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(57) Abrégé/Abstract:

The invention relates to a method for transmitting digital data (11) by a primary optical signal (S,) between a transmitter terminal (T

) and a receiver terminal (Ty), involving the following steps:

- determining a magnitude (12) characterizing optical-wave degradation between the transmitter terminal (T;) and the receiver
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(57) Abrégé(suite)/Abstract(continued):

terminal (Ty),

- determining a number (N, ) of transmission channels (13) by means of a decreasing function of the magnitude (12) characterizing
optical-wave degradation,

- distributing the digital data (11) over the transmission channels (13),

- modulating optical signals (15) of different wavelengths using digital data (11) distributed over the transmission channels (13),

- generating the primary optical signal (S,) by means of wavelength multiplexing of the optical signals (15),

- sending a transmission configuration (102), including at least the number (N, ) of transmission channels (13), from the transmitter
terminal to the receiver terminal.
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ABSTRACT

The invention relates to a method for transmitting digital data (11) by a
primary optical signal (S1) between a transmitter terminal (Tg) and a receiver
terminal (Tr), involving the following steps:

- determining a magnitude (12) characterizing optical-wave degradation
between the transmitter terminal (Te) and the receiver terminal (Tg),

- determining a number (NA) of transmission channels (13) by means of a
decreasing function of the magnitude (12) characterizing optical-wave
degradation,

- distributing the digital data (11) over the transmission channels (13),

- modulating optical signals (15) of different wavelengths using digital data
(11) distributed over the transmission channels (13),

- generating the primary optical signal (S¢) by means of wavelength
multiplexing of the optical signals (15),

- sending a transmission configuration (102), including at least the number
(NA) of transmission channeis (13), from the transmitter terminai to the
receiver terminal.

FIGURE 2
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Method and device for optical transmission at adaptive effective rates

The present invention relates to a method for transmitting an optical
signal in which the effective data rate is adapted as a function of the
disturbances on the propagation channel. The invention also relates to an
optical-signal transmission device designed to implement such a method.

Communication by optical signal is a known technology that uses the
propagation of light to transmit information over a communication channel
between two remote points. It is already used to exchange information
between satellites or between a satellite and a fixed terminal on the earth,
and is commonly used in terrestrial fiber-optic telecommunication networks.
An optical signal, for example a laser beam modulated by effective data, is
sent from a transmitter terminal to a receiver terminal. In general, the
communication channel of an optical transmission device can be empty
space (the atmosphere, space), the marine environment, an optical guide or
any other medium that is transparent to light. The conditions for transmitting
an optical signal through these different media may vary over time or space.
These disturbances cause a deterioration in the quality of the optical signal
received by the receiver terminal (attenuated signal, random phase) and are
liable to alter the data being transmitted.

As shown in figure 1, a satellite S is fitted with a transmitter terminal Tg
that sends digital data to a receiver terminal Tr located on the earth T using a
primary optical signal S;. The terrestrial atmosphere may disturb the
propagation of the signal between the two terminals and thereby cause
transmission errors in the digital data. Various techniques have been
developed to adapt the optical transmission to the disturbances P on the
communication channel. Document FR2957214, which describes an optical
transmission method using laser signals in which an encoding rate of the
digital data sent by a laser signal is adapted as a function of the propagation
conditions of the laser beam, is in particular known. To take account of the
effect of these disturbances P on the optical transmission, the use of a
secondary optical signal S, sent by the receiver terminal and received by the
transmitter terminal, is known. The propagation conditions of the optical
signal, characterized by the secondary optical signal S; received by the
transmitter terminal, make it possible to adapt the encoding rate, and
therefore the effective rate, in real time. A low encoding rate is used for highly
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disturbed optical transmission, so the effective digital data in the signal sent has a
greater degree of redundancy.

The adaptation of the effective rate according to known solutions only enables
transmission to be maintained for disturbances of moderate amplitude or, when it
relates to interlacing, for significant disturbances of limited duration. If significant
attenuation occurs, or attenuation occurs over an excessively long period in relation to
the foreseeable interlacing periods in practice, these known solutions do not provide a
satisfactory effective rate. It is therefore desirable to use an optical transmission method
that makes it possible to adapt and optimize the effective rate transmitted over an
extended range of disturbances on the transmission channel, while enabling fine tuning
of adaptation of the effective rate within this range.

The invention is intended to propose an alternative solution that overcomes these
difficulties by implementing both wavelength multiplexing and variable-rate encoding to
best adapt the effective rate over an extended range of variations in the propagation
conditions of the optical wave.

According to an aspect of the present invention, there is provided a method for
transmitting digital data through space or atmosphere, or both by a primary optical
signal between a transmitter terminal and a receiver terminal, the method comprising:

determining a magnitude characterizing optical-wave degradation between the
transmitter terminal and the receiver terminal,

determining a number of transmission channels by means of a first stepwise
decreasing function of the magnitude characterizing optical-wave degradation,

distributing the digital data over the transmission channels,

modulating optical signals of different wavelengths, of which there are as many
as there are transmission channels, each of the respective optical signals being
modulated by digital data distributed respectively to one of the transmission channels,

generating the primary optical signal by wavelength multiplexing of the optical
signals,

sending a transmission configuration through the space or atmosphere, or both
from the transmitter terminal to the receiver terminal;

the transmission configuration including at least the number of transmission
channels.

