal is received, the optical switching circuitry separates the
pilot signal from the bent pipe signal. The modem demodulates the pilot signal to
produce an electrical pilot-in signal, and the processor processes the electrical pilot-in
signal. If the processor adds or removes information from the pilot-in signal, the
modem remodulates the electrical signal to produce an optical pilot-out signal, and the

optical switching circuitry combines the pilot-out signal and the bent pipe signal.

[0031] Reference is now made to FIG. 2, which illustrates an example of an optical
payload 200 aboard a node 110 or 120 of the network 100. Bold solid lines represent
optical paths, and dashed lines represent electrical signal paths. The node 110 or 120

carrying the optical payload 200 will be referred to as the local node.

[0032] The payload 200 of FIG. 2 includes first and second optical terminals 210. The
first terminal 210 communicates with a near companion node, and the second terminal
210 communicates with a far companion node. The payload 200 may include
additional terminals 210 and an NxN switch (not shown) for routing signals between the

terminals 210.

[0033] InFIG. 2, the pilot channel and the bent-pipe channel of each terminal 210 are
both shown as being active. That is, each terminal 210 receives an optical pilot-in
signal and an optical bent pipe-in signal, and transmits an optical pilot-out signal and an

optical bent pipe-out signal.

[0034] The first terminal 210 includes a gimbaled optical aperture 212 (e.g., a
gimbaled telescope), an acquisition power tap 214, an acquisition angle detector 216,
and a control processor 218. The acquisition power tap 214 bleeds a portion of the
optical pilot-in signal and sends that portion to the acquisition angle detector 216, which
spatially acquires the optical pilot-in signal. The acquisition angle detector 216 sends
an electrical error signal to the control processor 218, which steers the optical aperture
212 to establish and maintain line of sight with the near companion node.

6-
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[0035] In the payload 200 of FIG. 2, the optical pilot-in signal serves functions in

addition to PAT. The optical pilot-in signal also carries telemetry and command data.

[0036] In the first terminal 210, the optical bent pipe-in and pilot-in signals follow an
optical path from the acquisition power tap 214, to a dichroic transmit/receive (Tx/Rx)
beamsplitter 220, and then to a free-space to fiber coupler/nutator 222. The
coupler/nutator 222 imparts a dither by spatial nutation on the optical pilot-in signal (and
also the bent pipe-in signal). The bent pipe-in signal and the modulated pilot-in signal
are amplified by a low noise optical amplifier 224 to establish a low noise receiver front-
end for the pilot-in signal. The low noise amplification also boosts the pilot-in and bent

pipe-in signal to levels that can be routed on the payload 200.

[0037] An optical demultiplexer 226 separates the bent pipe-in signal from the pilot-in
signal. The optical demultiplexer 226 may be a wavelength demultiplexer, provided that
the pilot signal wavelength is separated sufficiently in frequency from the bent-pipe

wavelength so that no crosstalk occurs and no distortion is expected.

[0038] The optical pilot-in signal is split and sent to a pilot signal detector 228 and a
receive pilot power detector 229. The receive pilot power detector 229 senses the
dither on the pilot-in signal in quadrature to derive power on target. The power on
target may be used to correct for misalignments (due to thermal drift, for example)

between transmit line of sight (LOS) and receive LOS.

[0039] Consider the following example. The control processor 218 uses a control
having a high frequency inner loop for beam steerers of the optical aperture 212 and a
low frequency outer loop for gimbals of the optical aperture 212. The receive pilot
power detector 229 senses the dither on the pilot-in signal in quadrature to measure an
angular offset of the pilot-in signal to the receive LOS. If the pilot-in signal is not truly
boresighted, this angle error is used to close the outer loop to keep correct for drift
between the transmit LOS and the receive LOS. The drift correction may be performed

when the pilot link is active.

[0040] The pilot signal detector 228 detects the optical pilot-in signal and sends an
electrical pilot-in signal to a pilot modem 230. The pilot modem 230 demodulates the
electrical pilot-in signal and produces an electrical signal that is sent to a central
processor 240. The pilot-in signal may be interleaved and forward error encoded to aid

-7-
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in transmission through an atmospheric fading channel. The central processor 240 de-

interleaves and decodes the signal to extract message content.

[0041] The central processor 240 may be configured to perform the following functions
for each of the terminals 210: telemetry and command information transfer between
satellites and ground stations in the network, channel quality/robustness
measurements, channel fading statistic formulation, forward error correction and
encoding, interleaving and de-interleaving, and PAT return channel power on target

signaling.

