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Description

[0001] The presentinvention relates to a optical com-
munication system in which the polarization mode dis-
persion (PMD) and/or the chromatic dispersion is com-
pensated, a method for compensating this PMD and/or
this chromatic dispersion and a modulation and disper-
sion device usable in this system and for this method.
[0002] At the present time, in the field of optical fibre
telecommunications of the digital type, the principal
methods used for transmitting optical bits are the meth-
od usually called "Non-Return-to-Zero", or NRZ, and the
method usually called "Return-to-Zero", or RZ.

[0003] The first method (NRZ) consists in transmitting
a logical "1" or a logical "0" value throughout the whole
time slot corresponding to the chosen bit rate. For ex-
ample, when the optical signals are amplitude modulat-
ed by a modulation of an on/off type, the bit 1 corre-
sponds to the presence of an optical signal having a pre-
determined intensity throughout the time slot, and the
bit O corresponds to the virtual absence of an optical
signal throughout the time slot.

[0004] The second method (RZ), on the other hand,
uses a pulse-type transmission system by which a se-
guence of pulses, each having a duration which is short-
er than the time slot, is transmitted, and these are then
intensity modulated in accordance with the information
to be transmitted. For example, therefore, with a modu-
lation of the on/off type, the bit 1 corresponds to the pres-
ence of an optical pulse having a predetermined inten-
sity and the bit O corresponds to the virtual absence of
an optical signal.

[0005] Inthe case of a transmission of the "soliton" or
"quasi-soliton” type, the pulses are the natural solution
of the propagation equation in dispersive and non-linear
media such as optical fibres and have a shape, ampli-
tude and duration such that their propagation in an op-
tical fibre is optimized. These pulses are thus propagat-
ed in a predetermined section of optical fibre with virtu-
ally no alterations due to chromatic dispersion and non-
linear effects.

[0006] In both NRZ and RZ transmission, the charac-
teristics of the optical bits which are propagated are al-
tered as a result of the intrinsic birefringence of an op-
tical fibre (mainly due to inaccuracies of fabrication
which produce, for example, an imperfectly circular core
geometry and/or internal asymmetries). This is because
an optical signal is propagated along an optical fibre ac-
cording to two fundamental polarization modes which
are orthogonal with respect to each other and which, ow-
ing to the birefringence of the fibre, are propagated
along the fibre at group velocities which are different
from each other. In other words, the two modes undergo
different time delays. This phenomenon, conventionally
defined as the polarization mode dispersion (PMD), may
cause a broadening of the optical bits in time (which in
some cases may even result in their division into two
separate bits) and a time deviation (loss of timing) of the
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bits with respect to the synchronization system (clock)
of the transmission system.

[0007] This broadening in time and loss of timing of
the optical bits during their propagation in an optical fibre
limit the maximum transmission bit rate of an optical
communication system and thus limit its performance.
[0008] Moreover, since the fundamental polarization
modes and their time delays vary in time (owing to var-
iations of the external temperature, displacements of the
fibre and vibrations, for example), the effects of PMD
also vary in time in a random way [C.D. Poole et al.,
"Polarization-dependent pulse compression and broad-
ening due to polarization dispersion in dispersion-shift-
ed fiber", Optics Letters, vol. 13, No. 2, pp. 155-157,
1988].

[0009] Finally, it is worth noting that the sections of
optical line along which optical signals can pass without
any opto-electronic regeneration are very long, owing to
the connection of optical amplifiers in the said line. This,
however, contributes to an increase in the accumulation
of PMD along a transmission line and the consequent
deterioration of the signal-to-noise ratio on reception.
[0010] In addition to this PMD, the optical bits also un-
dergo alterations as a result of the well-known phenom-
enon of chromatic dispersion, which is also due to the
intrinsic characteristics of optical fibres.

[0011] Various devices and/or methods have now
been proposed to reduce these effects, and in particular
the PMD, in an optical communication system.

[0012] US Patent 5 659 412 describes an apparatus
and a method for compensating the PMD introduced in-
to an optical signal which is propagated in an optical fi-
bre. Areceived signal is divided into a first and a second
polarization component by a polarization splitter. A con-
trol signal, which corresponds to the phase difference
between the two polarization components, is used to
control at least one polarization controller which is po-
sitioned in the optical path before the polarization splitter
in such a way that the two polarization components are
aligned with the principal polarization states of the re-
ceived signal. The control signal may also be used to
regulate a variable delay element in such a way that the
phases of the two polarization components are aligned
before they are combined to provide a PMD compen-
sated output signal.

[0013] US Patent 5 473 457 describes a method and
apparatus for compensating the PMD. An optical signal
is frequency modulated and sent along an optical fibre.
At the output of this optical fibre the signal is sent to a
polarization controller and then to an optical fibre which
maintains the polarization state of a signal. At the output
of the latter fibre, a polarization splitter separates the
two orthogonal polarization components of the signal
which are detected to generate an electrical control sig-
nal for the said polarization controller. The polarization
controller is thus controlled continuously in such a way
as to compensate the PMD.

[0014] US Patent 5 311 346 describes an apparatus
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and a method for reducing the PMD in an optical trans-
mission system by aligning the polarization state of a
received optical signal with that of the transmitted optical
signal. A polarization controller is positioned either at
the input or at the output of a long-distance optical fibre
system to align the polarization of the received optical
signal with that of the transmitted optical signal, and thus
to minimize the distortion of the received signal. The po-
larization controller can be controlled automatically by
measuring the distortion of the received signal and can
thus generate a control signal for the polarization con-
troller.

[0015] US Patent 5 587 827 describes a device for
compensating the chromatic dispersion, the polarization
dispersion and the frequency "chirp" of a transmitter.
This device combines a wavelength-polarization trans-
former and a polarization-delay converter having disper-
sion characteristics which are virtually equivalent in
magnitude and of opposite sign to the quantity of dis-
persion and frequency chirp which is to be compensat-
ed.

[0016] US Patent 5 491 576 describes an apparatus
for reducing the deterioration of the signal-to-noise ratio
(SNR) due to a certain number of effects which depend
on the polarization of a signal and are caused by the
optical fibres and other components (e.g. repeaters, am-
plifiers) present in an optical transmission system.
These effects are, for example, the polarization mode
dispersion (PMD), the polarization dependent loss
(PDL), and the polarization dependent hole-burning
(PDHB). The problem of the deterioration of the SNR is
tackled by transmitting an optical signal having two com-
ponents at different wavelengths from each other and
dynamically controlling the wavelength and the absolute
and relative polarization state of the two components
and the relative delay between the data carried by the
two components, in such a way as to continuously op-
timize the polarization state of the two components in
accordance with the PDL, PMD, PDHB and the non-lin-
earities of the transmitting optical fibre.

[0017] All these known devices and/or methods have
the disadvantage of requiring a decision and feedback
circuit. They do not, therefore, carry out a reduction of
the PMD in real time.

[0018] US Patent 5 596 448 describes a device for
compensating the chromatic dispersion without affect-
ing the polarization dispersion. The device comprises a
dispersion compensation fibre and a polarization con-
version mirror. The dispersion compensation fibre has
a chromatic dispersion of opposite sign to that of the
optical fibre transmission line and its length is chosen in
such a way as to match the chromatic dispersion value
of the optical fibre transmission line. The light propagat-
ed in the transmission line is then propagated in the dis-
persion compensation fibre from one end to the other,
towards the polarization conversion mirror. This mirror
converts the polarization state of the light into a state
orthogonal and inverted in time with respect to the po-
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larization state of the light incident on it, and retransmits
the light in the dispersion compensation fibre in the di-
rection opposite that of the incident light. This enables
the chromatic dispersion to be compensated. The PMD
is also compensated, in the sense that the optical signal
at the output of the said dispersion compensation fibre
has the same PMD as the signal at its input. In other
words, US Patent 5 596 448 does not tackle the problem
of compensating the PMD of the optical fibre transmis-
sion line, but only that of the short section of dispersion
compensation fibre.

[0019] Furthermore, all the aforesaid devices and/or
methods also have the disadvantage that they only act
on one of the two principal phenomena associated with
PMD (broadening of the bits in time and their loss of tim-
ing with respectto the clock of the transmission system),
namely that of the broadening of the bits in time.
[0020] Finally, N.J. Smith et al. ("Soliton dynamics in
the presence of phase modulators”, Optics communica-
tions, vol. 102, No. 3,4, pp. 324-328, October 1993)
have presented a theoretical and mathematical study
which assumes an optical communication system with
soliton transmission in which the output of each optical
amplifier is connected to a device comprising a band-
pass filter and a phase modulator which are capable of
controlling the development, of an effect known as "Gor-
don-Haus jitter" (J.P. Gordon and H.A. Haus, "Random
walk of coherently amplified solitons in optical fiber
transmission”, Optics Letters, vol. 11, No. 10, pp.
665-667, October 1986).

[0021] However, this system does not tackle or re-
solve the problem of PMD.

[0022] EP 0539177 discloses an optical transmission
system that can perform amplification and dispersion
pre-equalization. The system includes a phase modula-
tor that phase-modulates the input optical signal. The
phase modulator is driven by a signal corresponding to
the envelope of the input optical signal. The phase mod-
ulated optical signal is further transmitted through a dis-
persive optical fiber transmission path. A further disper-
sion pre-equalization repeater can be coupled along the
trunk fiber line.

[0023] The presentinvention is intended to act in real
time on both the phenomena associated with PMD
(broadening of the bits in time and their loss of timing
with respect to the clock of the transmission system).
[0024] For this purpose, the presentinvention relates,
in a first aspect, to an optical communication system
comprising:

- afirst apparatus for transmitting at least one digital
optical signal comprising a flow of bits having a pre-
determined bit rate f, and a predetermined time slot
with a duration 1/f;

- an optical transmission line, optically connected to
the said first apparatus, for the propagation of the
said digital optical signal;

- asecond apparatus, optically connected to the said
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optical transmission line, to receive the said digital
optical signal, the said second apparatus compris-
ing a receiving device and a modulation and disper-
sion device, the said modulation and dispersion de-
vice comprising:

i. a modulation element for modulating the
phase of the said digital optical signal by a mod-
ulation having

a) a modulation frequency predetermined
in accordance with the said bit rate f; of the
said digital optical signal,

b) a periodic variation in time which is ap-
proximately symmetrical with respect to a
predetermined point within the said time
slot whose duration is 1/f;, and

¢) a maximum amplitude K of the said pe-
riodic variation;

ii. a chromatic dispersion element, optically
connected to the said modulation element, and
capable of introducing a group delay D into
each bit of the digital optical signal phase mod-
ulated as above, the said chromatic dispersion
element providing a dispersion of the anoma-
lous type, when the said periodic variation in
time has a positive modulation amplitude, and
a dispersion of the normal type when the said
periodic variation in time has a negative modu-
lation amplitude.

[0025] Preferably, the product of the said maximum
amplitude K and the said group delay D is in the range
from Ato B, where Ais equal to -0.5*(1-X) and B is equal
to -0.5%(1+Y), and X is less than or equal to 0.2 and Y
is less than or equal to 2.

[0026] The optical communication system according
to the invention has the advantage of compensating the
PMD introduced into a digital optical signal by an optical
transmission line.

[0027] Moreover, it not only compensates the phe-
nomenon of loss of timing of the bits associated with
PMD, but also compensates other random phenomena
of loss of timing (jitter), which typically occur at high fre-
guency, such as the Gordon-Haus jitter typical of optical
transmission systems of the soliton or quasi-soliton
type.

[0028] The optical communication system according
to the invention also has the further advantage of com-
pensating the chromatic dispersion.

[0029] Advantageously, the said X is less than or
equal to 0.1. Even more advantageously, it is virtually
equal to zero. Preferably, the said Y is less than or equal
to 1.5. More preferably, the said Y is less than or equal
to 1. Even more preferably, it is less than or equal to 0.5.
Advantageously, it is virtually equal to zero.

[0030] In one embodiment, the said bits are in RZ for-
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mat.

[0031] Inthis case, the absolute value of the said max-
imum amplitude K is preferably virtually equal to 1/2T2,
and the absolute value of the said group delay D is pref-
erably virtually equal to T2, where T is the duration in
time of the optical pulses used for transmission of the
RZ type.

[0032] Additionally, in the case of RZ transmission,
the said first apparatus comprises a generator of a train
of optical pulses and a modulator of the said train of op-
tical pulses.

[0033] The said generator of a train of optical pulses
typically comprises an optical source and a first ampli-
tude modulator. The said optical source is capable of
emitting a continuous optical signal having a predeter-
mined intensity, while the said first amplitude modulator
modulates the intensity of the said continuous optical
signal in such a way as to supply a train of optical pulses
having the said predetermined bit rate f. and the said
predetermined time slot with the duration 1/f.. In an al-
ternative embodiment, the said generator of a train of
optical pulses consists of a laser of the "mode-locked"
type.

[0034] The said modulator of the said train of optical
pulses comprises a second amplitude modulator capa-
ble of intensity modulating, at the said bit rate f;, the said
optical pulses according to a predetermined digital data
element to be transmitted, in such a way as to supply
the said digital optical signal comprising a flow of bits in
RZ format.

[0035] In another embodiment, the said bits are in
NRZ format.
[0036] Inthis case, the said first apparatus comprises

an optical source capable of emitting a continuous op-
tical signal having a predetermined intensity and an am-
plitude modulator capable of modulating, at the said bit
rate f, the intensity of the said continuous optical signal
according to a predetermined digital data element to be
transmitted, in such a way as to supply the said digital
optical signal comprising a flow of bits in NRZ format. In
one variant, the said optical source is modulated directly
by an electrical signal carrying the said predetermined
digital data element to be transmitted.

[0037] Typically, the said optical transmission line
comprises at least one optical fibre, preferably inserted
in an optical cable. If required by the path of the said
optical transmission line, the said optical transmission
line also comprises at least one optical amplifier.
[0038] Preferably, the said second apparatus also
comprises an optical beam splitter capable of dividing
the intensity of the said digital optical signal in such a
way as to supply a first fraction of intensity to the said
modulation and dispersion device and a second fraction
of intensity to a clock recovery.

[0039] Advantageously, the said clock recovery is ac-
tively connected to the said modulation element of the
said modulation and dispersion device, and is capable
of determining the bit rate f; of the said digital optical
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signal arriving from the said optical beam splitter and
the synchronization with the average central position of
the time slot of the bits of the said digital optical signal.
[0040] In one embodiment, the said modulation fre-
quency is virtually equal to the said bit rate f, determined
by the said clock recovery.

[0041] Advantageously, the said predetermined point
within the said time slot corresponds to the said average
central position of the time slot determined by the said
clock recovery.

[0042] Preferably, the said periodic variation in time
of the said phase modulation is virtually sinusoidal. More
preferably, the said periodic variation in time of the said
phase modulation is of the truncated cosine type (ap-
proximately parabolic).

[0043] In one embodiment of the said modulation and
dispersion device, the said modulation element com-
prises at least a first phase modulator and a driver de-
vice for the said phase modulator, the said driver device
being actively connected to the said clock recovery.
[0044] Preferably, the said modulation element also
comprises an optical circulator and a device capable of
reflecting the said digital optical signal and of rotating its
polarization state through approximately 90°.

[0045] More preferably, the said modulation element
also comprises a second phase modulator having its bi-
refringence axes rotated through 90° with respect to the
first phase modulator.

[0046] Advantageously, the said modulation element
also comprises a second phase modulator, a first polar-
ization beam splitter and a second polarization beam
splitter.

[0047] The said chromatic dispersion element typical-
ly consists of a suitable section of optical fibre. Alterna-
tively, it consists of a conventional optical circulator and
a suitable variable-period ("chirped") optical fibre Bragg
grating, for example one of the type used for compen-
sation of the chromatic dispersion. An example of such
a variable-period grating is described by K.O. Hill et al.
("Chirped in fiber Bragg gratings for compensation of
optical fiber dispersion", Optics Letters, vol. 19, No. 17,
pp. 1314-1316, 1994). A method of making such a var-
iable-period Bragg grating is also described in Patent
Publication WO 98/08120.

[0048] Finally, in another embodiment, the said chro-
matic dispersion element consists of a suitable pair of
diffraction gratings.

[0049] Typically, the said group delay D introduced by
the said chromatic dispersion element is equal to the
product B,*L, where B, is the chromatic dispersion, ex-
pressed in ps2/km, of the chromatic dispersion element
and L is its length, expressed in km.

[0050] Typically, the said receiving device comprises
a photodetector.

[0051] In a second aspect, the present invention re-
lates to a device for processing an optical signal, the
said device comprising
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- a modulation element for modulating the phase of
the said optical signal by a modulation having

a) a predetermined modulation frequency,

b) a predetermined periodic variation in time,
and

¢) a maximum amplitude K of the said periodic
variation;

- achromatic dispersion element, connected optical-
ly to the said modulation element, and capable of
introducing a group delay D into the said optical sig-
nal,

i. the product of the said maximum amplitude K
and the said group delay D being in the range
from A to B, where A is equal to -0.5*(1-X) and
B is equal to -0.5%(1+Y), and X is less than or
equal to 0.2 and Y is less than or equal to 2;
ii.the said chromatic dispersion element provid-
ing a dispersion of the anomalous type, when
the said periodic variation in time has a positive
modulation amplitude, and a dispersion of the
normal type when the said periodic variation in
time has a negative modulation amplitude.

[0052] Typically, the said optical signal is a digital op-
tical signal comprising a flow of bits having a predeter-
mined bit rate f, and a predetermined time slot with a
duration 1/f,

[0053] In this case, the said modulation frequency is
preferably predetermined in accordance with the said
bit rate f; of the said digital optical signal. Even more
preferably, the said periodic variation in time is approx-
imately symmetrical with respect to a predetermined
point within the said time slot whose duration is 1/f..
[0054] The structural characteristics of the said mod-
ulation and dispersion device have already been de-
scribed in detail in relation to the modulation and disper-
sion device of the optical communication system ac-
cording to the invention. For details of these, reference
should therefore be made to the preceding text.