Date Regue/Date Received 2021-03-16
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According to another aspect of the present invention, there is provided a device
for transmitting digital data through space or atmosphere, or both using a primary
optical signal including a transmitter terminal and a receiver terminal; said transmitter
terminal comprising:

a processor including means for distributing and sending digital data over
transmission channels,

optical sources that are able to send optical signals of different wavelengths
through the space or atmosphere, or both; each of the optical sources having a
modulator to modulate the optical signal of said optical source as a function of digital
data sent by the processor over a transmission channel,

a wavelength multiplexer able to generate the primary optical signal by
wavelength multiplexing of optical signals sent by the optical sources),

means for determining a magnitude characterizing an optical-wave degradation
between the transmitter terminal and the receiver terminal

a distribution module, implemented in the processor, that is able to distribute the
digital data over a number of transmission channels that is less than or equal to the
number of optical sources,

a control module, implemented in the processor, that is able to determine the
number of transmission channels with a stepwise decreasing function of the magnitude
characterizing optical-wave degradation, and

activation means for a number of optical sources equal to the number of
transmission channels; the primary optical signal being generated by multiplexing the
optical signals sent by the optical sources thus activated; each of the optical signals
being modulated by digital data.

The invention is further explained and other advantages given in the detailed
description of the embodiments given by way of example in the following figures:

Figure 1, already mentioned, shows an example of optical transmission between
a satellite and the earth, in which the method can be implemented,

Figure 2 shows the main functional modules of an optical-transmission
transmitter terminal according to the invention,

Figure 3 shows the main modules of an optical-transmission receiver terminal
according to the invention,

Date Regue/Date Received 2021-03-16
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Figures 4a and 4b show the functional architecture of a transmitter
terminal and of a receiver terminal respectively according to a first
embodiment of the invention,

Figures 5a and 5b show the functional architecture of a transmitter
terminal and of a receiver terminal respectively according to a second
embodiment of the invention,

Figure 6 shows the functional architecture of a receiver terminal
according to a third embodiment of the invention,

Figure 7 shows the operating principle of an optical transmission
method according to the known prior art,

Figures 8a and 8b show the operating principle of an optical
transmission method according to two variants of the invention.

For the sake of clarity, the same elements are marked with the same
reference signs in all of the figures.

A device for transmitting digital data by optical signal includes firstly a
transmitter terminal Tg, of which the main functional modules are shown in
figure 2, and secondly a receiver terminal Tg, of which the main functional
modules are shown in figure 3.

According to figure 2, the transmitter terminal Tg includes:

- a processor 10 including means for distributing and sending digital data 11
over transmission channels 13,

- optical sources 14 that are able to send optical signals 15 of different
wavelengths; each of the optical sources 14 having means to modulate the
optical signal 15 of said optical source 14 as a function of digital data 11
sent by the processor 10 over a transmission channel 13,

- a wavelength multiplexer 16 able to generate an optical signal 17 by
wavelength multiplexing of optical signals 15 sent by the optical sources 14;

- an optical power ampilifier 18 able to generate a primary optical signal S by
amplification of the optical signal 17 sent by the wavelength multiplexer 16,

- an optical interface 19 for transmitting the primary optical signal S, to the
receiver terminal Tg.

- An optical interface 20 for receiving a secondary optical signal S; sent by
the receiver terminal Tgr, a magnitude 12 characterizing optical-wave
degradation between the transmitter terminal Tg and the receiver terminal
Tr being measured by receipt of the optical signal S, sent by the receiver
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terminal Tr to the transmitter terminal Te. It should be noted at this stage
that this optical receiver interface 20 is an option for the device according to
the invention; if predictions regarding this degradation are available, this
optical receiver interface 20 need not be implemented,

- a device 100 for sending a tertiary signal S; to the receiver terminal Tg, in
which the tertiary signal S; carries a transmission configuration 102
enabling the receiver terminal Tr to process the effective data 11 sent via
the primary optical signal Si. As detailed below, the transmission
configuration 102 includes at least the number of transmission channels 13
implemented for transmission of the effective data, such as to enable the
primary optical signal Ss to be processed by the receiver terminal Tg. It
should be noted at this stage that this transmission device 100 is an option
for the device according to the invention. Details are given below of the
alternative options enabling transmission of the transmission configuration
102 between the two terminals; these alternative options not requiring

ot TaTe]

According to figure 3, the receiver terminal Tr includes:

- an optical interface 21 for receiving the primary optical signal S sent by the
transmitter terminal Tg,

- an optical amplifier 22 able to generate an optical signal 23 by amplifying
the primary optical signal Sy,

- a wavelength demultiplexer 24 that is able to generate optical signals 25 of
different wavelengths by demuiltiplexing the optical signal 23,