[0042] The telemetry and command data is used during network reconfiguration to
instruct one or more of the terminals 210 to establish an optical link with a different
companion node. The telemetry and command data identifies the different companion
node, and the central processor 240 commands the control processor 218 to establish
the optical link. The central processor 240 and the control processor 218 may

communicate over a command and telemetry bus (not shown).

[0043] Channel quality is inferred from signal strength and bit errors in modem. The
channel quality may be added to the pilot-out signal as return telemetry. Fade statistics
are inferred from sampling the signal strength. The fade statistics may also be added

to the pilot-out signal as return telemetry.

[0044] The channel quality/robustness measurements, channel fading statistic
formulation, and power on target signaling may be added to an electrical pilot-out
signal. Command and telemetry data may also be added to the electrical pilot-out

signal, except that data specific to the local node may be excluded.

[0045] The central processor 240 sends the electrical pilot-out signal to the pilot
modem 230 for modulation. In the pilot modem 230, interleaving and forward error
correction may be added to the pilot-out signal prior to modulation to aid in the

mitigation of any potential channel fading effects on the pilot channel.

[0046] The signal from the pilot modem 230 drives a pilot laser 232, which produces
an optical pilot-out signal. An optical multiplexer 234 combines the optical pilot-out
signal with the optical output (the bent pipe-in signal) of the optical demultiplexer 226.

An output of the optical multiplexer 234 is re-amplified by a high power optical amplifier

11208748v1
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236.

[0047] The optical output of the high power optical amplifier 236 is sent to the dichroic
Tx/Rx beamsplitter 220 of the second terminal 210. The re-amplified signal is passed
through the Tx/Rx beamsplitter 220 and acquisition power tap 214 and then transmitted

to the far companion node via the gimbaled optical aperture 212.

[0048] In each terminal 210, transmit-to-receive isolation is important so that the
outgoing pilot signal doesn’t interfere with the incoming pilot signal. The isolation may
be achieved via wavelength separation, polarization, spatial separation (using separate
transmit and receive apertures) and timing (blanking the transmitter when the receiver

is listening) can be used.

[0049] The first and second terminals 210 utilize the same components, although the
components may be configured differently with different sized apertures and different

high power amplifiers. In addition, ground stations may have adaptive optics.

[0050] The optical payload 200 is not limited to two terminals 210. Different
configurations of a ground node or satellite may have different numbers of terminals.
However, all command and telemetry are processed and routed through the central

command and telemetry processor.

[0051] Reference is now made to FIG. 3, which illustrates a payload 300 in which the
pilot-in signal is used solely for PAT. Each terminal 310 includes the same components
as the terminal 210 of FIG. 2, except for the pilot signal detector 228 and the pilot
modem 230.

[0052] A dichroic transmit/receive (Tx/Rx) beamsplitter 320 sends the optical signal to
a high power optical amplifier 336 for re-ampilification. An optical output of the high
power optical amplifier 336 is sent to the dichroic transmit/receive (Tx/Rx) beamsplitter
320 of the second terminal 310.

[0053] In the payloads 200 and 300 of FIGS. 2 and 3, line of sight is continuously
maintained with the near and far companion nodes even when the bent pipe channel is

not active.

[0054] Further, the disclosure comprises embodiments according to the following

11208748v1
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clauses:

[0055] Clause 1: A method for a plurality of nodes in a free space optical
communications network, the method comprising: using a bent pipe channel to relay
data between at least some of the nodes of the network; and using a pilot channel for
pointing, acquisition and tracking to continuously maintain line-of-sight between all of

the nodes even when the bent pipe channel is not active.

[0056] Clause 2: The method of clause 1, wherein the data that is relayed on the bent

pipe channel is re-amplified but not modulated or demodulated.

[0057] Clause 3. The method of clause 1, wherein the pilot channel has a significantly

lower data rate than the bent pipe channel.

[0058] Clause 4. The method of clause 1, further comprising reconfiguring the
network, including: using the pilot channel to identify a new set of optical links for a new
bent pipe channel; and switching to the new bent pipe channel, whereby spatial

acquisition for the new bent pipe channel is already established by the pilot channel.

[0059] Clause 5: The method of clause 1, wherein for each node, a pilot-in signal on
the pilot channel is used as a pointing, acquisition and tracking to continuously maintain

a receive line of sight (LOS) with a near companion node.