[0055] In the aforesaid optical communication sys-
tem, this modulation and dispersion device according to
the invention not only compensates in real time both of
the phenomena caused by PMD (broadening in time
and loss of timing of the optical bits), but also compen-
sates the chromatic dispersion. It also has the advan-
tage of being simpler to produce and less expensive
than the known apparatus, and of being more reliable
and requiring less maintenance.

[0056] The inventors have realized that the advanta-
geous properties of the modulation and dispersion de-
vice according to the present invention arise from the
suitable compression and/or retiming of the bits.
[0057] Consequently, although the modulation and
dispersion device according to the invention has been
described above in combination with an optical commu-



9 EP 1171968 B1 10

nication system in which the function of compensating
the PMD and/or the chromatic dispersion is carried out,
a person with average skill in the art will understand that
it can easily be used in other applications for compress-
ing and/or retiming the optical bits.

[0058] In athird aspect, the present invention also re-
lates to a method for processing the bits of a digital op-
tical signal comprising a flow of bits having a predeter-
mined bit rate f, and a predetermined time slot having
a duration 1/f;, the said method comprising the steps of

a) modulating the phase of the said digital optical
signal by a modulation having

- a modulation frequency predetermined in ac-
cordance with the said bit rate f of the said dig-
ital optical signal,

- a periodic variation in time which is approxi-
mately symmetrical with respect to a predeter-
mined point within the said time slot having the
duration 1/f,, and

- a maximum amplitude K of the said periodic
variation;

b) causing, in a suitable chromatic dispersion ele-
ment, a group delay D of each bit of the said phase
modulated digital optical signal, the said chromatic
dispersion element providing a dispersion of the
anomalous type, when the said periodic variation in
time has a positive modulation amplitude, and a dis-
persion of the normal type when the said periodic
variation in time has a negative modulation ampli-
tude.

[0059] Inafirstembodiment, the said processing con-
sists, in the compression of the bits, of the said digital
optical signal.

[0060] In a second embodiment, the said processing
consists, in the retiming of the bits, of the said digital
optical signal.

[0061] In a third embodiment, the said processing
consists, in the compression and retiming, of the bits of
the said digital optical signal.

[0062] Forthe purpose of the present description and
claims, the expression "compression of a bit" is used to
denote a concentration of the power associated with the
said bit towards the center of the time slot.

[0063] Typically, the said group delay D is equal to the
product 3,*L, where 3, is the chromatic dispersion, ex-
pressed in ps2/km, of the said chromatic dispersion el-
ement, and L is its length, expressed in km.

[0064] Advantageously, the product of the said maxi-
mum amplitude K and the said group delay D is in the
range from A to B, where A is equal to -0.5*(1-X) and B
is equal to -0.5*(1+Y), and X is less than or equal to 0.2
and Y is less than or equal to 2.

[0065] For the characteristics of the said X and Y, ref-
erence should be made to the above description of the
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optical communication system according to the inven-
tion.

[0066] Typically, the step a) also comprises the step
al) of determining the bit rate f; of the said digital optical
signal.

[0067] In one embodiment, the said modulation fre-
quency is virtually equal to the said bit rate f. determined
in the step al).

[0068] Advantageously, the step a) also comprises
the step a2) of determining the average central position
of the time slot of the bits of the said digital optical signal
and the synchronization with the said average central
position.

[0069] Preferably, the said predetermined point within
the said time slot corresponds to the said average cen-
tral position determined in step a2).

[0070] Advantageously, the said periodic variation in
time of the said phase modulation is approximately si-
nusoidal. More preferably, it is of the truncated cosine
type (approximately parabolic).

[0071] Additionally, for details of the characteristics of
the said chromatic dispersion element, reference should
be made to the text above.

[0072] In a fourth aspect, the present invention also
relates to an optical communication system comprising:

- afirst apparatus for transmitting at least one digital
optical signhal comprising a flow of bits having a pre-
determined bit rate f, and a predetermined time slot
with a duration 1/f;

- an optical transmission line, optically connected to
the said first apparatus, for the propagation of the
said digital optical signal;

- asecond apparatus, optically connected to the said
optical transmission line, to receive the said digital
optical signal, the said second apparatus compris-
ing a receiving device and a modulation and disper-
sion device, the said modulation and dispersion de-
vice comprising:

i. a modulation element for modulating the am-
plitude of the said optical signal by a modulation
having

al) a modulation frequency predetermined
in accordance with the said bit rate f; of the
said digital optical signal,

b1) an amplitude periodic variation in time
which is approximately symmetrical with
respect to a predetermined point within the
said time slot whose duration is 1/f., and
cl) a maximum amplitude oy, of the said
amplitude periodic variation;

ii. a modulation element for modulating the
phase of the said digital optical signal by a mod-
ulation having
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a2) amodulation frequency predetermined
in accordance with the said bit rate f; of the
said digital optical signal,

b2) a phase periodic variation in time which
is approximately symmetrical with respect
to a predetermined point within the said
time slot whose duration is 1/f., and

c2) a maximum amplitude K of the said
phase periodic variation;

iii. a chromatic dispersion element, optically
connected to the said modulation elements,
and capable of introducing a group delay D into
each bit of the modulated digital optical signal,
the said chromatic dispersion element provid-
ing a dispersion of the anomalous type, when
the said phase periodic variation in time has a
positive modulation amplitude, and a disper-
sion of the normal type when the said phase
periodic variation in time has a negative modu-
lation amplitude.

[0073] Preferably, the product of the said maximum
amplitude K and the said group delay D is in the range
from Ato B, where Ais equal to -0.5*(1-X) and B is equal
to -0.5*(1+Y), and X is less than or equal to 0.2 and Y
is less than or equal to 2.

[0074] The optical communication system according
to this fourth aspect of the invention has the further ad-
vantage of compensating the PMD introduced into a dig-
ital optical signal by an optical transmission line sub-
stantially independently from the actual amount of PMD.
This is particularly advantageous whenever the amount
of PMD is expected to change over time, e.g., due to
aging of the optical fiber line.

[0075] Advantageously, synchronous amplitude mod-
ulation as provided according to the fourth aspect of the
invention attenuates the portion of the optical signal that
has drifted or spread from the center of the time slot,
while transmitting substantially without attenuation the
portion of the signal corresponding to the center of the
time slot. This provides a signal shaping that, in combi-
nation with synchronous phase modulation and disper-
sion, further reduces the effects of time broadening and
loss of timing.

[0076] The optical communication system according
to the invention also has the further advantage of com-
pensating the chromatic dispersion.

[0077] Advantageously, the said X is less than or
equal to 0.1. Even more advantageously, it is virtually
equal to zero. Preferably, the said Y is less than or equal
to 1.5. More preferably, the said Y is less than or equal
to 1. Even more preferably, it is less than or equal to 0.5.
Advantageously, it is virtually equal to zero.

[0078] In one embodiment, the said bits are in RZ for-
mat.

[0079] In another embodiment, the said bits are in
NRZ format.
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[0080] In a fifth aspect, the present invention also re-
lates to a modulation and dispersion device for process-
ing an optical signal, the said modulation and dispersion
device comprising

- amodulation element for modulating the amplitude
of the said optical signal by a modulation having

a) a predetermined modulation frequency,

b) a predetermined amplitude periodic variation
in time, and

¢) a maximum amplitude a ), of the said ampli-
tude periodic variation;

- a modulation element for modulating the phase of
the said optical signal by a modulation having

a)said predetermined modulation frequency,
b)a predetermined phase periodic variation in
time, and

¢)a maximum amplitude K of the said phase pe-
riodic variation;

- achromatic dispersion element, connected optical-
ly to the said modulation elements, and capable of
introducing a group delay D into the said modulated
optical signal,

i. the product of the said maximum amplitude K
and the said group delay D being in the range
from A to B, where A is equal to -0.5*(1-X) and
B is equal to -0.5*(1+Y), and X is less than or
equalto 0.2 and Y is less than or equal to 2; and
ii.the said chromatic dispersion element provid-
ing a dispersion of the anomalous type, when
the said phase periodic variation in time has a
positive modulation amplitude, and a disper-
sion of the normal type when the said phase
periodic variation in time has a negative modu-
lation amplitude.

[0081] Preferred characteristics of the second aspect
of the invention are also preferred characteristics of the
fifth aspect of the invention.

[0082] Advantageously, said maximum amplitude of
said amplitude periodic variation has a value greater
than 80%. Preferably, said maximum amplitude of said
amplitude periodic variation has a value greater than
90%. Even more preferably, said maximum amplitude
of said amplitude periodic variation has a value of sub-
stantially 100%.

[0083] Inasixth aspect, the present invention also re-
lates to a method for processing the bits of a digital op-
tical signal comprising a flow of bits having a predeter-
mined bit rate f, and a predetermined time slot having
a duration 1/f;, the said method comprising the steps of

a)modulating the amplitude of the said digital optical
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signal by a modulation having

al) a modulation frequency predetermined in
accordance with the said bit rate f of the said
digital optical signal,

a2) an amplitude periodic variation in time
which is approximately symmetrical with re-
spect to a predetermined point within the said
time slot having the duration 1/f., and

a3) a maximum amplitude ay, of the said am-
plitude periodic variation;

b)modulating the phase of the said digital optical
signal by a modulation having

b1l) a modulation frequency predetermined in
accordance with the said bit rate f, of the said
digital optical signal,

b2) a phase periodic variation in time which is
approximately symmetrical with respect to a
predetermined point within the said time slot
having the duration 1/f;, and

b3) a maximum amplitude K of the said phase
periodic variation;

) causing, in a suitable chromatic dispersion ele-
ment, a group delay D of each bit of the said mod-
ulated digital optical signal, the said chromatic dis-
persion element providing a dispersion of the anom-
alous type, when the said phase periodic variation
in time has a positive modulation amplitude, and a
dispersion of the normal type when the said phase
periodic variation in time has a negative modulation
amplitude.

[0084] Characteristics and advantages of the inven-
tion will now be illustrated with reference to embodi-
ments represented by way of example and without re-
striction in the attached figures, in which:

- Fig. 1 is a schematic representation of a first em-
bodiment (Fig. 1a) and a second embodiment (Fig.
1b) of an optical transmission system according to
the invention;

- Fig. 2 is a schematic representation of a first em-
bodiment of a modulation and dispersion device ac-
cording to the invention;

- Fig. 3isaschematic representation of a second em-
bodiment of a modulation and dispersion device ac-
cording to the invention;

- Fig. 4 is a schematic representation of a third em-
bodiment of a modulation and dispersion device ac-
cording to the invention;

- Fig. 5 shows the values of the probability density as
a function of the closure of the eye diagram which
were found by a simulation of the comparison opti-
cal communication system without a modulation
and dispersion device according to the invention
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(Fig. 5a) and of a system according to the invention
with a modulation and dispersion device according
to the invention for compensation of the PMD in the
two cases of phase modulation of the sinusoidal
type (Fig. 5b) and of the truncated cosine type (Fig.
5¢);

Fig. 6 shows the values of the probability density as
a function of the closure of the eye diagram which
were found by a simulation of the comparison opti-
cal communication system without a modulation
and dispersion device according to the invention
(Fig. 6a) and of a system according to the invention
with a modulation and dispersion device according
to the invention, in the two cases of phase modula-
tion of the sinusoidal type (Fig. 6b) and of the trun-
cated cosine type (Fig. 6¢), in which the presence
of an electrical filter in the receiver was simulated;
Fig. 7 shows a first experimental set-up used to ver-
ify the behaviour of a modulation and dispersion de-
vice according to the invention for compensation of
the PMD;

Fig. 8 shows the results obtained with the experi-
mental set-up in Fig. 7;

Fig. 9a and Fig. 9b show a second experimental set-
up used to verify the performance of a system ac-
cording to the invention, comprising a modulation
and dispersion device according to the invention for
compensation of the PMD;

Fig. 10 shows the results obtained with the experi-
mental set-up in Fig. 9 in the case of a digital optical
signal in RZ format (Fig. 10a) and a signal in NRZ
format (Fig. 10b);

Fig. 11 shows a diagram of the level curves for pen-
alty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained
by a simulation of a comparison optical communi-
cation system, without a modulation and compen-
sation device according to the invention for com-
pensating the chromatic dispersion, for the case of
a digital optical signal in NRZ format;

Fig. 12 shows a diagram of the level curves for pen-
alty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained
by a simulation of an optical communication system
according to the invention, with a modulation and
compensation device according to the invention for
compensating the chromatic dispersion, in the case
of a digital optical signal in NRZ format;

Fig. 13 shows the eye diagram obtained by simula-
tions of a comparison system (Fig. 13a) and a sys-
tem according to the invention (Fig. 13b) which
were carried out on the assumption of an average
compensation rate of 90%, a post-compensation of
-600 ps and a digital optical signal in NRZ format;

Fig. 14 shows a diagram of the level curves for pen-
alty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained
by a simulation of an optical communication system
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according to the invention, with a modulation and
compensation device according to the invention for
compensating the chromatic dispersion, in the case
of a digital optical signal in NRZ format, with a var-
iation of the depth of modulation oy, used in the
modulation and dispersion device according to the
invention;

Fig. 15 shows a diagram of the level curves for pen-
alty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained
by a simulation of a comparison optical communi-
cation system, without a modulation and compen-
sation device according to the invention for com-
pensating the chromatic dispersion, in the case of
a digital optical signal in RZ format;

Fig. 16 shows a diagram of the level curves for pen-
alty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained
by a simulation of an optical communication system
according to the invention, with a modulation and
compensation device according to the invention for
compensating the chromatic dispersion, in the case
of a digital optical signal in RZ format;

Fig. 17 shows the eye diagram obtained by simula-
tions of a comparison system (Fig. 13a) and a sys-
tem according to the invention (Fig. 13b) which
were carried out on the assumption of an average
compensation rate of 78%, a post-compensation of
0 ps and a digital optical signal in RZ format;

Fig. 18 shows a diagram of the level curves for pen-
alty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained
by a simulation of an optical communication system
according to the invention, with a modulation and
compensation device according to the invention for
compensating the chromatic dispersion, in the case
of a digital optical signal in RZ format, with a varia-
tion of the depth of modulation ay, used in the mod-
ulation and dispersion device according to the in-
vention;

Fig. 19 schematic representation of a further em-
bodiment of a modulation and dispersion device ac-
cording to the invention;

Fig. 20a and Fig. 20b show a further experimental
set-up used to verify the performance of a system
according to the invention, comprising a modulation
and dispersion device according to the invention;
Fig. 21 shows a diagram of the values of BER which
were obtained with a variation of the signal-to-noise
ratio OSNR in the experiment shown in Fig. 20a and
Fig. 20b;

Fig. 22 shows the Q-factor versus the Differential
Group Delay (DGD) for a simulation of the system
according to the invention adopting a modulation
and dispersion device according to the embodiment
of Fig. 19;

Fig. 23 shows a graph of BER versus Differential
Group Delay (DGD) for a simulation of the system
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according to the invention adopting a modulation
and dispersion device according to the embodiment
of Fig. 19.

[0085] Each of the embodiments shown in Figures 1la
and 1b of an optical communication system 100 accord-
ing to a first aspect of the invention comprises a first
apparatus 10 for supplying a digital optical signal 1000,
an optical transmission line 30 and a second apparatus
20 for receiving the said digital optical signal 1000, the
said second apparatus 20 comprising a modulation and
dispersion device 200 according to a second aspect of
the invention.

[0086] Inthe embodiment in Fig. 1b, the said first ap-
paratus 10 is a conventional apparatus capable of sup-
plying a digital optical signal 1000 in RZ format. More
particularly, it comprises a generator of a train of optical
pulses and a modulator of the said train of optical pulses.
The said generator of a train of optical pulses consists
of a laser source 11 and a first amplitude modulator 12,
while the said modulator of the said train of optical puls-
es consists of a second amplitude modulator 13.
[0087] The said suitable laser source 11 is capable of
emitting a continuous optical signal at the typical wave-
lengths of optical fibre telecommunications, for example
those in the range from approximately 1300 to 1700 nm,
and preferably in the third transmission window of the
optical fibres in the region of 1500-1600 nm.

[0088] The first amplitude modulator 12 is a conven-
tional modulator, for example one of the Mach Zehnder
interferometric type or of the electro-absorption type. It
is driven by a suitable electrical signal (not shown) in
such a way that the intensity of the said continuous op-
tical signal leaving the said laser source 11 is modulat-
ed, and in such a way as to supply a train of optical puls-
es characterized by a predetermined duration T, a bit
rate equal to the desired transmission speed and a pre-
determined time profile (shape). For example, the said
bit rate is 2.4 Gbit/s, 10 Gbit/s or, preferably, 40 Gbit/s.
Additionally, the shape of the said optical pulses is typ-
ically Gaussian or of the hyperbolic secant type.
[0089] For the purpose of the present invention, the
expression "duration T" of an optical pulse is used to
denote the time elapsing between the time at which the
intensity of an optical pulse assumes a maximum value
Imax and the time at which the intensity of the said optical
pulse assumes a value of I ,/e.

[0090] Typically, the said predetermined duration T is
determined as a function of the total duration at half
height Tewym (conventionally known as the "Full Width
Half Maximum") of the optical pulses. For example,
when the said pulses have a Gaussian shape, the said
predetermined duration T is equal to Teyyw/[2(In2)22],
in other words approximately Tgyuw/1.665, and when
the said pulses have a shape of the hyperbolic secant
type it is equal to Tryywf/(2*arccos hv2), in other words
approximately Teywpw/ 1.763.

[0091] In another embodiment (not shown), the said
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generator of a train of optical pulses consists of a single
device such as, for example, a conventional "mode-
locked" laser.

[0092] The said second amplitude modulator 13 is a
conventional amplitude modulator, for example one of
the Mach Zehnder interferometric type or of the electro-
absorption type. It is driven by an electrical signal con-
taining the digital information to be transmitted along the
optical transmission line 30 in such a way as to modulate
the said train of pulses, supplied by the said first device,
at the desired bit rate f; and in accordance with the said
digital information to be transmitted. Thus at the output
of the said first apparatus 10 there is a digital optical
signal 1000 comprising a train of pulses characterized
by an RZ format, a bit rate f, a time slot having a dura-
tion 1/f;, a duration T and a shape which is, for example,
Gaussian.