- converters 26 that are able to convert each of the optical signals 25 of
different wavelengths into electrical signals 27,

- a processor 28, including means for recombining electrical signals 27 to
reconstitute digital data 11 sent by the transmitter terminal Tg,

- an optical source 29 and an optical transmission interface 30 able to send
the secondary optical signal S, to the transmitter terminal Te. As is the case
with the optical receiver interface 20, implementing this optical transmission
interface 30 is an option for the present invention. If predictions regarding
degradation of the optical wave are available, this optical receiver interface
30 need not be implemented,

- a device 101 for receiving the tertiary signal S; sent by the transmitter
terminal Tg, in which the tertiary signal transmits the transmission
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configuration 102 to enable the primary optical signal S, to be processed by
the receiver terminal Tr. As is the case for the transmitter device 100,
implementation of the receiver device is optional in the present invention.
Details of alternative options that do not require implementation of the
receiver device 101 are given below.

The conditions for transmitting the optical wave between the
transmitter terminal Tg and the receiver terminal Tr are determined by the
transmitter terminal by means of a reception characteristic of the secondary
optical signal S,, referred to as the magnitude 12 characterizing optical-wave
degradation between the transmitter terminal Tg and the receiver terminal Tg.
This provides the transmission device, in real time, with a magnitude
representing the transmission conditions, enabling it to continuously adapt
transmission of the digital data. Thus, the transmitter terminal according to
the invention includes means for measuring a magnitude 12 characterizing
optical-wave degradation between the transmitier terminal Tg and the
receiver terminal Tgr. Advantageously, the magnitude 12 characterizing
optical-wave degradation is a reception power or a reception direction of the
secondary optical signal S; received by the transmitter terminal Tg. In an
alternative embodiment, the transmission conditions of the optical wave
between the transmitter terminal Tg and the receiver terminal Tr are also
known and progress in a predetermined manner. They may for example be
predicted on the basis of knowledge of the trajectory of the satellite.

The transmission device logically includes the same number of optical
sources 14 and converters 26, referred to as the maximum number of
transmission channels N, .. As detailed below, the transmission device
makes it possible to cover a disturbance range that gets wider as the
maximum number of transmission channels N« increases. However, if this
number is too high, the hardware issue becomes more complicated.

The invention relates firstly to an optical transmission method that
adapts the number of wavelengths multiplexed to the transmission conditions
of the optical wave between the transmitter terminal and the receiver
terminal. To do so, the method according to the invention includes the
following steps:

- determining a magnitude 12 characterizing optical-wave degradation
between the transmitter terminal Te and the receiver terminal Tg,
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- determining a number NA of transmission channels 13 by means of a first
stepwise decreasing function of the magnitude 12 characterizing optical-
wave degradation,

- distributing the digital data 11 over the transmission channels 13,

- modulating optical signals 15 of different wavelengths, of which there are as
many NX as there are transmission channels; each of the respective optical
signals 15 being modulated by digital data 11 distributed respectively to one
of the transmission channels 13,

- generating the primary optical signal (S1) by means of wavelength
multiplexing of the optical signals 15.

- sending a transmission configuration 102 from the transmitter terminal Tg to
the receiver terminal Tg; the transmission configuration 102 including at
least the number NJ) of transmission channels 13.

During a digital-data transmission session between the transmitter
terminal and the receiver terminal, the method adapts, in real time, the
number of transmission channeis 13 to suit the transmission conditions.
Thus, if the transmission conditions are good, the method uses a high
number NA of transmission channels, for example a number equal to the
maximum number of transmission channels Nmax. The bit rate of the optical
signal obtained following multiplexing is equal to the sum of the bit rates of
the optical sources, the optical power delivered by the amplifier 18 is shared
between the different optical sources 14 used. if the transmission conditions
deteriorate, it is possible to maintain the quality of the signal by using fewer
transmission channels 13. After the amplification step, the optical power of
the primary optical signal S: delivered by the amplifier 18 is then
concentrated on fewer optical sources 14, helping to improve the received
signal-noise ratioc and thereby to reduce the bit error rate of the digital data
received by the receiver terminal.

To improve transmission quality, it is also possible to encode the
digital data to be sent. Encoding typically involves adding redundancy to the
digital data sent in relation to the effective information. For example, in the
case of systematic codes, this redundancy may involve adding parity bits to
detect potential errors in the effective signal received after transmission. The
bit rate transmitted is then the sum of the effective bit rate, which
corresponds to the binary volume of the effective information, and of the
redundant bit rate resulting from the encoding operation. In general, for
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systematic or non-systematic codes, the encoding rate n is defined as the
ratio between the effective bit rate and the output bit rate transmitted from the
encoder, i.e. after encoding.

Advantageously, the method includes the following steps:

- determining an encoding rate n, using a second decreasing function of the
magnitude 12 characterizing optical-wave degradation,

- encoding the digital data 11 distributed to each of the transmission channels
13 according to the previously determined encoding rate 1;

In this case, the transmission configuration 102 includes, in addition to
the number NX of transmission channels 13, the encoding rate n, to enable
adapted decoding of the effective data received by the receiver terminal Tr.