[0060] Clause 6: The method of clause 5, wherein the pilot-in signal carries telemetry
and command data, and a bent pipe-in signal carries the data on the bent pipe channel;
and wherein the pilot-in signal is optically separated from the bent pipe-in signal and

demodulated; and wherein the telemetry and command data is processed.

[0061] Clause 7: The method of clause 6, further comprising at least one of adding
data to the pilot channel and removing data from the pilot channel to produce a
electrical pilot-out signal; and wherein an optical pilot-out signal is formed from the

electrical pilot-out signal and combined with the bent pipe-in signal.

[0062] Clause 8. The method of clause 7, wherein at least one of link health data and

bent pipe channel status is added to the pilot channel.

[0063] Clause 9: The method of clause 5, further comprising adding a dither to the

pilot-in signal; deriving power on target from the dither, and using the power on target to

-10-
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correct for misalignment between transmit LOS and the receive LOS.

[0064] Clause 10: The method of clause 9, wherein the transmit LOS is controlled
with a high frequency loop and a low frequency loop, and wherein the power on target

is used to close the low frequency loop.

[0065] Clause 11: A method for a relay node in a free space optical communications
network, the method comprising: using a first optical aperture to establish a first optical
link with a near companion node in the network and a second optical aperture to
establish a second optical link with a far companion node in the network; receiving a
pilot-in signal and a bent pipe-in signal via the first optical link; using the pilot-in signal
to control the first optical aperture for pointing, acquisition and tracking to continuously
maintain optical line of sight with the near companion node; and optically re-amplifying
the bent pipe-in signal, and sending the re-amplified signal to the far companion node

via the second optical link.

[0066] Clause 12: A node for a free space optical communications network, the node
comprising: a first terminal for establishing a first optical link with a near companion
node in the network; and a second terminal for establishing a second optical link with a
far companion node in the network; wherein each terminal includes an optical aperture,
a power tap for bleeding a portion of a pilot-in signal received via the optical aperture,
and an aperture control processor for using the portion for pointing, acquisition and
tracking to continuously maintain optical line of sight with its companion node; and
wherein each terminal further includes optical circuitry for separating a bent pipe-in
signal from the pilot-in signal and re-amplifying the bent pipe-in signal without

modulating or demodulating the bent pipe-in signal.

[0067] Clause 13: The node of clause 12, wherein the first terminal sends its re-
amplified bent pipe-in signal to the second terminal for optical transmission to the far
companion node; and wherein the second terminal sends its re-amplified bent pipe-in

signal to the first terminal for optical transmission to the near companion node.

[0068] Clause 14: The node of clause 12, further comprising a central processor that
is shared by the first and second terminals; wherein each terminal further includes a
modem for demodulating the separated pilot-in signal and sending an electrical pilot-in
signal to the central processor.

-11-
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[0069] Clause 15. The node of clause 14, wherein the electrical pilot-in signal carries
telemetry and command data, and wherein the central processor is configured to

process the command and telemetry data to perform network reconfiguration.

[0070] Clause 16: The node of clause 14, wherein the central processor is configured
to modify the electrical pilot-in signal to add and/or remove data; and wherein each
terminal includes: a modem for remodulating the modified signal to produce an optical
pilot-out signal; and optical circuitry for combining the optical pilot-out signal with the re-

amplified bent pipe signal.

[0071] Clause 17: The node of clause 16, wherein the central processor is configured

to add at least one of link health data and bent pipe channel status.

[0072] Clause 18: The node of clause 16, wherein the central processor is configured

to remove node-specific data.

[0073] Clause 19: The node of clause 12, wherein each terminal further includes an
optical coupler/nutator for adding a dither to the optical pilot-in signal prior to optical

separation from the bent pipe-in signal; a receive pilot power detector for determining
power on target; and wherein the aperture control processor uses the power on target

to correct for misalignment between transmit and receive line of sight.

[0074] Clause 20: The node of clause 19, wherein the aperture control processor
uses a control having a high frequency inner loop and a low frequency outer loop; and

wherein the power on target is used to close the low frequency loop.

[0075] In the context of this specification, the word “comprising” means “including
principally but not necessarily solely” or “having” or “including”, and not “consisting only
of”. Variations of the word "comprising", such as “comprise” and “comprises” have

correspondingly varied meanings.