[0093] In an alternative embodiment (not shown), the
said first apparatus 10 is a conventional apparatus ca-
pable of supplying a digital optical signal 1000 in NRZ
format. In this case, it typically consists of a laser source
and an amplitude modulator. The said laser source is
capable of emitting a continuous optical signal at the typ-
ical wavelengths of optical fibre telecommunications, for
example those in the range from approximately 1300 to
1700 nm, and preferably in the third transmission win-
dow of the optical fibres in the region of 1500-1600 nm.
The said amplitude modulator is capable of modulating
the intensity of the said continuous optical signal at the
desired bit rate f.,, according to the digital information to
be transmitted. Typically, the said amplitude modulator
is a conventional amplitude modulator, for example one
of the Mach Zehnder interferometric type or of the elec-
tro-absorption type, and is driven by an electrical signal
containing the digital information to be transmitted along
the optical transmission line 30.

[0094] In the last case, at the output of the said first
apparatus 10 there is a digital optical signal 1000 com-
prising a flow of bits having an NRZ format, a bit rate f,
and a time slot with a duration 1/f..

[0095] The said digital optical signal 1000 is thus
transmitted along the said optical transmission line 30
which is optically connected to the output of the said first
apparatus 10.

[0096] The said optical transmission line 30 has, for
example, a length of 500 km, and typically consists of
an optical fibre. Preferably, the said optical fibre is sin-
gle-mode at the transmission wavelength and is insert-
ed in a suitable optical cable. For example, it may be a
conventional optical fibre of the step index type, with a
PMD of approximately 1 ps/km/2 and a chromatic dis-
persion (B,) of approximately 20 ps2/km.

[0097] Alternatively, itis possible to use other conven-
tional types of optical fibre, such as a dispersion shifted
(DS) fibre, having a zero nominal dispersion at 1550 nm,
or a non zero dispersion (NZD) fibre.

[0098] The PMD values of the optical fibre of the said
optical transmission line 30 may, for example, lie in the
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range from 0.05 to 1.5 ps/kml/2,

[0099] When required by the path of the said optical
transmission line 30, the said line 30 also comprises op-
tical amplifiers in cascade, with one every 100 km, for
example.

[0100] Preferably, the optical amplifiers are of the con-
ventional type, for example those of the active fibre type
doped with rare earths (e.g. erbium), or of the semicon-
ductor type, which are capable of amplifying the wave-
lengths used for transmitting the digital optical signal
1000.

[0101] The said second apparatus 20 is connected
optically to the transmission line 30 and is capable of
receiving the digital optical signal 1000.

[0102] Typically, it comprises a conventional optical
amplifier 21 for amplifying the digital optical signal 1000
arriving from the transmission line 30, an optical beam
splitter 22, a clock recovery 23, a modulation and dis-
persion device 200 according to another aspect of the
invention, an optical amplifier 27 if necessary, and con-
ventional receiving device 40 for receiving the digital op-
tical signal 1000.

[0103] The optical amplifier 21 is, for example, an am-
plifier of the active fibre type doped with rare earths, or
of the semiconductor type, and is capable of raising the
intensity of the digital optical signal 1000 to a value
above the threshold of sensitivity of the modulation and
dispersion device 200 and of the clock recovery 23.
[0104] The optical beam splitter 22 is, for example, a
conventional 1x2 fused fibre or in-waveguide coupler
with one input and two outputs, one connected to the
modulation and dispersion device 200 and the other to
the clock recovery 23.

[0105] Preferably, the optical beam splitter 22 is ca-
pable of transmitting to the output connected to the clock
recovery 23 a fraction of intensity smaller than that
transmitted to the output connected to the modulation
and dispersion device 200. For example, it transmits a
tenth of the intensity of the digital optical signal 1000 at
its input to the clock recovery 23, and the remaining nine
tenths to the modulation and dispersion device 200.
[0106] The clock recovery 23 is a conventional opto-
electronic device capable of

- photo-electrically detecting the fraction of intensity
of the digital optical signal 1000 at its input and con-
verting it into a corresponding electrical signal, and

- determining the bit rate f of the said digital optical
signal 1000 at its input and the synchronization with
it.

[0107] Since the bits undergo distortions such as
broadening in time and/or loss of timing with respect to
the clock of the said first apparatus 10 during their prop-
agation in the fibre, the clock recovery 23 typically ex-
tracts from the spectrum of the said electrical signal the
spectral component relating to the said bit rate f, and
synchronizes itself with the average central position of
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the time slot of the bits arriving at its input.

[0108] The modulation and dispersion device 200 col-
lects the digital optical signal 1000 from the other output
of the optical beam splitter 22 and processes it to mini-
mize the distortions (broadening in time and/or loss of
timing) which the bits undergo during their propagation
in an optical fibre along the transmission line 30.
[0109] In particular, inthe case of RZ pulses, the mod-
ulation and dispersion device 200 is capable both of re-
storing the initial shape of the bits, in other words the
shape which the bits had when transmitted, before prop-
agation in the optical fibre, and of retiming the bits in
accordance with the synchronization determined by the
said clock recovery.

[0110] The modulation and dispersion device 200 ac-
cording to an embodiment of the invention comprises a
phase modulation element 2000 and a dispersion ele-
ment 204.

[0111] In the embodiment illustrated in Fig. 2, the
phase modulation element 2000 comprises a conven-
tional optical circulator 201, a phase modulator 202, a
mirror 203 and an electronic driver device 24.

[0112] Alternatively, a conventional optical beam
splitter of the optical fibre or planar waveguide type may
be used in place of the said optical circulator 201.
[0113] The digital optical signal 1000 arriving at the
port 1 of the optical circulator 201 is sent, through the
port 2, towards the phase modulator 202 and then
through a suitable section of optical fibre 206 to the mir-
ror 203.

[0114] The mirror 203 is preferably a conventional
Faraday mirror, in other words a device capable of re-
flecting the digital optical signal 1000 at its input back-
wards, towards the phase modulator 202, while simul-
taneously rotating its polarization state through 90°.
Thus the digital optical signal 1000 passes through the
phase modulator 202 on a first occasion with one polar-
ization state, and on a second occasion with a polariza-
tion state orthogonal to the first (rotated through 90°).
[0115] The length of the section of optical fibre 206 is
preferably chosen in such a way that the digital optical
signal 1000, in its forward and return travel through this
optical fibre 206, is delayed by a total time approximately
equal to the period of the modulation carried out by the
phase modulator 202 or to a whole-number multiple
thereof.

[0116] The phase modulator 202 is typically a conven-
tional device consisting, for example, of a waveguide on
an LiNbO4 substrate connected to two electrodes. Pref-
erably, the said LiNbO3 phase modulator is of the reso-
nant type. Resonant phase modulators are described,
for example, in Patent Application WO 99/09451 in the
name of the Applicant.

[0117] The said LiNbO5 phase modulator 202 is sen-
sitive to the polarization of the optical signal at its input;
in other words, it modulates the two orthogonal compo-
nents of the polarization state of the digital optical signal
1000 in different ways. However, since the said digital
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optical signal 1000 passes through the phase modulator
202 twice, on each occasion with a polarization state
orthogonal to the other, the two orthogonal components
of its polarization state are modulated in the same way.
[0118] By controlling the potential difference V ap-
plied to the said electrodes connected to the phase mod-
ulator 202, a variation of the digital optical signal 1000
equal to a is obtained, where a is defined thus:

G:T[l
VT[

where V., is the potential difference which must be ap-
plied to obtain a phase difference of T(a=m).

[0119] For example, if a voltage V(t) which varies pe-
riodically in time is applied, it is possible to obtain a pre-
determined periodic variation in time a(t) of the phase
variation a. In this case, the maximum (or minimum)
phase variation which can be obtained is conventionally
defined as the modulation depth oy:

\Y,

max/min

\Y,

LS

ay =

where V|, and V,;, are the maximum or minimum po-
tential difference applied to the electrodes of the phase
modulator. When the said periodic variation in time a(t)
has a positive modulation amplitude, the depth of mod-
ulation ay, is more than zero, whereas when the said
periodic variation in time a(t) has a negative modulation
amplitude, the depth of modulation ay, is less than zero.
[0120] In the present description and in the attached
claims, the expression "positive modulation amplitude”
is used to denote the situation in which the variation in
time a(t) of the phase modulation is such that there is a
maximum in the said average central position of the time
slot, and a shift of the spectral components of a bit to-
wards higher frequencies is caused before the said av-
erage central position and a shift towards lower frequen-
cies is caused after the said average central position.
The expression "negative modulation amplitude”, on the
other hand, is used to denote the situation in which the
variation in time a(t) of the phase modulation is such
that there is a minimum in the said average central po-
sition of the time slot, and a shift of the spectral compo-
nents of a bit towards lower frequencies is caused be-
fore the said average central position and a shift towards
higher frequencies is caused after the said average cen-
tral position.

[0121] The electronicdriver device 24 is a convention-
al device capable of driving the phase modulator 202
under the control of the clock recovery 23. More partic-
ularly, the electronic device 24 applies a potential differ-
ence V(t) to the said electrodes in such a way that the
phase modulator 202 carries out a phase modulation of
the digital optical signal 1000 characterized, according
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to the present invention, by

1) a modulation frequency selected in accordance
with the bit rate f; determined by the clock recovery
23,

2) a periodic variation in time (time envelope of the
phase a(t)) synchronized with a predetermined
point within the time slot and approximately sym-
metrical with respect to the said predetermined
point (the maximum, or minimum, of the said varia-
tion in time is synchronized with respect to the said
predetermined point);

3) a maximum amplitude K of the said variation in
time, where

where Q=211 and f; is the bit rate determined by the
clock recovery 23. Additionally, K is greater or less than
zero according to whether the periodic variation in time
a(t) has a positive or a negative modulation amplitude.
[0122] Typically, the variation in time of the phase
modulation is synchronized with the average central po-
sition of the time slot, determined by the clock recovery
23, and is approximately symmetrical with respect to this
position.

[0123] Advantageously, in the case of bits in RZ for-
mat, the absolute value of the said maximum amplitude
K is approximately equal to [1/(2T2)], where T has the
meaning stated above.

[0124] The digital optical signal 1000 leaving the
phase modulator 202, after its second passage through
it, is sent through the port 3 of the optical circulator 201
to the dispersion element 204.

[0125] This dispersion element 204 introduces into
the bits passing through it a group delay D having a val-
ue chosen in such a way that the product of the said
maximum amplitude K and D is, according to the inven-
tion, in the range from A to B, where A is equal to -0.5*
(1-X) and B is equal to -0.5*(1+Y), and X is less than or
equal to 0.2 and Y is less than or equal to 2.

[0126] Advantageously, in the case of bits in RZ for-
mat, the absolute value of the said group delay D is ap-
proximately equal to T2 (where T is defined as above).
[0127] When the variation in time a(t) of the phase
modulation carried out by the phase modulator 202 has
a positive modulation amplitude, the dispersion element
204 is typically characterized by a dispersion of the
anomalous type (3,<0), while when the variation in time
a(t) of the phase modulation carried out by the phase
modulator 202 has a negative modulation amplitude, the
dispersion element 204 is preferably characterized by a
dispersion of the normal type (3,>0).

[0128] In the present description and in the attached
claims, the expression "anomalous dispersion” is used
to denote a situation in which the spectral components
of an optical signal which have shorter wavelengths
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travel at a higher velocity than those which have longer
wavelengths. On the other hand, the expression "normal
dispersion” is used to denote the opposite situation, in
which the spectral components of an optical signal
which have shorter wavelengths travel at a lower veloc-
ity than those which have longer wavelengths.

[0129] In a first embodiment, the said dispersion ele-
ment 204 consists of a section of single-mode optical
fibre having a length L (typically expressed in km) and
a chromatic dispersion B, (typically expressed in ps?/
km) chosen in such a way that the product of the said
maximum amplitude K and the said group delay D
(where D=[B,*L) lies, according to the invention, in the
range from A to B, where A and B have the values stated
above.

[0130] In a second embodiment, the said dispersion
element 204 consists of a conventional variable-period
("chirped") Bragg grating in an optical fibre. In this case
also, the length L (typically expressed in km) and a chro-
matic dispersion B, (typically expressed in ps2/km) are
chosen in such a way that the product of the said max-
imum amplitude K and the said group delay D (where
D=B,*L) lies, according to the invention, in the range
from A to B, where A and B have the values stated
above.

[0131] Finally, in a third embodiment, the said disper-
sion element 204 consists of a conventional pair of dif-
fraction gratings. In this case, the group delay value D
depends on the effective dispersion length L (typically
expressed in m) of the pair of gratings and on a prede-
termined value of effective chromatic dispersion 3, (typ-
ically expressed in ps2/km) [G.P. Agrawal, "Nonlinear
Fiber Optics", Academic Press, 2nd ed., 1995, pp.
203-207].

[0132] For example, in the case of an optical commu-
nication system according to the invention in which

- the bits are in RZ format;

- the optical pulses have an approximately Gaussian
shape;

- Tewnm £22.04 ps,

- T 013.24 ps,

- f.05GHz,

- L/f, (duration of the time slot) 0200 ps,

and, in the case in which the dispersion element 204
consists of an optical fibre having B, = -20 ps2/km, then
in the modulation and dispersion device 200 according
to the invention

= the phase modulator 202 carries out a modula-
tion with positive amplitude,

= K [2.85 * 103 ps2,

= D 0-175 ps?,

= L 08.75 km.

[0133] In the embodiment illustrated in Fig. 3, the
modulation and dispersion device 200 has the same
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structure and performs the same functions as that in Fig.
2, except that the phase modulation element 2000 com-
prises a first 202 and a second 205 phase modulator,
having their axes of birefringence rotated through 90°
with respect to each other, and the electronic driver de-
vice 24 for operating both the modulators.

[0134] Inordernotto lose the synchronization with the
said predetermined point within the time slot, the elec-
tronic driver device 24 is preferably capable of allowing
for the optical delay which the digital optical signal 1000
undergoes between the first phase modulator 202 and
the second phase modulator 205.

[0135] In the embodiment illustrated in Fig. 4, the
modulation and dispersion device 200 has the same
structure and performs the same functions as those in
Figs. 2 and 3, except that the phase modulation element
2000 comprises a first phase modulator 202 and a sec-
ond phase modulator 205, a first polarization beam split-
ter (PBS) 207 and a second PBS 208.

[0136] At the input of the modulation and dispersion
device 200, the PBS 207 separates the two orthogonal
polarization components of the digital optical signal
1000, of which one component is modulated by the
phase modulator 202 and the other is modulated by the
phase modulator 205. At the output of the two phase
modulators 202, 205, the said two orthogonal polariza-
tion components are recombined by the second PBS
208 and sent to the dispersion element 204.

[0137] The PBS 207, 208 are conventional devices,
preferably of the optical fibre, planar waveguide or mi-
cro-optic type.

[0138] In another embodiment (not illustrated), the
phase modulation element 2000 consists of a single
phase modulator which is not sensitive to the polariza-
tion of the incident optical signal. Since it is not sensitive
to the polarization of the incident optical signal, this em-
bodiment does not require two phase modulators and/
or elements for rotating the polarization state of the op-
tical signal (such as the mirror in Fig. 2) or for separating
its two orthogonal polarization components (such as the
PBS in Fig. 4) or for reflecting the said optical signal
(such as the mirror in Fig. 2).

[0139] In another embodiment (not illustrated), the
phase modulation element 2000 consists of a non-linear
element (such as a section of optical fibre or a semicon-
ductor amplifier) in which the digital optical signal is
propagated together with a suitable optical control sig-
nal. The latter has a wavelength which is preferably dif-
ferent from that of the digital optical signal 1000 and a
predetermined power value such as to cause, by the
known Kerr effect, a predetermined "cross phase mod-
ulation", in other words a predetermined phase modu-
lation of the digital optical signal 1000.

[0140] The characteristics of the said predetermined
phase modulation have already been described in detalil
in relation to the phase modulator 202. Reference
should therefore be made to the above text for details
of these.
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[0141] As shown in Fig. 1b, the digital optical signal
1000, having been processed in this way by the said
modulation and dispersion device 200, is amplified by
the optical amplifier 27 and photo-electrically detected
by the said conventional receiving device 40, and is then
sent to any subsequent processing stages.

[0142] The optical amplifier 27 is, for example, a con-
ventional amplifier of the active fibre type doped with
rare earths, or of the semiconductor type.

[0143] In another embodiment (not shown), the opti-
cal communication system according to the invention
has the same structure and performs the same functions
as that in Fig. 1, except that it transmits simultaneously,
in the same optical transmission line, M (where M = 1)
digital optical signals, each having a predetermined
wavelength.

[0144] More particularly, the optical transmission sys-
tem comprises M transmitting apparatus for supplying
the said M digital optical signals and a conventional
wavelength multiplexer for simultaneously transmitting
the said M digital optical signals along the said optical
transmission line. The said optical transmission system
also comprises a conventional wavelength demultiplex-
er for separating the said M digital optical signals at the
output of the said optical transmission line and M receiv-
ing apparatus (one for each of the said M digital optical
signals). Each receiving apparatus comprises an optical
beam splitter, a clock recovery and a modulation and
dispersion device according to the invention.

[0145] For details of the characteristics of the said
transmitting apparatus, the said optical transmission
line, the said receiving apparatus, the said clock recov-
ery and the said modulation and dispersion device ac-
cording to the invention, reference should be made to
the above description of the embodiments of the optical
communication system according to the invention
shown in Figs. 1a and 1b

[0146] In the case in which the said M digital optical
signals supplied by the said M transmitting apparatus
have characteristics (such as wavelength and/or bit rate
and/or format) different from those required by the opti-
cal transmission line, the said optical communication
system preferably also comprises interface units capa-
ble of receiving the said M digital optical signals supplied
by the said M transmitting apparatus and of matching
them to the characteristics required by the optical trans-
mission line. For example, the said interface units sup-
ply at their outputs M digital optical signals having wave-
lengths within the operating bandwidth of the optical am-
plifiers arranged in cascade along the said optical trans-
mission line.

[0147] US Patent 5267073 describes interface units
comprising, in particular, a transmission adapter capa-
ble of converting an input optical signal into a form
matched to the optical transmission line, and a reception
adapter capable of reconverting the transmitted signal
into a form suitable for a receiving apparatus.