Another technique for processing digital data involves interlacing the
data to be transmitted. This technique makes it possible to extend the
correction capacity of certain error-correcting codes to longer erroneous bit
sequences than if the error-correcting code is used on its own. Such
erroneous bit sequences may occur if the transmission conditions are highly
degraded for a relatively long period of time. The principle of interlacing is to
mix up the encoded bits before transmission according to a predetermined
scheme, and then to put them back into order on receipt, before decoding,
using the same scheme. Accordingly, signal samples significantly affected by
a long-lasting attenuation episode in the propagation channel are spread
throughout shorter erroneous sequences that do not exceed the correction
capacities of the code used.

Advantageously, the method includes an interlacing step for the digital
data 11 distributed to each of the transmission channels 13. In this case, the
transmission configuration 102 also includes the number NA of transmission
channels 13, and possibly the encoding rate n, configuration information on
the interlacing method used, to enable adapted de-interlacing of the effective
data received by the receiver terminal Tr. Such configuration information
enables the interlacing to be optional, or even enables a choice from several
predefined interlacing functions. The transmission configuration need not be
sent if the interlacing is determined by the waveform.

To send the transmission configuration 102 to the receiver terminal, a
first option was mentioned involving implementing, on the transmitter terminal
Tg, a device 100 for sending a tertiary signal S; to a receiver device 101 of
the receiver terminal Tr. Advantageously, the tertiary signal S; may be an
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optical signal with a wavelength different to all of those already used for
transmitting the actual effective data, i.e. different from the wavelengths of
the optical signals 15 carrying the effective data 11. In this case, the
transmitter device 100 may include a laser source, a modulation function for
the optical signal, an encoding function, possibly a power amplifier, and
possibly an optical interface enabling coupling to the propagation
environment, for example a secondary telescope in the case of spatial optical
transmission. It should also be noted that the optical interface of the device
100 for transmitting the tertiary signal Sz may be combined with the optical
interface 20 for receiving the secondary signal S;.

Upon receipt, the receiver device 101 therefore includes a reception
interface, for example a telescope, and possibly an incoming amplification,
demodulation and decoding function. This optical transmission is preferably
low rate, thereby enabling a very high encoding rate and a link that is much
more robust to the disturbances P on the communication channel. Thus, in
the event of very high degradation of the transmission conditions, loss of the
transmission link of the transmission configuration 102 necessarily means
that the transmission conditions are too poor for transmission of effective
data. It should be noted that this additional transmission device can also
perform other functions, such as lock-on beacon for the direction, acquisition
and tracking system of the receiver terminal.

In an alternative embodiment, the tertiary signal S; may be a
hyperfrequency signal. In this case, known sateliite-ground transmission
techniques can advantageously be used since the quantity of data to be
transmitted, i.e. the content of the transmission configuration 102, is in this
case very small, and therefore the transmission thereof does not give rise to
any particular difficulty.

Alternative options enabling the transmission configuration 102 to be
sent to the receiver terminal that do not require implementation of the
transmitter or receiver devices 100, 101 for the tertiary signal Sj, are also
described below.

Figures 4a and 4b show the functional architecture of a transmitter
terminal and of a receiver terminal respectively according to a first
embodiment of the invention.
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As described above, the transmitter terminal of the transmission
device includes a processor 10 used to distribute the digital data 11. The
device thus includes a distribution module 40, also referred to as paralleling,
implemented in the processor 10 and able to distribute the digital data 11
over a number NA of transmission channels 13 that is less than or equal to
the maximum number of transmission channels Npa During a
communication session, the number N2 of transmission channels 13 is
variable and adjusted as a function of the magnitude characterizing wave
degradation. A control module 41, implemented in the processor 10, is able
to determine this number N of transmission channels 13 by means of a first
stepwise decreasing function of the magnitude 12 characterizing optical-
wave degradation.

The processor 10 also includes encoding and/or interlacing modules
42 for the digital data 11 distributed to each of the transmission channels 13.
During a communication session, the encoding rate n used for each of the
encoding moduies 42 is variable and adjusted as a function of the magnitude
12 characterizing optical-wave degradation. The control module 41 is able to
determine this encoding rate n using a second decreasing function of the
magnitude 12 characterizing optical-wave degradation.

The effective data 11 distributed over the transmission channels 13,
and preferably encoded and interlaced, are then used to modulate optical
signals 15 generated by optical sources 14. The device therefore includes
means for activating a number of optical sources 14 equal to the number N
of transmission channels 13. These activation means notably include optical
switches that enable an optical beam to be emitted from an optical source
supplied with digital data distributed to a transmission channel 13.

The primary optical signal S; is then generated by multiplexing the
optical signals 15 emitted by the optical sources 14 activated by said
activation means, and each of the optical signals 15 is modulated by digital
data 13. The wavelength multiplexer 16 is marked WDM on figure 4a, which
stands for Wavelength Division Multiplexing. The optical power of the optical
signal 17 transmitted by the multiplexer 16 may be amplified before
transmission according to a predefined total optical power.