-12-
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CLAIMS

1. A method for a plurality of nodes in a free space optical
communications network, the method comprising:
using a bent pipe channel to relay data between at least some of the nodes of
the network; and
using a pilot channel for pointing, acquisition and tracking to continuously
maintain line-of-sight between all of the nodes even when the bent pipe

channel is not active, the method further comprising:

optically separating a bent pipe-in signal from a pilot-in signal and optically re-
amplifying and transmitting the bent pipe-in signal without modulating
or demodulating the bent pipe-in signal.

2. The method of claim 1, wherein the pilot channel has a lower data rate

than the bent pipe channel.

3. The method of any one of claims 1-2, further comprising reconfiguring
the network, including:
using the pilot channel to identify a new set of optical links for a new bent pipe
channel; and
switching to the new bent pipe channel;
whereby spatial acquisition for the new bent pipe channel is already
established by the pilot channel.

4. The method of any one of claims 1-3, wherein for each node, the pilot-
in signal on the pilot channel is used as a pointing, acquisition and tracking to
continuously maintain a receive line of sight (LOS) with a near companion node.

5. The method of claim 4, wherein the pilot-in signal carries telemetry and
command data, and the bent pipe-in signal carries the data on the bent pipe channel,
and wherein the pilot-in signal is optically separated from the bent pipe-in signal and

demodulated; and wherein the telemetry and command data is processed.

6. The method of claim 5, further comprising at least one of adding data
to the pilot channel and removing data from the pilot channel to produce a electrical

24431761



2016202369 27 Feb 2020

14

pilot-out signal; and wherein an optical pilot-out signal is formed from the electrical
pilot-out signal and combined with the bent pipe-in signal.

7. The method of claim 6, wherein at least one of link health data and
bent pipe channel status is added to the pilot channel.

8. The method of any one of claims 4-5, further comprising adding a
dither to the pilot-in signal; deriving power on target from the dither, and using the
power on target to correct for misalignment between transmit LOS and the receive
LOS.

9. The method of claim 8, wherein the transmit LOS is controlled with a
high frequency loop and a low frequency loop, and wherein the power on target is

used to close the low frequency loop.

10. A node for a free space optical communications network, the node
comprising:

a first terminal for establishing a first optical link with a near companion node

in the network; and

a second terminal for establishing a second optical link with a far companion

node in the network;

wherein each terminal includes an optical aperture, a power tap for separating

a portion of a pilot-in signal received via the optical aperture, and an aperture

control processor for using the portion for pointing, acquisition and tracking to

continuously maintain optical line of sight with its companion node; and

wherein each terminal further includes optical circuitry for separating a bent

pipe-in signal from the pilot-in signal, re-amplifying and transmitting the bent

pipe-in signal without modulating or demodulating the bent pipe-in signal.

11.  The node of claim 10, wherein the first terminal is configured to send its
re-amplified bent pipe-in signal to the second terminal for optical transmission to the
far companion node; and wherein the second terminal is configured to send its re-
amplified bent pipe-in signal to the first terminal for optical transmission to the near

companion node.

12.  The node of any one of claims 10-11, further comprising a central
processor that is shared by the first and second terminals; wherein each terminal

24431761
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further includes a modem for demodulating the separated pilot-in signal and sending

an electrical pilot-in signal to the central processor.

13.  The node of claim 12, wherein the electrical pilot-in signal carries
telemetry and command data, and wherein the central processor is configured to

process the command and telemetry data to perform network reconfiguration.

14.  The node of any one of claims 12-13, wherein the central processor is
configured to modify the electrical pilot-in signal to add and/or remove data; and
wherein each terminal includes: a modem for remodulating the modified signal to
produce an optical pilot-out signal; and optical circuitry for combining the optical pilot-

out signal with the re-amplified bent pipe signal.

15.  The node of claim 14, wherein the central processor is configured to
add at least one of link health data and bent pipe channel status.

16.  The node of any one of claims 14-15, wherein the central processor is

configured to remove node-specific data.

17.  The node of any one of claim 10-12, wherein each terminal further
includes an optical coupler/nutator for adding a dither to the optical pilot-in signal
prior to optical separation from the bent pipe-in signal; a receive pilot power detector
for determining power on target; and wherein the aperture control processor is
configured to use the power on target to correct for misalignment between transmit

and receive line of sight.

18.  The node of claim 17, wherein the aperture control processor is
configured to use a control having a high frequency inner loop and a low frequency
outer loop; and wherein the power on target is used to close the low frequency loop.

The Boeing Company
Patent Attorneys for the Applicant/Nominated Person
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