[0148] Although an optical communication system
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comprising a transmitting apparatus, an optical trans-
mission line with a cascade of optical amplifiers and a
receiving apparatus comprising a modulation and dis-
persion device according to the invention has been de-
scribed by way of example, the optical communication
system according to the invention may also comprise,
along the transmission line, other devices such as opto-
electronic regenerators, optical-optical regenerators,
signal insertion/extraction (add-drop) devices, and
switching nodes of an optical network where multiple
communication lines converge and originate, and the
modulation and dispersion device according to the in-
vention may also be connected in the optical transmis-
sion line, in association with one of the said regenerators
for example, according to criteria which are evident to
the person skilled in the art on the basis of the present
description and without departure from the principle of
the invention.

[0149] Typical examples of optical-optical regenera-
tors have been described by L. Billes et al. ['20 Gbhit/s
Optical 3R Regenerator using SOA based Mach-Zeh-
nder Interferometer Gate", ECOC September (1997),
No. 448, pp. 269-272] and by D. Chiaroni et al. ["New
10 Ghit/s 3R NRZ optical regenerative interface based
on semiconductor optical amplifiers for all-optical net-
works", ECOC September (1997), No. 448, pp. 41-44].
[0150] The inventors have carried out computer sim-
ulations in order to verify the behaviour of the modula-
tion and dispersion device 200 according to the inven-
tion for compensating the PMD in a digital optical signal
which is propagated along an optical fibre transmission
line.

[0151] In these simulations, a train of pulses (RZ
transmission system) having a Gaussian shape, a du-
ration Tpyym Of 27.5 ps and a pulse modulation frequen-
cy of 10 GHz was considered. In order to represent the
effects of PMD, each pulse was separated into two puls-
es, one delayed with respect to the other by a random
quantity At characterized by a conventional Maxwell
distribution and by a mean value <At>. The pulses pro-
duced in this way were detected by a photodetector and
the eye diagram was then determined in two different
cases. In the first case, the pulses leaving the photode-
tector were examined directly, while in the second case
the pulses leaving an electrical filter located after the
photodetector were examined. This second case is a
more accurate representation of the situation in a con-
ventional receiving apparatus which is typically provided
with an electrical filter.

[0152] In the simulations, the electrical filter was as-
sumed to be a conventional fourth-order Bessel-Thomp-
son filter with a bandwidth equal to 0.8 times the mod-
ulation frequency.

[0153] As is known, the eye diagram can be used to
evaluate the performance of a transmission system. The
level of closure of the eye gives an indication of the dis-
tortion undergone by the shape of the pulses of a signal,
and, therefore, the probability of error in reception. For
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example, an eye closure of 1 dB is conventionally con-
sidered to correspond to a probability of error in recep-
tion of 10°°.

[0154] Fig. 5 shows the results thus obtained in the
first case (no electric filter) for the probability density as
a function of the closure of the eye diagram (expressed
in dB) with <At> = 30 ps. Fig. 5a shows the results ob-
tained in the absence of the modulation and dispersion
device 200, while Figures 5b and 5c show those ob-
tained with the modulation and dispersion device 200.
In the case of Fig. 5b, for the modulation and dispersion
device 200, it was assumed that:

- oy=03m

- modulation frequency = 10 GHz;

- the variation in time of the phase modulation was
sinusoidal;

- the modulation amplitude was positive;

- the dispersion was anomalous;

- D=-272.8 ps2.

[0155] In the case of Fig. 5c, the same parameters
were used as in the case of Fig. 5b, except that a vari-
ation in time of the phase modulation was assumed to
be of the truncated cosine type (approximately parabol-
ic).

[0156] Asshownin Fig. 5a, inthe absence of the mod-
ulation and dispersion device 200 a mean value (Mgc)
of closure of the eye diagram was found to be 4.15 +
3.43 dB, while with the modulation and dispersion de-
vice 200 this mean value (mgc) was reduced to 1.16 *
0.82 dB in the case of Fig. 5b (where the variation in
time of the phase modulation was of the sinusoidal type)
and to 0.2 + 0.25 dB in the case of Fig. 5¢ (where the
variation in time of the phase modulation was of the trun-
cated cosine type). In other words, with the modulation
and dispersion device according to the invention, the
mean value (mgc) of closure of the eye diagram was
reduced, respectively, to approximately 27.9% and ap-
proximately 4.82% of the value found in its absence.
[0157] Fig. 6 shows the values of the probability den-
sity as a function of the closure of the eye diagram (ex-
pressed in dB) which were found in the same conditions
as those of Fig. 5, except for the fact that the aforesaid
electrical filter was used.

[0158] Asshownin Fig. 6a, inthe absence of the mod-
ulation and dispersion device 200 a mean value (mgc)
of closure of the eye diagram was found to be 0.34 +
0.29 dB, while with the modulation and dispersion de-
vice 200 this mean value (mgc) was reduced to 0.14 +
0.16 dB in the case of Fig. 6b (where the variation in
time of the phase modulation was of the sinusoidal type)
and to 0.03 £ 0.08 dB in the case of Fig. 6¢ (where the
variation in time of the phase modulation was of the trun-
cated cosine type). In other words, with the modulation
and dispersion device according to the invention, the
mean value (mgc) of closure of the eye diagram was
reduced, respectively, to approximately 41.2% and ap-
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proximately 8.8% of the value found in its absence.
[0159] Experimental tests were also carried out in or-
der to check the application of the modulation and dis-
persion device 200 according to the invention for com-
pensating the PMD in a digital optical signal which is
propagated along an optical fibre transmission line.
[0160] In a first series of measurements, some func-
tional characteristics of the modulation and dispersion
device according to the invention were confirmed.
[0161] The experimental set-up used (shown in Fig.
7) comprised an electrical radio-frequency signal gen-
erator 360, a source 300 of optical pulses, a polarization
maintenance fibre 310, a phase modulator 202, an elec-
trical phase shifter 370, an electrical radio-frequency
amplifier 380, an optical amplifier 320, a variable atten-
uator 330, an optical fibre 204, a photo-receiver 340, a
digital oscilloscope 350, and two electrical power split-
ters 390 and 400.

[0162] The source 300 comprised a laser source 301,
an amplitude modulator 302 and a polarization mainte-
nance optical amplifier 303.

[0163] The laser source 301 was the FU-68PDF-
51PRLxx model made by Mitsubishi with continuous
emission at 1555 nm, the amplitude modulator 302 was
an LiNbO3; Mach Zehnder modulator produced by the
applicant, and the optical amplifier 303 was a device al-
so produced by the applicant.

The generator 360 was a 5 GHz electrical signal gener-
ator made by Hewlett-Packard Co. -Syntetizer, model
8375 2B.

[0164] The polarization maintenance fibre 310 was a
conventional PANDA™ fibre.

[0165] The phase modulator 202 was an LiNbO4 de-
vice produced by the applicant.

[0166] The optical amplifier 320 was a 14 dBm device
produced by the applicant and marketed under the
name of OLA/E MW.

[0167] The variable attenuator 330 is a conventional
optical device produced and marketed by E-TEK Dy-
namics Inc.

[0168] The optical fibre 204 was a section of single-
mode fibre of the step-index type, having a length of ap-
proximately 50 km and produced by FOS.

[0169] The photo-receiver 340 was a high-speed pho-
todiode having a bandwidth of 12 GHz, produced by
Hewlett-Packard Co.

[0170] The electrical phase shifter 370 was a 0-18
GHz Macom FSC 9341 device.

[0171] The electrical radio-frequency amplifier 380
was a device made by Era Technology Ltd.

[0172] The digital oscilloscope 350 was a device
made by Tektronix Inc., model CSA 803 A.

[0173] The two electrical power splitters 390 and 400
were 0-12 GHz devices made by Suhner, model
4901.19.A.

[0174] The radio-frequency generator 360 was used
to supply an electrical signal at the frequency of 5 GHz.
This signal was used to drive the amplitude modulator
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302, the phase shifter 370 and the digital oscilloscope
350.

[0175] Under the control of the said electrical signal,
the amplitude modulator 302 thus amplitude modulated,
at the frequency of 5 GHz, the optical signal at 1555 nm
leaving the laser source 301, in such a way as to supply
a train of optical pulses having:

- abitrate f, of 5 GHz (time slot 200 ps),
- asubstantially Gaussian shape,

- RZformat,

- Tewnm £53.9 ps, and

- TO324ps.

[0176] The power of the modulated optical signal was
then amplified by the optical amplifier 303 to provide a
power of approximately 6 dBm and the optical signal
amplified in this way was sent to the phase modulator
202 through the optical fibre 310. To maintain the polar-
ization state of the modulated optical signal, the ampli-
fier 303 and the optical amplifier 310 were selected from
those of the polarization maintenance type. This made
it possible to use a single phase modulator 202.

[0177] The phase modulator 202, driven by the elec-
trical signal at 5 GHz, was used to carry out a phase
modulation of the train of optical pulses, the said mod-
ulation being characterized by

- amodulation frequency of 5 GHz,

- a sinusoidal periodic variation in time, having its
peaks synchronized with the peaks of intensity of
the optical pulses (positive modulation amplitude);

- amodulation depth ay, of approximately 0.53 1t

[0178] The power of the optical pulses phase modu-
lated in this way was then amplified by the optical am-
plifier 320 before the 50 km section of optical fibre 204.
The power level of the amplified optical pulses was then
adjusted by means of the variable attenuator 330 in such
away as to limit the non-linear phenomena in the optical
fibre 204 and to ensure that virtually only the chromatic
dispersion was present in it.

[0179] The optical fibre 204 had a dispersion value 3,
= -21 ps2/km (anomalous. dispersion), resulting in a
group delay D OB,*L O-T2 01050 ps2.

[0180] After propagation in the optical fibre 204, the
optical pulses were photo-electrically detected by the
photodetector 340, and their waveform was displayed
by the digital oscilloscope 350.

[0181] The phase shifter 370 was used to change the
relative temporal positions of the peaks of the sinusoidal
variation of the phase modulation and the peaks of in-
tensity of the train of optical pulses.

[0182] When they were found to have lost their timing
with respect to the sinusoidal variation of the phase
modulation (the peaks of intensity of the optical pulses
were no longer synchronized with the peaks of the sinu-
soidal variation of the phase modulation), the optical
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pulses were processed, according to the invention, by
the phase modulator 202 and by the optical fibre 204 in
such a way as to restore the initial synchronization with
the sinusoidal variation of the phase modulation.
[0183] Since the digital oscilloscope 350 displayed
both the train of pulses and the variation of the phase
modulation, it was possible to measure the time shift
which was introduced into the optical pulses with a var-
iation in their time off-set with respect to the sinusoidal
variation of the phase modulation.

[0184] Fig. 8 shows both the values obtained experi-
mentally (broken line) for the time shift (expressed in ps)
of the optical pulses as a function of the time off-set (ex-
pressed in ps) and the values which would have been
found in an ideal situation of total compensation of the
time off-set (continuous line). The reading error of the
oscilloscope (approximately +5 ps) is also shown for
each measured point.

[0185] With time off-sets of 10 ps, 25 ps, 50 ps, 75 ps
and 100 ps, time shifts of the optical pulses of approxi-
mately 10 ps, 20 ps, 25 ps, 29 ps and 29 ps respectively
were found.

[0186] The modulation and dispersion device accord-
ing to the invention, which uses a sinusoidal phase mod-
ulation as in the experimental set-up in Fig. 7, can be
used, for example, to compensate the effects of PMD in
an optical transmission system with an optical transmis-
sion line comprising a conventional optical fibre having
a PMD of 1 ps*km-/2 and a length of 500 km (in other
words, a line which can introduce a delay of approxi-
mately 22.4 ps into the polarization modes of an optical
pulse).

[0187] As shown by the simulations, even better re-
sults may be obtained by using phase modulation of the
truncated cosine type (in other words of the approxi-
mately parabolic type).

[0188] A second series of measurements was carried
out to evaluate the effect of PMD on the performance of
an optical communication system according to the in-
vention, comprising a modulation and dispersion device
according to the invention, and on those of a comparison
system having the same characteristics as the system
according to the invention except for the fact that it does
not comprise the said modulation and dispersion device
according to the invention.

[0189] These measurements were made initially on a
digital optical signal in RZ format and subsequently on
a digital optical signal in NRZ format.

[0190] The experimental set-up (shown in Fig. 9a)
used in the case of the digital optical signal in RZ format
comprised a pattern generator 500, a laser source 510,
a first 520 and a second 530 amplitude modulator, a po-
larization controller 540, a PMD emulator 550, a first op-
tical amplifier 560, a PMD compensator 570, a first var-
iable attenuator 580, a second optical amplifier 590, an
optical filter 600, a third optical amplifier 610, a second
variable attenuator 640, a receiver 620 and an error de-
tector 630.
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[0191] The pattern generator 500 was a "Pulse Pat-
tern Generator" made by Anritzu, model MP1763B.
[0192] The laser source 510 was the FU-68PDF-
51PRLxx model made by Mitsubishi with continuous
emission at 1555 nm.

[0193] The two amplitude modulators 520, 530 were
two modulators of the LiINbO; Mach Zehnder type pro-
duced by the applicant.

[0194] The polarization controller 540 was a "Pro-
grammable Polarization Controller Driver" device made
by E-TEK Dynamics Inc., model FPCR-1B.

[0195] The PMD emulator was a "PMD Emulator"
made by JDS, model PEA4.

[0196] The three optical amplifiers 560, 590, 610 were
14 dBm devices produced by the applicant and market-
ed under the name of OLA/E - MW.

[0197] The two variable attenuators 580, 640 were
conventional optical devices produced and marketed by
E-TEK Dynamics Inc.

[0198] The optical filter 600 was a micro-optics band-
pass filter, namely an "interferential tunable filter" made
by JDS, with a bandwidth of 1.3 nm.

[0199] The receiver 620 was an SRX "Soliton receiv-
er" produced and marketed by the applicant.

[0200] The error detector 630 was an "Error Detector"
made by Anritzu, model MP1764A.

[0201] Additionally, the PMD compensator 570 con-
sisted (Fig. 9b) of an optical splitter 22, a clock recovery
23 and a modulation and dispersion device 200 accord-
ing to the invention.

[0202] The modulation and dispersion device 200
comprised a phase modulation element 2000 and a dis-
persion element 204. Additionally, the phase modulation
element 2000 comprised a first 202 and a second 205
phase modulator and an electronic driver device 24
comprising a first 573 and a second 574 electrical phase
shifter, an electrical power splitter 575, and a first 576
and a second 577 electrical amplifier.

[0203] The optical splitter 22 was a conventional de-
vice made by E-TEK Dynamics Inc., capable of sending
approximately 5% of the optical power to the input of the
clock recovery 23 and approximately 95% to the two
phase modulators 202, 205.

[0204] The clock recovery 23 consisted of a PIN pho-
todiode with a bandwidth of 10 GHz made by Sumitomo,
a limiting amplifier made by Multilink and a 10 GHz clock
recovery device made by Veritech.

[0205] The electrical phase shifters 573, 574 were
0-18 GHz Macom FSC devices.

[0206] The electrical amplifiers 576, 577 were radio-
frequency amplifiers made by Era Technology Ltd.
[0207] The electrical power splitter 575 was a 6 dB
electrical radio-frequency splitter made by Suhner, mod-
el 4901.19.A, operating at 0-12 GHz.

[0208] The two phase modulators 202, 205 were
LiNbO3 devices produced by the applicant. Additionally,
they were connected in series and had their axes of bi-
refringence rotated through 90° with respect to each
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other to modulate in virtually the same way the two or-
thogonal polarization components of the input digital op-
tical signal.

[0209] The dispersion element 204 consisted of a
section of single-mode optical fibre of the step-index
type, having a length of approximately 20 km and pro-
duced by FOS.

[0210] The pattern generator 500 was used to drive
the first amplitude modulator 520 so that it supplied a
train of optical pulses, while the second amplitude mod-
ulator 530 was used to modulate the said train of optical
pulses in accordance with the digital information to be
transmitted. The bit rate used was 10 GHz.

[0211] The optical pulses had:

- abitrate f; of 10 GHz (time slot of 100 ps),
- an approximately Gaussian shape,

- an RZ format, and

- TDO20.5 ps.

[0212] Thus a digital optical signal in RZ format was
sent to the input of the polarization controller 540.
[0213] In order to allow for the PMD introduced by an
optical fibre transmission line into the digital optical sig-
nal, the two fundamental polarization modes of the in-
coming bits were delayed by a time At by means of the
polarization controller 540 and the PMD emulator 550.
In order to verify the capacity of the modulation and dis-
persion device according to the invention to compen-
sate different values of PMD, the said two fundamental
polarization modes were delayed by a time At which
was varied from time to time.

[0214] At the output of the PMD emulator 550, the
power of the digital optical signal was amplified by the
optical amplifier 560 to provide a power of approximately
6 dBm.

[0215] Part (approximately 5%) of the optical signal
amplified in this way was sent to the clock recovery 23
and part (approximately 95%) was sent to the two phase
modulators 202, 205.

[0216] The clock recovery 23 recovered, from the op-
tical signal at its input, the bit rate and the synchroniza-
tion with the average central position of the time slot of
the incoming bits.

[0217] Additionally, the two phase shifters 573, 574
made it possible to maintain synchronization with the
said average central position of the time slot, recovered
by the clock recovery 23.

[0218] The two phase modulators 202, 205 modulat-
ed the bits at their input by a phase modulation having,
according to the invention,

- amodulation frequency of 10 GHz,

- a sinusoidal periodic variation in time having its
peaks synchronized with the peaks of intensity of
the optical pulses (positive modulation amplitude);
and

- a depth of modulation a,, equal to approximately
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1.2 rad.

[0219] The digital optical signal, phase modulated in
this way, was then propagated along the optical fibre
204 which had a dispersion value B, = -21 ps2/km
(anomalous dispersion), resulting in a group delay D O
B,*L O-T2 0-420 ps2.

[0220] Fromtime totime, the power level of the optical
signal leaving the optical fibre 204 was adjusted by
means of the variable attenuator 580 in such a way as
to obtain different values of the optical signal-to-noise
ratio at the input of the receiver 620.