As described above, the transmission configuration 102 can be sent
using a dedicated device and a tertiary signal Ss. It can also be sent using
the primary optical signal Si. Figures 4a and 4b show this case of
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transmission by the primary optical signal Sy according to a first possible
embodiment. In this first embodiment, the transmission configuration 102,
which includes at least the number NA of transmission channels and, where
applicable, the encoding rate and/or configuration information regarding the
interlacing method, is determined by the control module 41 and sent to an
encoding module 103, before being inserted into one of the optical carriers by
time-division multiplexing (module 104 in figure 4a). Thus, the method
advantageously includes a time-division multiplexing step, after encoding, of
the transmission configuration 102 and of the effective data 11 distributed to
one of the transmission channels 13, possibly followed by an interlacing step
(module 105 on figure 4a) for the data outputted from the multiplexer. It is
possible to use different encoding rates for the two data streams
(transmission configuration and effective data) to make transmission of the
configuration information more robust. Given the very low rate required to
send this configuration information, the impact on the effective rate is very
iimited. To prevent one of the channels from being singied out in reiation to
the others, as shown in figure 4a, the architecture of the channel, including
the time-division multiplexer, can be duplicated, at transmission and
reception, and applied to all the channeis in order to simplify data paralleling
by making all of the paths identical. Furthermore, given that the configuration
information represents a limited volume of data, it has a small impact on the
effective data rate.

The receiver terminal of the transmission device has a functional
"mirror” architecture of the functional architecture of the transmitter terminal.
Thus, following the step involving wavelength demultiplexing and conversion
of the optical information into digital information (converters 26), the method
includes a de-interlacing and decoding step for each of the electrical signals
27. In this first embodiment, the transmission configuration 102 is
reconstituted during this de-interlacing and decoding step, carried out on the
channel carrying the transmission configuration 102. This transmission
configuration, sent to the control module 45 of the processor 28, enables the
de-interlacing and decoding modules 43 to be provided with the information
required, notably the encoding rate and the configuration information for the
interlacing method used in the transmitter terminal. Moreover, the number N
of transmission channels is provided to a serialization module 44, which is
able to reconstitute the digital data 11 by adapting in real time to a variable
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number of transmission channels. In other words, the method includes a
reconstitution step for the digital data 11 received by the receiver terminal
configured in real time using the transmission configuration.

Figures 5a and 5b show the functional architecture of a transmitter
terminal and of a receiver terminal respectively according to a second
embodiment of the invention. This second embodiment includes several
modules identical to those shown in figures 4a and 4b. These modules,
shown in figures 5a and 5b, are not described again. The second
embodiment is different from the first on account of the means used to send
the transmission configuration 102. In this second case, the latter is sent to
the receiver terminal by overmodulation of one of the optical carriers using
the functional module 110 referred to as an analogue overmodulation
module. Low-frequency overmodulation is notably used, typically around 10
kHz to 10 MHz, superposed on the high-rate effective data in the form of a
pilot tone, or a radio-frequency subcarrier placed outside the baseband
spectrum of the electrical signal. Given the digital modulation of the signal
used to transmit the effective data, this signal is hardly, if at all, disturbed by
adding low-amplitude analogue overmodulation, typically around a few
percent, containing information on the configuration used (wavelength
number, encoding rate, etc.). In particular, a subcarrier with frequency
modulation can be used to encode the configuration used. In the receiver
terminal, as shown in figure 5b, the transmission configuration is
reconstituted by appropriate filtering in the electrical domain, ie. after
optical/electrical conversion, using a converter 26. Thus, the method
advantageously includes an analogue overmodulation step for one of the
optical signals 15 using the transmission configuration 102.

Figure 6 shows the functional architecture of a receiver terminal
according to a third embodiment of the invention. In this embodiment, the
transmission configuration is reconstituted using a dedicated optical/electrical
converter 120. Finally, it should be noted that another possible embodiment
involves using an additional wavelength exclusively to implement an out-
band signaling channel. Given the very low rate required to send this
signaling information, the power of this signal can be very low in relation to
the wavelengths used for sending the effective data, thereby having no
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negative impact on the optical power of the effective data signals. Indeed, the
optical amplifier works at a constant output optical power and distributes the
power between the different wavelengths used. This latter embodiment has
the drawback of requiring a specific wavelength to send the transmission
configuration 102, but has the advantage of having no impact on the
channels used to send the effective data 11.

Figure 7 shows the operating principle of an optical transmission
method according to the known prior art, in which the encoding rate is
adapted. Figure 8a shows the operating principle of an optical transmission
method according to a first aspect of the invention in which the number of
transmission channels is adapted to the transmission conditions. Figure 8b
shows the operating principle of an optical transmission method according to
a second aspect of the invention in which the encoding rate and the number
of transmission channels are adapted to the transmission conditions.