[0221] The power of the optical signal was then am-
plified by the amplifier 590, filtered by the optical filter
600 (in such a way as to eliminate much of the ASE gen-
erated by the up-line optical amplifiers), and then ampli-
fied again by the optical amplifier 610.

[0222] The variable attenuator 640 was also used to
obtain an optimal optical power at the input of the re-
ceiver 620.

[0223] The optical signal was thus received by the re-
ceiver 620, and the error detector 630 was used to de-
termine the probability of error (Bit Error Rate, BER) with
a variation of the optical signal-to-noise ratio at the input
of the receiver 620 and a variation of the delay At intro-
duced between the two orthogonal polarization compo-
nents of the bits.

[0224] In order to compare the performance of the op-
tical communication system according to the invention,
having the modulation and dispersion device according
to the invention for compensating the PMD, with those
of the comparison optical communication system with-
out the said modulation and dispersion device, the
measurements were made firstly with the set-up in Fig.
9, and secondly by removing all the elements of the
PMD compensator 570 except the optical fibre 204 from
the experimental set-up in Fig. 9.

[0225] Fig. 10(a) shows the values of BER which were
obtained with a variation of the signal-to-noise ratio (ex-
pressed in dB) for a delay At of 0 ps (curve A), 40 ps
(curve B) and 50 ps (curve C), with the comparison sys-
tem, and for a delay At of 0 ps (curve D), 40 ps (curve
E) and 50 ps (curve F), with the system according to the
invention.

[0226] As may be seen in Fig. 10(a), curves A and D
virtually coincide for a At of 0 ps; in other words, in the
absence of PMD, the performances of the system ac-
cording to the invention and of the comparison system
are virtually the same.

[0227] For a At of 40 ps, the values of BER obtained
with the system according to the invention are consid-
erably better (for the same signal-to-noise ratio) than
those obtained with the comparison system. Additional-
ly, with the system according to the invention the values
of BER become very close to those which would be ob-
tained in the absence of PMD (curve E is very similar to
curves A and D). The modulation and dispersion device
according to the invention is therefore capable of pro-
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viding practically complete compensation of the said
time delay At of 40 ps introduced by PMD into the two
fundamental polarization modes of the digital optical sig-
nal.

[0228] Finally, even for a At of 50 ps, the values of
BER obtained with the system according to the invention
are considerably better than those obtained with the
comparison system.

[0229] The same measurements of BER were then
made on a digital optical signal in NRZ format. The ex-
perimental set-up used (not shown) was identical to that
in Fig. 9, except for the fact that the first amplitude mod-
ulator 520 was absent and the continuous optical signal
leaving the laser source 510 was sent directly to the in-
put of the second amplitude modulator 530 in such a
way as to supply an optical signal comprising a flow of
NRZ bits modulated in accordance with the digital infor-
mation transmitted at the bit rate of 10 GHz.

[0230] Fig. 10 (b) shows the values of BER which
were thus obtained with a digital optical signal in NRZ
format with a variation of the signal-to-noise ratio (ex-
pressed in dB) for a delay At of 0 ps (curve A), 40 ps
(curve B) and 50 ps (curve C), with the comparison sys-
tem, and for a delay At of 0 ps (curve D), 40 ps (curve
E) and 50 ps (curve F), with the system according to the
invention.

[0231] As may be seen in Fig. 10(b), curves A and D
no longer coincide as they did in the case of a digital
optical signal in RZ format, and the values of BER ob-
tained with the system according to the invention are
much better than those obtained with the comparison
system. The modulation and dispersion device accord-
ing to the invention therefore appears to be capable of
improving the characteristics of a digital optical signal in
NRZ format, and consequently the performance of the
system in terms of BER, even in the case in which the
said signal has not undergone alterations due to PMD.
[0232] For a At of 40 ps, the values of BER obtained
with the system according to the invention are consid-
erably better (for the same signal-to-noise ratio) than
those obtained with the comparison system. Additional-
ly, with the system according to the invention the values
of BER become very close to those which would be ob-
tained in the absence of PMD (curve E is much closer
to curve D than curve B is). The modulation and disper-
sion device according to the invention is therefore ca-
pable of providing practically complete compensation of
the said time delay At of 40 ps introduced by PMD into
the two fundamental polarization modes of the digital
optical signal.

[0233] Finally, even for a At of 50 ps, the values of
BER obtained with the system according to the invention
are considerably better than those obtained with the
comparison system.

[0234] Further computer simulations were carried out
by the inventors in order to verify the performance of the
optical communication system according to the inven-
tion, comprising the modulation and dispersion device
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according to the invention for compensating the chro-
matic dispersion in a digital optical signal which is prop-
agated along an optical fibre transmission line.

[0235] More particularly, they simulated the propaga-
tion of a digital optical signal in a non-linear dispersive
medium by the known "split-step Fourier" method.

[0236] The simulations were carried out in the follow-
ing way.
[0237] The transmission of a digital optical signal at a

single wavelength with a bit rate of 10 GHz was consid-
ered.

[0238] This digital optical signal was sent along a con-
ventional optical transmission line comprising

- 6 sections of conventional optical fibre of the step-
index type, each having a length of 100 km, an at-
tenuation of 0.25 dB/km and a chromatic dispersion
B, of approximately -20 ps2/km;

- an optical power amplifier (booster) in the transmis-
sion section;

- 5 optical line amplifiers;

- an optical preamplifier in the reception section;

- a conventional chromatic dispersion compensator
connected to each optical line amplifier and to the
optical preamplifier.

[0239] The said conventional chromatic dispersion
compensator typically consists of a conventional optical
circulator and a suitable variable-period (chirped) opti-
cal fibre Bragg grating, for example that described, as
mentioned above, by K.O. Hill et al. ("Chirped in fiber
Bragg gratings for compensation of optical fiber disper-
sion", Optics Letters, vol. 19, No. 17, pp. 1314-1316,
1994).

[0240] The value of compensation of the chromatic
dispersion provided by the various conventional line
compensators and by the conventional compensator
connected to the optical preamplifier in the reception
section was varied in the course of the simulations.
[0241] A mean power of 11 dBm at the output of each
optical amplifier was assumed.

[0242] The digital optical signal leaving the said opti-
cal transmission line was then received by a receiving
apparatus, located after the optical preamplifier and
comprising

- an optical filter with a bandwidth of 0.5 nm,

- a modulation and dispersion device according to
the invention; and

- an optical receiver with a bandwidth of 7.5 GHz.

[0243] The noise contributions due to the spontane-
ous emission of the optical amplifiers and to the well-
known non-linear phenomena were also taken into ac-
count.

[0244] The penalties on the closure of the eye dia-
gram of the optical signal received in this way were de-
termined for two different cases. In the first case, the
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transmission of a digital optical signal in NRZ format was
considered, while in the second case the transmission
of a digital optical signal in RZ format, in which the puls-
es had a duration at half height T\ of approximately
35 ps, was considered.

[0245] Additionally, in both cases, in order to compare
the characteristics of an optical communication system
according to the invention, comprising a modulation and
dispersion device according to the invention, with those
of a comparison system completely identical to that of
the invention except for the fact that it does not comprise
the said modulation and dispersion device according to
the invention, the simulations were carried out both in
the presence and in the absence of the aforesaid mod-
ulation and dispersion device according to the invention
in the said receiving apparatus.

[0246] For the purpose of the present invention the
expression "penalty on the closure of the eye diagram”
is used to denote the difference between the aperture
of the eye (expressed in dB) obtained with the digital
optical signal as transmitted and that obtained with the
digital optical signal as received.

[0247] The results obtained in the case of NRZ format
are shown in Figures 11 and 13(a), for the comparison
system, and in Figures 12, 13(b) and 14, for the system
according to the invention.

[0248] Fig. 11 shows a diagram of the level curves ob-
tained for penalty values of 0.5 dB (curve A), 1 dB (curve
B), 2 dB (curve C) and 3 dB (curve D) with a variation
in the percentage of compensation provided by the con-
ventional line compensators and that of the post-com-
pensation provided by the conventional compensator
connected to the preamplifier, where

- the compensation provided by the conventional line
compensators is expressed as a percentage of
compensated chromatic dispersion; while

- the post-compensation is expressed in ps, in other
words as the total value of compensated chromatic
dispersion.

[0249] As may be seen in Fig. 11, the area contained
by the level curves is very small for the comparison sys-
tem. For example, for a zero value of post-compensa-
tion, the percentage of compensation which has to be
provided by the conventional line compensators to ob-
tain a penalty of less than 0.5 dB lies between approxi-
mately 82% and 94%, in other words in a range of less
than 15%.

[0250] Fig. 12, on the other hand, shows a diagram of
the level curves obtained for the system according to
the invention for penalty values of 0.5 dB (curve A), 1
dB (curve B), 2 dB (curve C) and 3 dB (curve D) with a
variation in the percentage of compensation provided
by the conventional line compensators and that of the
post-compensation. For the modulation and dispersion
device according to the invention, a value of depth of
modulation oy, equal to 3 rad and a value of the group
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delay D equal to -200 ps2 were assumed.

[0251] When the results of Fig. 11 are compared with
those of Fig. 12, it may be seen that the area contained
by the level curves with the system according to the in-
vention is considerably wider than that found with the
comparison system. More particularly, for the various
values of post-compensation, the percentage of com-
pensation which has to be provided by the conventional
line compensators to obtain a penalty of less than 0.5
dB lies within a much wider range for the system accord-
ing to the invention than that found with the comparison
system. For example, for a value of post-compensation
of approximately -600 ps2, the percentage of compen-
sation which has to be provided by the conventional line
compensators to obtain a penalty of less than 0.5 dB
lies within a range of

[0252] The system according to the invention with the
modulation and dispersion device according to the in-
vention is therefore much more flexible than the com-
parison system, in terms of the percentage of compen-
sation of chromatic dispersion which has to be provided
along the optical transmission line by the conventional
compensation devices. This is because it makes it pos-
sible to increase considerably, with respect to the com-
parison system, the tolerance on the percentage of com-
pensation of chromatic dispersion which has to be pro-
vided along the optical transmission line by the conven-
tional compensation devices to ensure a desired penalty
value in reception.

[0253] This flexibility is very important, for example,
in the well-known multiple-wavelength (Wavelength Di-
vision Multiplexing, WDM) optical communication sys-
tems, in which the compensation of the chromatic dis-
persion by the conventional line compensators has to
be provided simultaneously on a plurality of signals at
different wavelengths (channels).

[0254] Thisis because, in this case, the chromatic dis-
persion acts in a different way on the various channels
at different wavelengths, and the conventional compen-
sators are not capable of equalizing this chromatic dis-
persion imbalance between one channel and another.
Therefore, since conventional compensators by them-
selves are not capable of compensating the same per-
centage of chromatic dispersion for all the channels, in
a conventional WDM communication system the
number of usable channels is limited by the range of per-
centage of compensation tolerated by the system.
[0255] The system according to the invention with the
modulation and dispersion device according to the in-
vention, which increases this range of percentage of
compensation tolerated by the system, consequently
makes it possible to increase the number of channels
which can be transmitted in a WDM system.

[0256] Fig. 13 also shows the eye diagram obtained
with a mean percentage of compensation of 90% and a
post-compensation of -600 ps? in the case of the com-
parison system (Fig. 13a) and in the case of the system
according to the invention (Fig. 13b).
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[0257] As may be noted, the aperture of the eye dia-
gram with the system according to the invention, com-
prising the modulation and dispersion device according
to the invention, is considerably better than that found
with the comparison system.

[0258] Additionally, Fig. 14 shows a diagram of the
level curves for penalty values of 0.5 dB (curve A), 1 dB
(curve B), 2 dB (curve C) and 3 dB (curve D) which were
obtained with a variation of the percentage of compen-
sation provided by the conventional line compensators
and of the depth of modulation ay, used in the modula-
tion and dispersion device according to the invention. In
this case, the group delay D was assumed to be -200
ps2 and the value of post-compensation was assumed
to be -400 ps2.

[0259] As may be noted, itis possible, by suitable se-
lection of the value of ay,, to widen the area contained
by the various level curves (and more particularly that
contained by the curve for a penalty of 0.5 dB), and thus
to increase the range of percentage of compensation of
chromatic dispersion tolerated by the system to provide
a penalty of less than 0.5 dB.

[0260] Inthe same conditions as those of the simula-
tions (D =-200 ps?), a value of ay, equal to approximate-
ly 2 rad corresponds, for example, to a value of the prod-
uct K*D approximately equal to -0.79.

[0261] From time to time, depending on the parame-
ters of the optical communication system in question,
the person with average skill in the art will be capable
of selecting, out of all the values of a,,, and therefore of
K, which satisfy the equation A < K*D < B (where A and
B have the meanings shown above), the optimal value
of ay, which can provide the desired percentage of com-
pensation of chromatic dispersion tolerated by the sys-
tem when a penalty of less than a desired value (typi-
cally equal to 0.5 dB) is to be obtained.

[0262] Finally, the results which were obtained in the
case of a digital optical signal in RZ format are shown
in Figures 15 and 17(a) for the comparison system, and
in Figures 16, 17(b) and 18 for the system according to
the invention.

[0263] Fig. 15 shows a diagram of the level curves for
penalty values of 0.5 dB (curve A), 1 dB (curve B), 2 dB
(curve C) and 3 dB (curve D) which were obtained with
a variation of the percentage of compensation provided
by the conventional line compensators and that of the
post-compensation (expressed in ps) provided by the
conventional compensator connected to the preamplifi-
er.

[0264] As may be seen in Fig. 15, the area contained
within the level curves for the comparison system is very
small. For example, for a zero value of post-compensa-
tion, the percentage of compensation which must be
provided by the conventional line compensators to ob-
tain a penalty of less than 0.5 dB lies between approxi-
mately 80% and 95%, in other words within a range of
approximately 15%.

[0265] Fig. 16, on the other hand, shows a diagram of
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the level curves for penalty values of 0.5 dB (curve A),
1 dB (curve B), 2 dB (curve C) and 3 dB (curve D) which
were obtained for the system according to the invention,
with a variation of the percentage of compensation pro-
vided by the conventional line compensators and that of
the post-compensation. For the modulation and disper-
sion device according to the invention, a value of depth
of modulation oy, equal to 2.7 rad and a value of group
delay D equal to -160 ps2 were assumed.

[0266] In this case also, when the results of Fig. 15
are compared with those of Fig. 16, it may be seen that
the area contained by the level curves with the system
according to the invention is considerably wider than
that found with the comparison system. More particular-
ly, for the various values of post-compensation, the per-
centage of compensation which has to be provided by
the conventional line compensators to obtain a penalty
of less than 0.5 dB lies within a much wider range for
the system according to the invention than that found
with the comparison system. For example, for a value
of post-compensation of approximately -400 ps2, the
percentage of compensation which has to be provided
by the conventional line compensators to obtain a pen-
alty of less than 0.5 dB lies between approximately 78%
and approximately 102% for the system according to the
invention, in other words within a range of approximately
25%.

[0267] Inthis case also, in which the digital optical sig-
nal is in RZ format, the system according to the inven-
tion, with the modulation and dispersion device accord-
ing to the invention, was therefore found to be much
more flexible than the comparison system in terms of
the percentage of compensation of chromatic disper-
sion which has to be provided along the optical trans-
mission line by the conventional compensation devices.
This is because it makes it possible to increase consid-
erably, with respect to the comparison system, the tol-
erance on the percentage of compensation of chromatic
dispersion which has to be provided along the optical
transmission line by the conventional compensation de-
vices to ensure a desired penalty value (typically 0.5 dB)
in reception.

[0268] Additionally, Fig. 17 shows the eye diagram
obtained with a mean percentage of compensation of
78% and zero post-compensation in the case of the
comparison system (Fig. 17a) and in the case of the sys-
tem according to the invention (Fig. 17b).

[0269] As may be noted, with the system according to
the invention comprising the modulation and dispersion
device according to the invention, the aperture of the
eye diagram is considerably better than that found with
the comparison system. In other words, the pulses
which would be broadened and distorted in the compar-
ison system are compressed by the modulation and dis-
persion device of the system according to the invention
so that the eye again becomes open to the receiver.
[0270] Finally, Fig. 18 shows a diagram of the level
curves for penalty values of 0.5 dB (curve A), 1 dB (curve
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B), 2 dB (curve C) and 3 dB (curve D) which were ob-
tained with a variation of the percentage of compensa-
tion provided by the conventional line compensators
and of the depth of modulation ay, used in the modula-
tion and dispersion device according to the invention. In
this case, the group delay D was assumed to be equal
to -200 ps2 and the value of post-compensation was as-
sumed to be equal to -400 ps2.

[0271] As may be noted, by suitable selection of the
value of ay, itis possible to widen the area contained by
the various level curves, and more particularly that for
a penalty of 0.5 dB, and consequently to increase the
range of percentage of compensation of chromatic dis-
persion tolerated by the system when a penalty of less
than 0.5 dB is to be obtained.

[0272] From time to time, depending on the parame-
ters of the optical communication system in question,
the person with average skill in the art will be capable
of selecting, out of all the values of ay,, and therefore of
K, which satisfy the equation A < K*D < B (where A and
B have the meanings shown above), the optimal value
of ay, which can provide the desired percentage of com-
pensation of chromatic dispersion tolerated by the sys-
tem when a penalty of less than a desired value (typi-
cally equal to 0.5 dB) is to be obtained.

[0273] A modulation and dispersion device according
to a further embodiment of the invention will now be de-
scribed with reference to Fig. 19.

[0274] The modulation and dispersion device 200
comprises an amplitude modulation element 2400, a
phase modulation element 2000 and a dispersion ele-
ment 204. An optical amplifier 250 can advantageously
be coupled between the amplitude modulation element
2400 and the phase modulation element 2000. Howev-
er, optical amplifier 250 may be coupled at another po-
sition in the device, or it may even be omitted if signal
attenuation by the device is low enough in relation to the
requirements of an optical transmission system wherein
the device is to be used.