These three figures show the effective data rate as a function of the
optical losses between the transmitter terminal and the receiver terminal. For
these three empirical figures, a bit error rate close to zero is required on
reception, and a threshold value after decoding of 10™'? representing a
known requirement, is used. In figure 7, the transmission device includes an
optical source with a nominal gross rate (including redundancy bits inserted
by the error-correcting code) of 40 Gigabits per second (Gbps). A variable
encoding rate adjusted as a function of optical losses is used. An encoding
rate of 90% is used for zero optical losses, in which case the effective data
rate is 36 Gbps. As the optical losses increase, the encoding rate is reduced
to keep a near-zero bit error rate. This technique, which is effective for
moderate-amplitude optical losses, becomes ineffective for more significant
optical losses.

In figure 8a, the transmission device includes four optical sources
each having a nominal gross rate of 10 Gbps and multiplexing means. For
limited optical losses, the method according to the invention uses a high
number of transmission channels, and the effective rate is distributed over
four wavelengths. A fixed encoding rate of 90% is used for each of the
transmission channels. For zero optical losses, the effective data rate is then
36 Gbps. As optical losses increase, the method reduces the number of
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transmission channels. For high optical losses, for example between 4 and 6
dB, a single optical source is used.

The transmission device in figure 8b also includes four sources each
having a nominal rate of 10 Gbps. In this case, the device also includes
multiplexing means and variable-rate encoding means. For limited optical
losses, the method according to the invention uses a high number of
transmission channels, and the effective rate is distributed over four
wavelengths. As the optical losses increase, the encoding rate is
progressively reduced. If these optical losses are greater than a
predetermined threshold, the method according to the invention uses fewer
transmission channels. Thus, the envelope curve 60 in figure 8b may be
used in the control module 41 of the processor 10 to determine, at each
instant, the number of transmission channels 13 and the encoding rate n.

Thus, adaptation of the encoding rate advantageously enables the
effective rate to be adjusted for reiatively smaii variations in the transmission
conditions. The combination of adaptation of the number of multiplexing
channels and of the encoding rate enables both coverage of an extended
range of transmission conditions and fine tuning of the effective rate within
this range. This configuration is particularly advantageous, for example in the
case of a satellite used to relay data. During a communication session, the
satellite has to transmit a volume of data, for example images, to a fixed
terrestrial terminal. This type of satellite is generally in low orbit, the duration
of a communication session is short, and it is beneficial to optimize data
transfer during the period. The method selects a suitable number of channels
as a function of the transmission conditions measured at each instant of the
communication session. To optimize the effective rate while keeping the error
rate within acceptable limits, the method also adjusts the effective rate using
the encoding rate. This dual adaptation advantageously enables the effective
rate to be optimized for a given available optical power, for example that
delivered by an optical amplifier used in saturation.
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The embodiments of the invention in which an exclusive property or privilege is claimed

are defined as follows:

1. A method for transmitting digital data through space or atmosphere, or both by a
primary optical signal between a transmitter terminal and a receiver terminal, the
method comprising:

determining a magnitude characterizing optical-wave degradation between the
transmitter terminal and the receiver terminal,

determining a number of transmission channels by means of a first stepwise
decreasing function of the magnitude characterizing optical-wave degradation,

distributing the digital data over the transmission channels,

modulating optical signals of different wavelengths, of which there are as many
as there are transmission channels, each of the respective optical signals being
modulated by digital data distributed respectively to one of the transmission channels,

generating the primary optical signal by wavelength multiplexing of the optical
signals,

sending a transmission configuration through the space or atmosphere, or both
from the transmitter terminal to the receiver terminal; the transmission configuration

including at least the number of transmission channels.

2. The method as claimed in claim 1, further comprising:

determining an encoding rate, using a second decreasing function of the
magnitude characterizing optical-wave degradation,

encoding the digital data distributed to each of the transmission channels
according to the previously determined encoding rate;

the encoding rate being defined as a ratio between an effective bit rate and an
output bit rate transmitted from an encoder; the transmission configuration also

including the encoding rate.

Date Regue/Date Received 2021-03-16
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3. The method as claimed in claim 1 or 2, further comprising an interlacing step for
the digital data distributed to each of the transmission channels; the transmission

configuration also including information relating to interlacing configuration.

4. The method as claimed in any one of claims 1 to 3, wherein the magnitude
characterizing optical-wave degradation is determined by measuring, at the transmitter
terminal, a secondary optical signal sent by the receiver terminal and received by the
transmitter terminal and wherein the magnitude characterizing optical-wave degradation
comprises a magnitude characterizing optical-wave degradation through the space or

atmosphere, or both.

. The method as claimed in any one of claims 1 to 4, wherein the magnitude
characterizing optical-wave degradation is determined by calculation using a

predetermined function.

6. The method as claimed in any one of claims 1 to 5, further comprising a time-
division multiplexing step for the transmission configuration and effective data

distributed to at least one of the transmission channels.

7. The method as claimed in any one of claims 1 to 4, further comprising an
analogue overmodulation step for one of the optical signals using the transmission

configuration.