[0275] In the embodiment illustrated in Fig. 19, the
amplitude modulation element 2400 comprises a first
amplitude modulator 242 and a second amplitude mod-
ulator 243, a first polarization beam splitter (PBS) 247,
a second PBS 248 and an electronic driver device 244.
[0276] The amplitude modulators 242, 243 are typi-
cally conventional devices consisting, for example, of a
Mach-Zehnder interferometer waveguide structure on a
LiNbOj substrate associated with electrodes.

[0277] The said LiNbO; amplitude modulators 242,
243 are sensitive to the polarization of the optical signal
at their input; in other words, they modulate the two or-
thogonal components of the polarization state of the dig-
ital optical signal 1000 in different ways.

[0278] At the input of the amplitude modulation ele-
ment 2400 the PBS 247 separates the two orthogonal
polarization components of the digital optical signal
1000, of which one component is modulated by the am-
plitude modulator 242 and the other is modulated by the
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amplitude modulator 243. At the output of the two am-
plitude modulators 242, 243, the said two orthogonal po-
larization components are recombined by the second
PBS 248 and sent to the phase modulation element
2000 via optical amplifier 250.

[0279] The PBS 247, 248 are conventional devices,
preferably of the optical fibre, planar waveguide or mi-
cro-optic type.

[0280] In another embodiment (not illustrated), the
amplitude modulation element 2400 consists of a single
amplitude modulator which is not sensitive to the polar-
ization of the incident optical signal. Since it is not sen-
sitive to the polarization of the incident optical signal,
this embodiment does not require two amplitude modu-
lators and/or elements for separating and combining its
two orthogonal polarization components (such as the
PBS in Fig. 19).

[0281] By controlling the potential difference V ap-
plied to the electrodes associated with the amplitude
modulator 242, 243, an amplitude variation (decrease)
of the digital optical signal 1000 equal to

a, = sin’ (1B,/2)
is obtained, where B, is defined for [V-Vq| <=V as:

V-V
BA=| - ql

1

and where Vg, is the potential difference that must be
applied to the modulator to achieve a maximum trans-
mission condition and V;is the potential delta from Vg
which must be applied to the modulator to shift the mod-
ulator transmission from a maximum to a minimum val-
ue.

[0282] For example, if a voltage V() is applied which
varies periodically in time above (or below) V, it is pos-
sible to obtain a predetermined periodic variation in time
a(t) of the amplitude variation a 4. In this case, the max-
imum amplitude variation which can be obtained is con-
ventionally defined as the amplitude modulation depth

Oam:

where |V-Vg|max is the maximum absolute value poten-
tial delta with respect to Vo that is applied to the elec-
trodes of the amplitude modulator.

[0283] The electronic driver device 244 is a conven-
tional device capable of driving the amplitude modula-
tors 242, 243 under the control of the clock recovery 23
(Fig. 1). More particularly, the electronic device 244 ap-
plies a potential difference V(t) to the said electrodes in
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such away that the amplitude modulators 242, 243 carry
out an amplitude modulation of the digital optical signal
1000 characterized, according to the present invention,

by

1) a modulation frequency selected in accordance
with the bit rate f; determined by the clock recovery
23,

2) a periodic variation in time (time envelope of the
amplitude a,(t)) synchronized with a predetermined
point within the time slot and approximately sym-
metrical with respect to the said predetermined
point (the maximum, or minimum, of the said varia-
tion in time is synchronized with respect to the said
predetermined point).

[0284] Typically, the variation in time of the amplitude
modulation is synchronized with the average central po-
sition of the time slot, determined by the clock recovery
23, and is approximately symmetrical with respect to this
position.

[0285] Advantageously, an amplitude modulation
depth a,)y, of said amplitude modulation is greater than
80%. Preferably said amplitude modulation depth oy,
is greater than 90%.

[0286] A phase modulation element 2000 is coupled
at the output of the amplitude modulation element 2400.
[0287] Adispersion element 204 is coupled to the out-
put of the phase modulation element 2000.

[0288] The characteristics of phase modulation ele-
ment 2000, of its phase modulation and of the dispersion
element 204 are the same as those described in detalil
in relation to the first embodiment of a modulation and
dispersion device according to the invention. Reference
should therefore be made to the above text for details
of these.

[0289] The relative position of the phase modulation
and amplitude modulation elements can be exchanged.
Accordingly, an alternative embodiment of the modula-
tion and dispersion device 200 (not shown) comprises
a phase modulation element 2000 with its output cou-
pled to the input of an amplitude modulation element
2400. A dispersion element 204 is coupled to the output
of the amplitude modulation element 2400.

[0290] In both above embodiments, an optical ampli-
fier 250, for example an erbium doped fiber amplifier or
a semiconductor optical amplifier can be associated
with the device, e.g., coupled between the amplitude
modulation element 2400 and the phase modulation el-
ement 2000, or at another position, to compensate for
the attenuation of the device.

[0291] A further series of measurements was carried
out to evaluate the effect of PMD on the performance of
an optical communication system according to the in-
vention, comprising a modulation and dispersion device
according to above described further embodiment of the
invention, and on the performance of a comparison sys-
tem having the same characteristics as the system ac-
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cording to the invention except for the fact that it does
not comprise the said modulation and dispersion device.
[0292] These measurements were made on a digital
optical signal in NRZ format.

[0293] The experimental set-up (shown in Fig. 20a)
comprised a pattern generator 500, an electro optical
converter 512, a wavelength adapter 515, a polarization
scrambler 545, a PMD emulator 550, an optical coupler
555, a noise generator 557, a first variable attenuator
559, a first optical amplifier 560, an optical filter 565, a
second optical amplifier 590, an optical spectrum ana-
lyzer 595, a signal compensator 605, a second variable
attenuator 640, a receiver 620 and an error detector
630.

[0294] Additionally, the signal compensator 605 con-
sisted of a synchronous amplitude modulation device
575, an optical amplifier 592 and a PMD compensator
570.

[0295] The pattern generator 500 was a "Pulse Pat-
tern Generator" made by Anritzu, model MP1763B.
[0296] The electro optical converter 512 was a DFB
laser externally modulated with a LiNbO; amplitude
modulator produced by the applicant.

[0297] The wavelength adapter was model WCM-
10G produced by the applicant.

[0298] The polarization scrambler 545 was a device
made by Hewlett Packard, model HP11896A.

[0299] The PMD emulator was a "PMD Emulator"
made by JDS, model PE4.

[0300] The optical amplifiers 560, 590, 592 were 14
dBm devices produced by the applicant and marketed
under the name of OLA/E - MW.

[0301] Noise generator 557 was an ASE source in-
cluding a pumped erbium doped fiber.

[0302] The two variable attenuators 559, 640 were
conventional optical devices produced and marketed by
E-TEK Dynamics Inc.

[0303] The optical filter 565 was a micro-optics band-
pass filter, namely an "interferential tunable filter" made
by JDS, with a bandwidth of 1.3 nm.

[0304] The receiver 620 was a Nortel PIN photodiode
with a band of 10 GHz.

[0305] The error detector 630 was an "Error Detector"
made by Anritzu, model MP1764A.

[0306] As shown in Fig. 20b, the synchronous ampli-
tude modulation device 575 consisted of an optical split-
ter 272, a clock recovery 271 and an amplitude modu-
lation element 2400 according to the invention.

[0307] The amplitude modulation element 2400 com-
prised a first 242 and a second 243 amplitude modula-
tor, a first 247 and a second 248 polarization beam split-
ter (PBS) and an electronic driver device 244 comprising
a first 273 and a second 274 electrical phase shifter, an
electrical power splitter 275, and a first 276 and a sec-
ond 277 electrical amplifier.

[0308] The optical splitter 272 was a conventional de-
vice made by E-TEK Dynamics Inc., capable of sending
approximately 5% of the optical power to the input of the



43

clock recovery 271 and approximately 95% to the two
amplitude modulators 242, 243.

[0309] The clock recovery 271 consisted of a PIN pho-
todiode with a bandwidth of 10 GHz made by Nortel, a
limiting amplifier made by Multilink and a 10 GHz clock
recovery device made by Veritech.

[0310] The electrical phase shifters 273, 274 were
0-18 GHz Macom FSC devices.

[0311] The electrical amplifiers 276, 277 were radio-
frequency amplifiers made by Era Technology Ltd.
[0312] The electrical power splitter 275 was a 6 dB
electrical radio-frequency splitter made by Suhner, mod-
el 4901.19.A, operating at 0-12 GHz.

[0313] The two amplitude modulators 242, 243 were
LiNbO5 devices produced by the applicant.

[0314] The two PBS 247 and 248 were conventional
microoptics devices.

[0315] The PMD compensator 570 was as described
above in relation to a second series of measurements
with a first embodiment of the modulation and dispersion
device according to the invention. However, in the
present further series of experiments the dispersion el-
ement 204 consisted of a section of single-mode optical
fibre of the step-index type produced by FOS and having
a length of approximately 9 km.

[0316] The pattern generator 500 was used to drive
the electro optical converter 512 so that it supplied a
signal modulated in accordance with the digital informa-
tion to be transmitted. The bit rate used was 10 GHz.
[0317] The wavelength adapter 515 converted the
modulated signal into a NRZ modulation signal at a
wavelength of 1555 nm.

[0318] Thus a digital optical signal in NRZ format was
sent to the input of the polarization scrambler 545.
[0319] In order to allow for the PMD introduced by an
optical fibre transmission line into the digital optical sig-
nal, the two fundamental polarization modes of the in-
coming bits were delayed by a time At by means the
PMD emulator 550. In order to verify the capacity of the
modulation and dispersion device according to the in-
vention to compensate different values of PMD, the said
two fundamental polarization modes were delayed by a
time At which was varied from time to time.

[0320] A noise signal generated by noise generator
557 and attenuated by attenuator 559 was coupled by
means of coupler 555 with the output of PMD emulator
550, to simulate the effect of ASE noise in an optical
transmission line with concatenated amplifiers. By var-
ying the attenuation of the variable attenuator 559 it was
possible to vary the signal/noise ratio for the optical sig-
nal.

[0321] The power of the digital optical signal with PMD
and ASE noise was amplified by the optical amplifier
560.

[0322] The power of the optical signal was filtered by
the optical filter 565 (in such a way as to eliminate much
of the ASE at a wavelength different from the signal
wavelength), and then amplified again by the optical am-
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plifier 590. A small fraction of the optical signal in am-
plifier 590 was coupled to optical spectrum analyzer
595, that was used to measure the optical signal/noise
ratio (OSNR).

[0323] The amplified optical signal was split by splitter
272 of the synchronous amplitude modulation device
575. Part of the signal(approximately 5%) was sent to
the clock recovery 271 and part (approximately 95%)
was sent to the two amplitude modulators 242, 243 via
PBS 247.

[0324] The clock recovery 271 recovered, from the
optical signal at its input, the bit rate and the synchroni-
zation with the average central position of the time slot
of the incoming bits.

[0325] Additionally, the two phase shifters 273, 274
made it possible to maintain synchronization with the
said average central position of the time slot, recovered
by the clock recovery 23.

[0326] The two amplitude modulators 242, 243 mod-
ulated the bits at their input by an amplitude modulation
having

- amodulation frequency of 10 GHz,

- a sinusoidal periodic variation in time having its
maximum transmission peaks synchronized with
the peaks of intensity of the optical pulses; and

- an amplitude modulation depth of a,,,=100%.

[0327] The signal was then synchronously phase
modulated by PMD compensator 570, as previously de-
scribed in relation to a second series of measurements
with a first embodiment of the modulation and dispersion
device according to the invention.

[0328] The digital optical signal, phase modulated in
this way, was then propagated along the optical fibre
204 which had a dispersion value B, = -21 ps2/km
(anomalous dispersion), resulting in a group delay D O
B,*L O-T2 0-190 ps2.

[0329] The power level of the optical signal leaving
the optical fibre 204 was adjusted by means of the var-
iable attenuator 640, so as to obtain an optimal optical
power of -3.5 dBm at the input of the receiver 620.
[0330] The optical signal was thus received by the re-
ceiver 620, and the error detector 630 was used to de-
termine the probability of error (Bit Error Rate, BER) with
a variation of the optical signal-to-noise ratio at the input
of the receiver 620 and a variation of the delay At intro-
duced between the two orthogonal polarization compo-
nents of the bits.

[0331] Inorderto compare the performance of the op-
tical communication system according to the invention,
having the modulation and dispersion device according
to the invention for compensating the PMD, with those
of the comparison optical communication system with-
out the said modulation and dispersion device, the
measurements were made firstly with the set-up in Fig.
20a, and secondly by removing all the elements of the
signal compensator 605.
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[0332] Fig. 21 shows the values of BER which were
obtained with a variation of the signal-to-noise ratio OS-
NR (expressed in dB) for a delay At of 0 ps (curve A),
30 ps (curve B), 40 ps (curve C) and 50 ps (curve D),
with the comparison system, and for a delay At of 0 ps
(curve E), 30 ps (curve F), 40 ps (curve G), 50 ps (curve
H) and 60 ps (curve 1), with the system according to the
invention.

[0333] As may be seen in Fig. 21, for a At of 40 ps,
the values of BER obtained with the system according
to the invention (curve G) are considerably better (for
the same signal-to-noise ratio) than those obtained with
the comparison system (curve C). Moreover, with the
system according to the invention the values of BER be-
come very close to those which would be obtained in
the absence of PMD. In fact, curve G indicates a penalty
of less than about 1 dB with the system according to the
invention (where penalty is defined as the increase in
OSNR that is required to achieve a same BER as the
comparison system for At=0), while curve C indicates a
penalty of about 3 dB for the comparison system.
[0334] The modulation and dispersion device accord-
ing to the invention is therefore capable of providing
practically complete compensation of the said time de-
lay At of 40 ps introduced by PMD into the two funda-
mental polarization modes of the digital optical signal.
[0335] While almost no penalty is achieved with the
system according to the invention for a At of 30 ps (curve
F), even for a At of 50 ps the values of BER obtained
with the system according to the invention are consid-
erably better than those obtained with the comparison
system, the penalty being decreased by more than 2 dB.
[0336] The bad performance for At of 60 ps is ex-
plained by the fact that the tail of the optical pulses end-
ed up in the adjacent time slots (total time slot duration:
100 ps) before reaching the signal compensator 605.
[0337] The experimental results with the present em-
bodiment of the invention further indicate that for a given
OSNR value the BER value remains substantially con-
stant (within 1 dB) for At up to at least 40 ps.

[0338] With respect to the previously described em-
bodiment of the modulation and dispersion device 200
according to a the invention (including a phase modula-
tion element and a dispersion element), the present em-
bodiment, also including an synchronous amplitude
modulation element has the further advantage of pro-
viding, in case of NRZ transmission, a constant and low
penalty value substantially independent from the value
of At, i.e., substantially independent from the degree of
time broadening that affects the signal.

[0339] Further computer simulations were carried out
by the inventors in order to verify the performance of the
optical communication system according to the inven-
tion, comprising the modulation and dispersion device
of the embodiment described with reference to Fig. 19.
The adopted simulation technique was analogous to
that described above with reference the previous em-
bodiments of the modulation and dispersion device (Fig.
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2-4), considering NRZ signal transmission and further
keeping into account in the simulation the amplitude
modulation provided by the amplitude modulation ele-
ment 2400.

[0340] Fig. 22 shows, as a result of the simulations,
the Q-factor versus the Differential Group Delay (DGD)
for the comparison system with no signal compensation
(curve A) and for the invention system with amplitude
modulation depths of a,y=70% (curve B), a,,=80%
(curve C), ap=90% (curve D) and 0),=100% (curve
E).

[0341] The simulation results show that in the com-
parison system (absence of signal compensation) the
Q-factor is severely degraded for DGD values greater
than 30 ps, while in the invention system, in particular
for amplitude modulation depths greater than 80%, a
substantially constant Q-factor is achieved, independ-
ent from the level of DGD.

[0342] Fig. 23 shows other simulation results, namely
a graph of BER versus Differential Group Delay (DGD)
for the comparison system for the comparison system
with no signal compensation (curve A) and for the in-
vention system with an amplitude modulation depth of
0,=100%, a group delay D=-200 ps2 and various val-
ues of K (maximum amplitude of the periodic phase
modulation): curve B corresponds to KD=-0.44, curve C
to KD=-0.55, curve D to KD=-0.66, curve E to KD=-0.78,
curve F to KD=-0.88, curve G to KD=-1.01 and curve H
corresponds to KD=-1.1.

[0343] The results confirm a significant improvement
in BER associated with NRZ signal broadening compen-
sation achieved by the modulation and dispersion de-
vice of the embodiment described with reference to Fig.
19, over the whole range of tested parameters. In par-
ticular, for KD included in a range of about -0.9 to -0.4,
a BER value is achieved that is substantially independ-
ent from DGD up to a DGD of about 40 ps.

The applicant has determined that the amount of disper-
sion compensation to be provided by the conventional
line compensators in a system according to the inven-
tion for transmitting NRZ signals, and adopting a mod-
ulation and dispersion device according to the further
embodiment of the invention described with reference
to fig. 19, is preferably between 85% and 110%, more
preferably between 90% and 105%, even more prefer-
ably between 95% and 100%.

Claims

1. An optical communication system (100) compris-
ing:

- a first apparatus (10) for transmitting at least
one digital optical signal (1000) comprising a
flow of bits having a predetermined bit rate f;
and a predetermined time slot with a duration
1/

c;



a7

- an optical transmission line (30), optically con-
nected to the said first apparatus (10), for the
propagation of the said digital optical signal
(1000);

- a second apparatus (20), optically connected
to the said optical transmission line (30), to re-
ceive the said digital optical signal (1000), the
said second apparatus (20) comprising a re-
ceiving device (40) and a modulation and dis-
persion device (200), characterized inthat the
said modulation and dispersion device (200)
comprises:

i. a modulation element (2000) for modu-
lating the phase of the said digital optical
signal (1000) by a modulation having

a) a modulation frequency predeter-
mined in accordance with the said bit
rate f. of the said digital optical signal
(1000),

b) a periodic variation in time which is
approximately symmetrical with re-
spect to a predetermined point within
the said time slot whose duration is
1/f., and

¢) a maximum amplitude K of the said
periodic variation;

ii. a chromatic dispersion element (204),
optically connected to the said modulation
element (2000), and capable of introducing
a group delay D into each bit of the phase
modulated digital optical signal (1000), the
said chromatic dispersion element (204)
providing a dispersion of the anomalous
type, when the said periodic variation in
time has a positive modulation amplitude,
and a dispersion of the normal type when
the said periodic variation in time has a
negative modulation amplitude.

An optical communication system (100) according
to Claim 1, characterized in that the product of the
said maximum amplitude K and the said group de-
lay D is in the range from A to B, where A is equal
to -0.5*(1-X) and B is equal to -0.5*(1+Y), and X is
less than or equal to 0.2 and Y is less than or equal
to 2.

An optical communication system (100) according
to Claim 1 or 2, characterized in that the said bits
are in RZ format.

An optical communication system (100) according
to Claim 1 or 2, characterized in that the said bits
are in NRZ format.
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An optical communication system (100) according
to any of Claims 1 to 4, characterized in that the
said second apparatus (20) also comprises an op-
tical beam splitter (22) capable of dividing the inten-
sity of the said digital optical signal (1000) in such
a way as to supply a first fraction of intensity to the
said modulation and dispersion device (200) and a
second fraction of intensity to a clock recovery de-
vice (23).

An optical communication system (100) according
to Claim 5, characterized in that the said clock re-
covery device (23) is actively connected to the said
modulation element (2000) of the said modulation
and dispersion device (200), and is capable of de-
termining the bit rate f; of the said digital optical sig-
nal (1000) arriving from the said optical beam split-
ter and the synchronization with the average central
position of the time slot of the bits of the said digital
optical signal (1000).

An optical communication system (100) according
to. any of the preceding Claims 1 to 6, character-
ized in that the said periodic variation in time of the
said phase modulation is approximately parabolic.

An optical communication system (100) according
to any of the preceding Claims 1 to 7, character-
ized in that the said modulation element (2000)
comprises at least a phase modulator (202) and a
driver device (24) for the said phase modulator
(202), the said driver device (24) being actively con-
nected to the said clock recovery device (23).

An optical communication system (100) according
to any of the preceding Claims 1 to 8, character-
ized in that the said chromatic dispersion element
(204) comprises a suitable section of optical. fibre.

A modulation and dispersion device (200) for
processing an optical signal (1000),

characterized in that the said modulation and dis-
persion device comprises

- amodulation element (2000) for modulating the
phase or the said optical signal (1000) by a
modulation having

a) a predetermined modulation frequency,
b) a predetermined periodic variation in
time, and

¢) a maximum amplitude K of the said pe-
riodic variation;

- achromatic dispersion element (204), connect-
ed optically to the said modulation element
(2000), and capable of introducing a group de-
lay D into the said optical signal (1000),
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i. the product of the said, maximum ampli-
tude K and the said group delay D being in
the range from A to B, where A is equal to
-0.5*(1-X) and B is equal to -0.5*(1+Y), and
X is less than or equal to 0.2 and Y is less
than or equal to 2; and

ii.the said chromatic dispersion element
(204) providing a dispersion of the anoma-
lous type, when the said periodic variation
in time has a positive modulation ampli-
tude, and a dispersion of the normal type
when the said periodic variation in time has
a negative modulation amplitude.

A modulation and dispersion device (200) accord-
ing to Claim 10, characterized in that the said op-
tical signal (1000) is a digital optical signal compris-
ing a flow of bits having a predetermined bit rate f.
and a predetermined time slot with a duration 1/f;

A modulation and dispersion device (200) accord-
ing to Claim 11, characterized inthat the said mod-
ulation frequency is selected in accordance with the
said bit rate f.

A modulation and dispersion device (200) accord-
ing to Claim 11 or 12, characterized inthat the said
periodic variation in time is approximately symmet-
rical with respect to a predetermined point within the
said time slot with a duration of 1/f..

A method for processing the bits of a digital optical
signal comprising a flow of bits having a predeter-
mined bit rate f, and a predetermined time slot hav-
ing a duration 1/f;, the said method comprising the
step of

a) modulating the phase of the said digital op-
tical signal,
characterized in that
has

said phase modulation

al) a modulation frequency predetermined
in accordance with the said bit rate f; of the
said digital optical signal,

a2) a periodic variation in time which is ap-
proximately symmetrical with respect to a
predetermined point within the said time
slot having the duration 1/f;, and

a3) a maximum amplitude K of the said pe-
riodic variation;

said method further comprising the step of

b) causing, in a suitable chromatic dispersion
element, a group delay D of each bit of the said
phase modulated digital optical signal, the said
chromatic dispersion element providing a dis-
persion of the anomalous type, when the said
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periodic variation in time has a positive modu-
lation amplitude, and a dispersion of the normal
type when the said periodic variation intime has
a negative modulation amplitude.

A method according to Claim 14, characterized in,
that the said processing consists in the compres-
sion of the bits of the said digital optical signal.

A method according to Claim 14, characterized in
that the said processing consists in the retiming of
the bits of the said digital optical signal.

A method according to Claim 14, characterized in
that the said processing consists in the compres-
sion and retiming of the bits of the said digital optical
signal.

A method according to any of the preceding Claims
14 to 17, characterized in that the product of the
said maximum amplitude K and the said group de-
lay D is in the range from A to B, where A is equal
to -0.5%(1-x) and B is equal to 0.5*(1+Y), and X is
less than or equal to 0.2 and Y is less than or equal
to 2.

An optical communication system (100) compris-
ing:

- a first apparatus (10) for transmitting at least
one digital optical signal (1000) comprising a
flow of bits having a predetermined bit rate f;
and a predetermined time slot with a duration
1/,

- an optical transmission line (30), optically con-
nected to the said first apparatus (10), for the
propagation of the said digital optical signal
(1000);

- a second apparatus (20), optically connected
to the said optical transmission line (30), to re-
ceive the said digital optical signal (1000), the
said second apparatus (20) comprising a re-
ceiving device (40) and a modulation and dis-
persion device (200), characterized inthat the
said modulation and dispersion device (200)
comprises;

i. @ modulation element (2400) for modu-
lating the amplitude of the said optical sig-
nal (1000) by a modulation having

al) a modulation frequency predeter-
mined in accordance with the said bit
rate f, of the said digital optical signal
(1000),

b1) an amplitude periodic variation in
time which is approximately symmetri-
cal with respect to a predetermined
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point within the said time slot whose
duration is 1/f;, and

cl1) a maximum amplitude a4y, of the
said amplitude periodic variation;

ii. a modulation element (2000) for modu-
lating the phase of the said digital optical
signal (1000) by a modulation having

a2) a modulation frequency predeter-
mined in accordance with the said bit
rate f, of the said digital optical signal
(1000),

b2) a phase periodic variation in time
which is approximately symmetrical
with respect to a predetermined point
within the said time slot whose dura-
tion is 1/f., and

c2) amaximum amplitude K of the said
phase periodic variation;

iii. a chromatic dispersion element (204),
optically connected to the said modulation
elements (2000; 2400), and capable of in-
troducing a group delay D into each bit of
the modulated digital optical signal (1000),
the said chromatic dispersion element
(204) providing a dispersion of the anoma-
lous type, when the said phase periodic
variation in time has a positive modulation
amplitude, and a dispersion of the normal
type when the said phase periodic variation
in time has a negative modulation ampli-
tude;

- said amplitude and phase modulation elements
(2400, 2000) being optically connected in cas-
cade.

An optical communication, system (100) according
to Claim 19, characterized in that the product of
the said maximum amplitude K and the said group
delay D is in the range from A to B, where A is equal
to -0.5*(1-X) and 8 is equal to -0.5*(1+Y), and X is
less than or equal to 0.2 and Y is less than or equal
to 2.

An optical communication system (100) according
to Claim 19 or 20, characterized in that the said
bits are in RZ format.

An optical communication system (100) according
to Claim 19 or 20, characterized in that the said
bits are in NRZ format.

A modulation and dispersion device (200) for
processing an optical signal (1000),
characterized in that the said modulation and dis-
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persion device comprises

- amodulation element (2400) for modulating the
amplitude of the said optical signal (1000) by a
modulation having

a) a predetermined modulation frequency,
b) a predetermined amplitude periodic var-
jiation in time, and

c) a maximum amplitude ay,y, of the said
amplitude periodic variation;

- amodulation element (2000) for modulating the
phase of the said optical signal (1000) by a
modulation having

a)said predetermined modulation frequen-
92

b) a predetermined phase periodic varia-
tion in time, and

¢) a maximum amplitude K of the said
phase periodic variation;

- achromatic dispersion element (204), connect-
ed optically to the said modulation elements
(2000; 2400), and capable of introducing a
group delay D into the said modulated optical
signal (1000),

i. the product of the said maximum ampli-
tude K and the said group delay D being in
the range from A to B, where A is equal to
-0.5*(1-X) and B is equal to -0.5*(1+Y), and
X'is less than or equal to 0.2 and Y is less
than or equal to 2; and

ii.the said chromatic dispersion element
(204) providing a dispersion of the anoma-
lous type, when the said phase periodic
variation in time has a positive modulation
amplitude, and a dispersion of the normal
type when the said phase periodic variation
in time has a negative modulation ampli-
tude,

- said amplitude and phase modulation elements
(2400, 2000) being optically connected in cas-
cade.

24. A method for processing the bits of a digital optical

signal comprising a flow of bits having a predeter-
mined bit rate f, and a predetermined time slot hav-
ing a duration 1/f;, characterized in that the said
method comprises the steps of

a) modulating the amplitude of the said digital
optical signal by a modulation having

al) amodulation frequency predetermined
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in accordance with the said bit rate f; of the
said digital optical signal,

a2) an amplitude periodic variation in time
which is approximately symmetrical with
respect to a predetermined point within the
said time slot having the duration 1/f,, and
a3) a maximum amplitude a,, of the said
amplitude periodic variation;

b) modulating the phase of the said digital op-
tical signal by a modulation having

b1) a modulation frequency predetermined
in accordance with the said bit rate f; of the
said digital optical signal,

b2) a phase periodic variation in time which
is approximately symmetrical with respect
to a predetermined point within the said
time slot having the duration 1/f;, and

b3) a maximum amplitude K of the said
phase periodic variation;

C) causing, in a suitable chromatic dispersion
element, a group delay D of each bit of the said
modulated digital optical signal, the said chro-
matic dispersion element providing a disper-
sion of the anomalous type, when the said
phase periodic variation in time has a positive
modulation amplitude, and a dispersion of the
normal type when the said phase periodic var-
iation in time has a negative modulation ampli-
tude,

- said amplitude modulation and said phase
modulation being performed in series.

Patentanspriiche

Optisches Kommunikationssystem (100), umfas-
send:

- eine erste Vorrichtung (10) zur Ubertragung
mindestens eines digitalen optischen Signals
(1000), welches einen Bitstrom umfasst, der ei-
ne vorbestimmte Bitrate f, und einen vorbe-
stimmten Zeitschlitz mit einer Dauer 1/f; hat;

- eine optische Ubertragungsleitung (30), die mit
der ersten Vorrichtung (10) optisch verbunden
ist, fur die Ausbreitung des digitalen optischen
Signals (1000);

- eine zweite Vorrichtung (20), die mit der opti-
schen Ubertragungsleitung (30) optisch ver-
bunden ist, um das digitale optische Signal
(1000) zu empfangen, wobei die zweite Vor-
richtung (20) eine Empfangsvorrichtung (40)
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und eine Modulations- und Dispersionsvorrich-
tung (200) umfasst, dadurch gekennzeich-
net, dass die Modulations- und Dispersions-
vorrichtung (200) umfasst:

i. ein Modulationselement (2000) zum Mo-
dulieren der Phase des digitalen optischen
Signals (1000) durch eine Modulation mit

a) einer Modulationsfrequenz, die in
Ubereinstimmung mit der Bitrate f, des
digitalen optischen Signals (1000) vor-
bestimmt ist,

b) einer periodischen Variation in der
Zeit, welche ungefahr symmetrisch ist
beziglich eines  vorbestimmten
Punkts innerhalb des Zeitschlitzes,
dessen Dauer 1/f; ist, und

c¢) einer Maximalamplitude K der peri-
odischen Variation;

ii. ein Element (204) der chromatischen Di-
spersion, welches optisch mit dem Modu-
lationselement (2000) verbunden ist, und
in der Lage ist eine Gruppenverzégerung
D in jedes Bit des phasenmodulierten digi-
talen optischen Signals (1000) einzuftigen,
wobei das Element (204) der chromati-
schen Dispersion eine anormale Dispersi-
on bereitstellt, wenn die periodische Varia-
tion in der Zeit eine positive Modulations-
amplitude hat, und eine normale Dispersi-
on, wenn die periodische Variation in der
Zeit eine negative Modulationsamplitude
hat.

Optisches Kommunikationssystem (100) nach An-
spruch 1, dadurch gekennzeichnet, dass das
Produkt der Maximalamplitude K und der Gruppen-
verzdégerung D im Bereich von A bis B ist, wobei A
gleich -0.5*(1-X) ist, und B gleich -0.5*(1+Y) ist, und
X kleiner oder gleich 0.2 und Y kleiner oder gleich
2 ist.

Optisches Kommunikationssystem (100) nach An-
spruch 1 oder 2, dadurch gekennzeichnet, dass
die Bits im RZ-Format sind.

Optisches Kommunikationssystem (100) nach An-
spruch 1 oder 2, dadurch gekennzeichnet, dass
die Bits im NRZ-Format sind.

Optisches Kommunikationssystem (100) nach ei-
nem der Anspriiche 1 bis 4, dadurch gekennzeich-

net, dass die zweite Vorrichtung (20) auch einen
optischen Strahlteiler (22) umfasst, der in der Lage
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ist die Intensitat des digitalen optischen Signals
(1000, so zu teilen, dass ein erster Bruchteil der In-
tensitat an die Modulations- und Dispersionsvor-
richtung (200) geliefert wird, und ein zweiter Bruch-
teil der Intensitat an eine Taktwiedergewinnungs-
vorrichtung (23).

Optisches Kommunikationssystem (100) nach An-
spruch 5, dadurch gekennzeichnet, dass die
Taktwiedergewinnungsvorrichtung (23) aktiv mit
dem Modulationselement (2000) der Modulations-
und Dispersionsvorrichtung (200) verbunden ist,
und in der Lage ist, die Bitrate f; des digitalen opti-
schen Signals (1000) zu bestimmen, das aus dem
optischen Strahlteiler ankommt, und die Synchroni-
sation mit der mittleren Zentralposition des Zeit-
schlitzes der Bits des digitalen optischen Signals
(1000).

Optisches Kommunikationssystem (100) nach ei-
nem der vorangehenden Anspriiche 1 bis 6, da-
durch gekennzeichnet, dass die periodische Va-
riation in der Zeit der Phasenmodulation ungefahr
parabolisch ist.

Optisches Kommunikationssystem (100) nach ei-
nem der. vorangehenden Anspriiche 1 bis 7, da-
durch gekennzeichnet, dass das Modulationsele-
ment (2000) mindestens einen Phasenmodulator
(202) und eine Ansteuervorrichtung (24) fur den
Phasenmodulator (202) umfasst, wobei die Ansteu-
ervorrichtung (24) mit der Taktwiedergewinnungs-
vorrichtung (23) aktiv verbunden ist.

Optisches Kommunikationssystem (100) nach ei-
nem der vorangehenden Anspriche 1 bis 8, da-
durch gekennzeichnet, dass das Element (204)
der chromatischen Dispersion einen geeigneten
optischen Faserabschnitt umfasst.

Modulations- und Dispersionsvorrichtung (200) zur
Verarbeitung eines optischen Signals (1000), da-
durch gekennzeichnet, dass die Modulations-
und Dispersionsvorrichtung umfasst:

- ein Modulationselement (2000) zum Modulie-
ren der Phase des optischen Signals (1000)
durch eine Modulation mit

a) einer vorbestimmten Modulationsfre-
quenz,

b) einer vorbestimmten periodischen Va-
riation in der Zeit, und

c) einer Maximalamplitude K der periodi-
schen Variation;
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- ein Element (204) der chromatischen Dispersi-
on, welches optisch mit dem Modulationsele-
ment (2000) verbunden ist, und in der Lage ist
eine Gruppenverzdgerung D in das optische Si-
gnal (1000) einzufiigen, wobei

i. das Produkt der Maximalamplitude K und
der Gruppenverzégerung D im Bereich von
A bis B liegt, wobei A gleich -0.5*(1-X) und
B gleich -0.5*(1+Y) ist, und X kleiner oder
gleich 0.2 und Y kleiner oder gleich 2 ist;
und

ii. das Element (204) chromatischer Di-
spersion eine anormale Dispersion bereit-
stellt, wenn die periodische Variation in der
Zeit eine positive Modulationsamplitude
hat, und eine normale Dispersion, wenn
die periodische Variation in der Zeit eine
negative Modulationsamplitude hat.

Modulations- und Dispersionsvorrichtung (200)
nach Anspruch 10, dadurch gekennzeichnet,
dass das optische Signal (1000) ein digitales opti-
sches Signal ist, welches einen Bitstrom umfasst,
der eine vorbestimmte Bitrate f, und einen vorbe-
stimmten Zeitschlitz mit einer Dauer 1/f; hat.

Modulations- und Dispersionsvorrichtung (200)
nach Anspruch 11, dadurch gekennzeichnet,
dass die Modulationsfrequenz in Ubereinstimmung
mit der Bitrate f, gewahlt ist.

Modulations- und Dispersionsvorrichtung (200)
nach Anspruch 11 oder 12, dadurch gekennzeich-
net, dass die periodische Variation in der Zeit un-
gefdhr symmetrisch ist bezlglich eines vorbe-
stimmten Punkts innerhalb des Zeitschlitzes mit ei-
ner Dauer von 1/f..