8. The method as claimed in any one of claims 1 to 7, further comprising a
reconstitution step for the digital data received by the receiver terminal configured in

real time using the transmission configuration.
9. A device for transmitting digital data through space or atmosphere, or both using

a primary optical signal including a transmitter terminal and a receiver terminal; said

transmitter terminal comprising:

Date Regue/Date Received 2021-03-16
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a processor including means for distributing and sending digital data over
transmission channels,

optical sources that are able to send optical signals of different wavelengths
through the space or atmosphere, or both; each of the optical sources having a
modulator to modulate the optical signal of said optical source as a function of digital
data sent by the processor over a transmission channel,

a wavelength multiplexer able to generate the primary optical signal by
wavelength multiplexing of optical signals sent by the optical sources,

means for determining a magnitude characterizing an optical-wave degradation
between the transmitter terminal and the receiver terminal,

a distribution module, implemented in the processor, that is able to distribute the
digital data over a number of transmission channels that is less than or equal to the
number of optical sources,

a control module, implemented in the processor, that is able to determine the
number of transmission channels with a stepwise decreasing function of the magnitude
characterizing optical-wave degradation, and

activation means for a number of optical sources equal to the number of
transmission channels; the primary optical signal being generated by multiplexing the
optical signals sent by the optical sources thus activated; each of the optical signals

being modulated by digital data.

10. The device as claimed in claim 9, in which the processor of the transmitter
terminal also includes encoding modules for digital data distributed to each of the
transmission channels,

said encoding being characterized by a variable encoding rate determined by the
control module by a decreasing function of the magnitude characterizing optical-wave
degradation,

said encoding rate being defined as a ratio between an effective bit rate and a bit

rate outputted from an encoder.

Date Regue/Date Received 2021-03-16
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11.  The device as claimed in claim 9 or 10, in which the processor of the transmitter
terminal also comprises interlacing modules for digital data distributed to each of the

transmission channels.

12.  The device as claimed in any one of claims 9 to 11, wherein the receiver terminal
includes an optical source and an optical transmission interface that are able to transmit
a secondary optical signal to the transmitter terminal, and in which the means for
determining the characteristic magnitude of the transmitter terminal include an optical
receiver interface of the secondary optical signal that is able to receive the secondary
optical signal; the magnitude characterizing optical-wave degradation between the
transmitter terminal and the receiver terminal being measured by receipt of the optical
signal and wherein the magnitude characterizing optical-wave degradation comprises a
magnitude characterizing optical-wave degradation through the space or atmosphere,
or both.

13. The device as claimed in any one of claims 9 to 12, wherein the transmitter

terminal includes an optical power amplifier to amplify the primary optical signal.

14. The device as claimed in any one of claims 9 to 13, wherein the transmitter
terminal includes a device for transmitting a tertiary signal to the receiver terminal, and
in which the receiver terminal includes a device for receiving the tertiary signal; and the
tertiary signal carrying a transmission configuration including at least the number of
transmission terminals, enabling the receiver terminal to process the digital data sent by

the primary optical signal.
15.  The device as claimed in claim 14, wherein the tertiary signal is an optical signal
with a wavelength different from the wavelengths of the optical signals carrying the

digital data.

16.  The device as claimed in claim 14, wherein the tertiary signal is a hyperfrequency

signal.

Date Regue/Date Received 2021-03-16
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17.  The device as claimed in any one of claims 9 to 13, wherein the receiver terminal
includes:

a wavelength demultiplexer that is able to generate optical signals of different
wavelengths by demultiplexing the primary optical signal,

converters that are able to convert each of the optical signals of different
wavelengths into electrical signals,

a processor, including means for recombining electrical signals to reconstitute

the digital data sent by the transmitter terminal.

Date Regue/Date Received 2021-03-16



CA 02853554 2014-06-06

119

FIG.1



CA 02853554 2014-06-06

2/9

¢9Old
00k

aoejlaul
uoissiwsuel} [eondo

—J

6l

20IAp
g Japiwsuely uoneinbiyuod 201
uojssiwsuel |
L~/
20BLISIUI \/\ ¢l
Nw — _ _ Jon9al jeubis
-aqoid jeondo
0z —~/
— Ll
Jayidwe | S904nos pue W
Jamod L_mxm_a_.#_sE — sioje|npow J0SS29014
lesndo yibuajsrepy b— [eondo elep
- aAlosyT
PV, P, TS T
8l Ll 9l b 142 el 0L



CA 02853554 2014-06-06

3/9

Ge
— & MN ~% "~ e oez —
C 12

n B [—
% 10888901 J01d808.10j04 | sexerdninwap seydwe | wwwﬂwﬁ_
erep =1 uyibusjerep leondo [eondo

CIMEEITE B .
ﬁ\ 0¢

sqoid aoepIBUI

a21nos [eando

uoissiwsuely |eubis
-aqoud jeando

62 —~/

¢0l

JaAp231 uolelnbiyuod
uolssiwsue. |

20IASp

(q0]°




CA 02853554 2014-06-06

4/9

ol

ANam

Gl

ey’

Old

14"
W el -
[
$90IN0S Bupepayul |,
pug siojenpo /Bulpoou3
$92iN0S < Buloella| |
pUE Si0JBNPON /Buiposuy
$90In0S
PUE SICEINPON buioelol| |-{ xnp |~ Buipoousg
A 4
L SOLT—  poL— v
€01} ™\~ Buipoouz I se)
uoljesnbiyuod BUIpOSUT
L uoissiwsuel | '
\/\
41]*

\/\

oy

Ll
Buls|jeied \/\
ejep
OAIOSYT
-
sjauueyd Jo
+ YN JaquinN
m Zl

Jagquiawi [ouoD

\/\

Ly —/

uonepeibop
anem-leando Jo
JnsuaoRIRYD



CA 02853554 2014-06-06

5/9

(g

/\J

4y Ol

144

/\./

mch

<@
<

elep
SAIIdYT

8¢

Buipoaaq
/Buioeiu-aq

¢

L f

JapaAuo)D

/lojeinpowiaq

G¢

JBLRAUOD

/loye|npowaq

JQUBAUOD

uoljeziielss
Buipooa(
/BuioeliuI-oQq
Buipooag
/BurpepRui-aq
~— ¢0l
s|auueyo Jo uogelnfbyuod U ojel
(N J9qWINN uojssiwsues | Buipoou3
¥

Jagquiawi jojjuoD

sy —

/loyejnpowlaq

Wam

'y

uieo)



CA 02853554 2014-06-06

6/9

eG ol

/N

=

Wam

ioyejnpouw
pue 82in0g

Buisepsiu|

Jojejnpow
pue 22In0g

A

/Buiposuy

Buloejiayu| |

I

iojejnpow
pue 22inog

Buipoouy [+

Buiis|jesed

Buioepisiyy

3 A

\/\ uolje|NPoLWLIaAD

anfojeuy

uonelnBiyuos
uoIssIWSUe. |

/Buiposuy

lt oyes
Buipoouy

slauueyo Jo
YN J9quinN

B e o

oLl

¢0l

laquiawi joJju0D

ejep
2AJ09)47

uojjepelbap
anem-jeondo
Jo dlisaRIEYD



CA 02853554 2014-06-06

N

S

7

<<
<

SERIIE

elep
STGLETTE]

uonezieles

9¢

)

Buipoosaqg
/Bupeaul-aq

lapaAuo)
/103e|Inpowag

fiuiposa(]
/Buoeligu-aQ

JayaAuo)
/loje|npowia

sjauuRyd 4O
(N JoquinN

Buipoda(]
/Buiseliau-aQ)

JapaAuo)
Jloyejnpowag

Wam

ules

L agel
Buiposu3

laquiaw |0)u0D

e

uolyesnbiuod
uolssiwisue. |

~" zob



8/9

CA 02853554 2014-06-06

9'0Old

9¢
mc_—uoowD < JaU/AUOCD /
[Buvepajui-aq /4o3e|npouisg
< uoljezijeLls
eep nezieleg Buiposag opaAU0D Wam
T )T T /Buelau-aq oje|npoulsg ulen
Buipooag lapaAuoy |
/BuelRu-aQ Jdoyeinpowsq | \
sjouueyo Jo L ogel
A Buipoou
(N J3quinN poau3 uoneInBlyuod
uoissiwsuel |
Jagwiawi joqju0n 18UBAUGY )
/loje|npowiaq

0cl



Effective data rate (GBps)

Effective data rate (GBps)

CA 02853554 2014-06-06

40

../ ==1lambda - 40 Gbps

20 \

15 \
10

o 2 4 6 8 10
Optical losses (dB)

FIG.7

60

40 \

35

— 1 lambda -10 Gbps
= 2 lambdas - 10 Gbps

30 ! == 3 {ambdas - 10 Gbps

== 4 jambdas - 10 Gbps

25 Y
20 \\
5 A\
10 \ \\
5
0

o 2 4 6 8 10
Optical losses (dB)

FIG.8b

9/9

Effective data rate (GBps)

40

35

30

25

20

15

10

(= 1 Jambda - 10 Gbps

— 2 lambdas - 10 Gbps
== 3 lambdas - 10 Gbps

== 4 lambdas - 10 Gbps

2

4 6 8
Optical losses (dB)

FIG.8a

10



10

[\/

/JS

Effective
data

"

102

Processor

J{‘13 [\/14 -[1/5 /\/16 17

Optical
modulators
and sources

Wavelength
muftiplexer

TITTI

Optical
power
amplifier

19
r~

Optical transmission
interface

~ 20

12

7

Optical probe-
signal receiver S,
interface

configuration transmitter

Transmission ‘
device

B

L 100




	Page 1 - COVER_PAGE
	Page 2 - COVER_PAGE
	Page 3 - ABSTRACT
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - CLAIMS
	Page 19 - CLAIMS
	Page 20 - CLAIMS
	Page 21 - CLAIMS
	Page 22 - CLAIMS
	Page 23 - DRAWINGS
	Page 24 - DRAWINGS
	Page 25 - DRAWINGS
	Page 26 - DRAWINGS
	Page 27 - DRAWINGS
	Page 28 - DRAWINGS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS
	Page 32 - REPRESENTATIVE_DRAWING