Verfahren zur Verarbeitung der Bits eines digitalen
optischen Signals, das einen Bitstrom umfasst, wel-
cher eine vorbestimmte Bitrate f, und einen vorbe-
stimmten Zeitschlitz mit einer Dauer 1/f; hat, wobei
das Verfahren den Schritt umfasst:

a) Modulieren der Phase des digitalen opti-
schen Signals,

dadurch gekennzeichnet, dass
modulation

die Phasen-

al) eine Modulationsfrequenz hat, die in
Ubereinstimmung mit der Bitrate f. des di-
gitalen optischen Signals vorbestimmt ist,

a2) eine periodische Variation in der Zeit
hat, welche ungeféhr symmetrisch ist be-
zlglich eines vorbestimmten Punkts inner-
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halb des Zeitschlitzes, der die Dauer 1/f;
hat, und

a3) eine Maximalamplitude K der periodi-
schen Variation hat;

wobei das Verfahren weiterhin den Schritt um-
fasst:

b) Bewirken einer Gruppenverzégerung D je-
des Bits des phasenmodulierten digitalen opti-
schen Signals in einem geeigneten Element
der chromatischen Dispersion, wobei das Ele-
ment der chromatischen Dispersion eine anor-
male Dispersion bereitstellt, wenn die periodi-
sche Variation in der Zeit eine positive Modula-
tionsamplitude hat, und eine normale Dispersi-
on, wenn die periodische Variation in der Zeit
eine negative Modulationsamplitude hat.

Verfahren nach Anspruch 14, dadurch gekenn-
zeichnet, dass die Verarbeitung in der Kompressi-
on der Bits des digitalen optischen Signals besteht.

Verfahren nach Anspruch 14, dadurch gekenn-
zeichnet, dass die Verarbeitung in der Neutaktung
der Bits des digitalen optischen Signals besteht.

Verfahren nach Anspruch 14, dadurch gekenn-
zeichnet, dass die Verarbeitung in der Kompressi-
on und Neutaktung der Bits des digitalen optischen
Signals besteht.

Verfahren nach einem der vorangehenden Anspri-
che 14 bis 17, dadurch gekennzeichnet, dass das
Produkt der Maximalamplitude K und der Gruppen-
verzdgerung D im Bereich von A bis B ist, wobei A
gleich -0.5*(1-X) ist und B gleich -0.5*(1+Y) ist, und
X kleiner oder gleich 0.2 und Y kleiner oder gleich
2 ist.

Optisches Kommunikationssystem (100) umfas-
send:

- eine erste Vorrichtung (10) zur Ubertragung
mindestens eines digitalen optischen Signals
(1000), welches einen Bitstrom umfasst, der ei-
ne vorbestimmte Bitrate f, und einen vorbe-
stimmten Zeitschlitz mit einer Dauer 1/f; hat;

- eine optische Ubertragungsleitung (30), die mit
der ersten Vorrichtung (10) optisch verbunden
ist, fir : die Ausbreitung des digitalen optischen
Signals (1000) ;

- eine zweite Vorrichtung (20), die mit der opti-
schen Ubertragungsleitung (30) optisch ver-
bunden ist, um das digitale optische Signal
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(1000) zu empfangen, wobei die zweite Vor-
richtung (20) eine Empfangsvorrichtung (40)
und eine Modulations- und Dispersionsvorrich-
tung (200) umfasst, dadurch gekennzeich-
net, dass die Modulations- und Dispersions-
vorrichtung (200) umfasst:

i. ein Modulationselement (2400) zum Mo-
dulieren der Amplitude des optischen Si-
gnals (1000) durch eine Modulation mit

al) einer Modulationsfrequenz, die in
Ubereinstimmung mit der Bitrate f. des
digitalen optischen Signals (1000) be-
stimmt ist,

bl) einer amplitudenperiodischen Va-
riation in der Zeit, welche ungefahr
symmetrisch ist beziglich eines vor-
bestimmten Punkts innerhalb des Zeit-
schlitzes, dessen Dauer 1/fc ist, und

cl) einer Maximalamplitude oy, der
amplitudenperiodischen Variation;

ii. ein Modulationselement (2000) zum Mo-
dulieren der Phase des digitalen optischen
Signals (1000) durch eine Modulation mit

a2) einer Modulationsfrequenz, die in
Ubereinstimmung mit der Bitrate f. des
digitalen optischen Signals (1000) vor-
bestimmt ist,

b2) einer phasenperiodischen Variati-
on in der Zeit, welche ungeféhr sym-
metrisch bezuglich ist eines vorbe-
stimmten Punkts innerhalb des Zeit-
schlitzes, dessen Dauer 1/f; ist, und

c2) einer Maximalamplitude K der pha-
senperiodischen Variation;

iii. ein Element (204) der chromatischen Di-
spersion, welches mit den Modulationsele-
menten (2000; 2400) optisch verbunden
ist, und in der Lage ist eine Gruppenverzo-
gerung D in jedes Bit des digitalen opti-
schen Signals (1000) einzufugen, wobei
das chromatische Dispersionselement
(204) eine anormale Dispersion bereit-
stellt, wenn die phasenperiodische Variati-
onin der Zeit eine positive Modulationsam-
plitude hat, und eine normale Dispersion,
wenn die phasenperiodische Variation in
der Zeit eine negative Modulationsamplitu-
de hat;
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- wobei die Amplitudenmodulations- und Pha-
senmodulationselemente (2400, 2000) optisch
in einer Kaskade geschaltet sind.

Optisches Kommunikationssystem (100) nach An-
spruch 19, dadurch gekennzeichnet, dass das
Produkt der Maximalamplitude K und der Gruppen-
verzdgerung D im Bereich von A bis B ist, wobei A
gleich -0.5*(1-X) ist und B gleich 0.5*(1+Y) ist, und
X kleiner oder gleich 0.2 und Y kleiner oder gleich
2 ist.

Optisches Kommunikationssystem (100) nach An-
spruch 19 oder 20, dadurch gekennzeichnet,
dass die Bits im RZ-Format sind.

Optisches Kommunikationssystem (100) nach An-
spruch oder 20, dadurch gekennzeichnet, dass
die Bits im NRZ-Format sind.

Modulations- und Dispersionsvorrichtung (200) zur
Verarbeitung eines optischen Signals (1000), da-
durch gekennzeichnet, dass die Modulations-
und Dispersionsvorrichtung umfasst:

- ein Modulationselement (2400) zum Modulie-
ren der Amplitude des optischen Signals (1000)
durch eine Modulation mit

a) einer vorbestimmten Modulationsfre-
guenz,

b) einer vorbestimmten amplitudenperiodi-
schen Variation in der Zeit, und

c) einer maximalen Amplitude oy, der am-
plitudenperiodischen Variation,

- ein Modulationselement (2000) zum Modulie-
ren der Phase des optischen Signals (1000)
durch eine Modulation mit

a) einer vorbestimmten Modulationsfre-
quenz,

b) einer vorbestimmten phasenperiodi-
schen Variation in der Zeit, und

c) einer Maximalamplitude K der phasen-
periodischen Variation,

- ein Element (204) der chromatischen Dispersi-
on, das mit den Modulationselementen (2000;
2400) optisch verbunden ist, und in der Lage
ist, eine Gruppenverzégerung D in das modu-
lierte optische Signal (1000) einzufiigen, wobei

i. das Produkt der Maximalamplitude K und
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der Gruppenverzégerung D im Bereich von
A bis B ist, wobei A gleich -0.5*(1-X) ist und
B gleich -0.5*(1+Y) ist, und X kleiner oder
gleich 0.2 und Y kleiner oder gleich 2 ist;
und

ii. das Element (204) der chromatischen
Dispersion eine anormale Dispersion be-
reitstellt, wenn die phasenperiodische Va-
riation in der Zeit eine positive Modulati-
onsamplitude hat, und eine normale Di-
spersion, wenn die phasenperiodische Va-
riation in der Zeit eine negative Modulati-
onsamplitude hat,

- wobei die Amplitudenmodulations- und Pha-
senmodulationselemente (2400, 2000) optisch
in einer Kaskade geschaltet sind.

24. Verfahren zur Verarbeitung der Bits eines digitalen

optischen Signals, das einen Bitstrom umfasst, wel-
cher eine vorbestimmte Bitrate f, und einen vorbe-
stimmten Zeitschlitz mit einer Dauer 1/f; hat, da-
durch gekennzeichnet, dass das Verfahren die
Schritte umfasst:

a) Modulieren der Amplitude des digitalen op-
tischen Signals durch eine Modulation mit

al) einer Modulationsfrequenz, die in
Ubereinstimmung mit der Bitrate f, des di-
gitalen optischen Signals vorbestimmt ist,

a2) einer amplitudenperiodischen Variati-
on in der Zeit, welche ungefahr symme-
trisch ist bezuglich eines vorbestimmten
Punkts innerhalb des Zeitschlitzes mit der
Dauer 1/f;, und

a3) einer Maximalamplitude o,y der am-
plitudenperiodischen Variation,

b) Modulieren der Phase des digitalen opti-
schen Signals durch eine Modulation mit

b1l) einer Modulationsfrequenz, die in
Ubereinstimmung mit der Bitrate f. des di-
gitalen optischen Signals vorbestimmt ist,

b2) einer phasenperiodischen Variation in
der Zeit, welche ungeféhr symmetrisch ist
beziglich eines vorbestimmten Punkts in-
nerhalb des Zeitschlitzes mit der Dauer
1/f., und

b3) einer Maximalamplitude K der phasen-
periodischen Variation,
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c) Bewirken einer Gruppenverzégerung D je-
des Bits des modulierten digitalen optischen Si-
gnals in einem geeigneten Element der chro-
matischen Dispersion, wobei das Element der
chromatischen Dispersion eine anormale Di-
spersion bereitstellt, wenn die phasenperiodi-
sche Variation in der Zeit eine positive Modula-
tionsamplitude hat, und eine normale Dispersi-
on, wenn die phasenperiodische Variation in
der Zeit eine negative Modulationsamplitude
hat,

- wobei die Amplitudenmodulation und die
Phasenmodulation in Reihe durchgefihrt
werden.

Revendications

Systeme de communication optique (100) compre-
nant:

- un premier dispositif (10) pour transmettre au
moins un signal optique numérique (1000)
comprenant une suite de bits ayant une caden-
ce binaire prédéterminée f; et un créneau tem-
porel prédéterminé d'une durée égale a 1/f;

- une ligne de transmission optique (30) connec-
té optiquement audit premier appareil (10) pour
la propagation dudit signal optique numérique
(1000);

- unsecond dispositif (20) connecté optiquement
a ladite ligne de transmission optique (10) pour
recevoir ledit signal optique numérique (1000),
ledit second dispositif (20) comprenant un dis-
positif de réception (40) et un dispositif de mo-
dulation et de dispersion (200),

caractérisé en ce que ledit dispositif de modulation
et de dispersion (200) comprend:

i. un élément de modulation (2000) pour modu-
ler la phase dudit signal optique numérique
(1000) a l'aide d'une modulation comportant

a) une fréquence de modulation détermi-
née en fonction de ladite cadence binaire
f, dudit signal optique numérique (1000),
b) une variation périodique dans le temps,
qui est approximativement symétrique a un
point prédéterminé a l'intérieur dudit cré-
neau temporel et dont la durée est égale a
1/f,, et

c) une amplitude maximale K de ladite va-
riation période;

ii. un élément de dispersion chromatique (204),
connecté optiquement audit élément de modu-
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lation (2000) et apte a introduire un retard de
groupe D dans chaque bit du signal optique nu-
mérique modulé en phase (1000), ledit élément
de dispersion chromatique (204) fournissant
une dispersion de type anormal lorsque ladite
variation périodique dans le temps possede
une amplitude de modulation positive, et une
dispersion de type normal lorsque ladite varia-
tion périodique dans le temps possede une am-
plitude de modulation négative.

Systéme de communication optique (100) selon la
revendication 1, caractérisé en ce que le produit
de ladite amplitude maximale K et ledit retard de
groupe D se situe dans la gamme de A & B, A étant
égal a -0,5*(1-X) et B étant égal a -0,5*(1+Y) et X
est inférieur ou égal a 0,2 et Y est inférieur ou égal
az.

Systeme de communication optique (100) selon la
revendication 1 ou 2, caractérisé en ce que lesdits
bits sont présents dans le format RZ.

Systeme de communication optique (100) selon la
revendication 1 ou 2, caractérisé en ce que lesdits
bits sont présents selon le format NRZ.

Systéeme de communication optique (100) selon la
revendication 1 ou 4, caractérisé en ce que ledit
second dispositif (20) comprend également un divi-
seur de faisceau optique (22) apte a diviser l'inten-
sité dudit signal optique numérique (1000) de ma-
niere a délivrer une premiere fraction de l'intensité
dudit dispositif de modulation et de dispersion (200)
et une seconde fraction d'intensité pour un dispositif
(23) de récupération du signal d'horloge.

Systeme de communication optique (100) selon la
revendication 5, caractérisé en ce que ledit dispo-
sitif (23) de récupération du signal d'horloge est
connecté activement audit élément de modulation
(2000) dudit dispositif de modulation et de disper-
sion (200) et peut déterminer la cadence binaire f,
dudit signal optique numérique (1000) arrivant dudit
diviseur de faisceau optique et la synchronisation
avec la position centrale moyenne du créneau tem-
porel des bits dudit signal optigue numérique
(1000).

Systeme de communication optique (100) selon
I'une quelconque des revendications précédentes
1 a6, caractérisé en ce que ladite variation pério-
dique dans le temps de ladite modulation de phase
est approximativement parabolique.

Systeme de communication optique (100) selon
I'une quelconque des revendications précédentes
1 a7, caractérisé en ce que ledit élément de mo-
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dulation (2000) comprend au moins un modulateur
de phase (202) et un dispositif de commande (24)
pour ledit modulateur de phase (202), ledit dispositif
de commande (24) étant connecté activement audit
dispositif (23) de récupération du signal d'horloge.

Systeme de communication optique (100) selon
l'une quelconque des revendications précédentes
1 & 8, caractérisé en ce que ledit élément de dis-
persion chromatique (200) comprend une section
appropriée de fibre optique.

Dispositif de modulation et de dispersion (200) pour
traiter un signal optique (1000),

caractérisé en ce que ledit dispositif de modulation
et de dispersion comprend

- un élément de modulation (2000) pour moduler
la phase dudit signal optique numérique (1000)
a l'aide d'une modulation comportant

a) une fréquence de modulation détermi-
née,

b) une variation périodique prédéterminée
dans le temps, et

¢) une amplitude maximale K de ladite va-
riation périodique;

- un élément de dispersion chromatique (204),
connecté optiquement audit élément de modu-
lation (2000) et apte a introduire un retard de
groupe D dans ledit signal optique (1000),

i. le produit de ladite amplitude maximale
K et ledit retard de groupe D se situant
dans la gamme de A a B, A étant égal a
-0,5%(1-X) et B étant égal & -0,5%(1+Y) et X
étant inférieur ou égal a 0,2 et Y étant in-
férieur ou égal a 2;

ii. ledit élément de dispersion chromatique
(204) produisant une dispersion du type
anormal lorsque ladite variation périodique
dans le temps posséde une amplitude de
modulation positive, et une dispersion de
type normal lorsque ladite variation pério-
dique dans le temps posséde une amplitu-
de de modulation négative.

Dispositif de modulation et de dispersion (200) se-
lon la revendication 10, caractérisé en ce que ledit
signal optique (1000) est un signal optique compre-
nant une suite de bits ayant une cadence binaire
prédéterminée f. et un créneau temporel prédéter-
miné mesuré d'une durée égale a 1/f..

Dispositif de modulation et de dispersion (200) se-
lon la revendication 11, caractérisé en que ladite
fréquence de modulation est choisie en fonction de
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ladite cadence binaire f.

Dispositif de modulation et de dispersion (200) se-
lon la revendication 11 ou 12, caractérisé en ce

que ladite variation périodique dans le temps est
approximativement symétrique par rapport a un
point prédéterminé dans ledit créneau temporel
avec une durée égale a 1/f..

Procédé pour le traitement des bits d'un signal op-
tigue numérique comprenant une suite de bit pos-
sédant une cadence binaire prédéterminée f; et un
créneau temporel prédéterminé ayant une durée
1/f., ledit procédé comprenant I'étape consistant a

a) moduler la phase dudit signal optique numé-
rique,

caractérisé en ce que
phase possede

ladite modulation de

al) une frégquence de modulation prédéter-
minée en fonction de ladite cadence binai-
re f, dudit signal optique numérique;

a2) une variation périodique dans le temps
qui est approximativement symétrique par
rapport a un point prédéterminé dans ledit
créneau temporel possédant la durée 1/f,
et

a3) une amplitude maximale K de ladite va-
riation périodique;

ledit procédé comprenant en outre I'étape con-
sistant &

b) dans un élément de dispersion chromatique
approprié, amener un retard de groupe D de
chaque bit dudit signal optique numérique mo-
dulé en phase, ledit élément de dispersion
chromatique fournissant une dispersion du ty-
pe anormale lorsque ladite variation périodique
dans le temps possede une amplitude de mo-
dulation positive, et une dispersion du type nor-
mal lorsque ladite variation périodique dans le
temps possede une amplitude de modulation
négative.

Procédé selon la revendication 14, caractérisé en
ce que ledit traitement consiste en une compres-
sion des bits dudit signal optique numérique.

Procédé selon la revendication 14, caractérisé en
ce que ledit traitement consiste en le recadence-
ment des bits dudit signal optique numérique.

Procédé selon la revendication 14, caractérisé en
ce que ledit traitement consiste en la compression
et le recadencement des bits dudit signal optique
numérique.
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Procédé selon I'une quelconque des revendications
précédentes 14 a 17, caractérisé en ce que le pro-
duit de ladite amplitude maximale K par ledit retard
de groupe D se situe dans la gamme entre A et B,
A étant égale a -0,5%(1-X) et B étant égal a -0,5*
(1+Y) et X est inférieur ou égal a 0,2 et Y est infé-
rieur ou égal a 2.

Systéme de communication optique (100) compre-
nant:

- un premier dispositif (10) pour transmettre au
moins un signal optique numérique (1000)
comprenant une suite de bits prédéterminée f,
et un créneau temporel prédéterminé ayant
une durée prédéterminée 1/f;

- une ligne de transmission optique (30) connec-
tée optiguement audit premier dispositif (10)
pour la propagation dudit signal optique numé-
rique (1000);

- unsecond dispositif (20) connecté optiquement
a ladite ligne de transmission optique (30) pour
recevoir ledit signal optique numérique (1000),
ledit second dispositif (20) comprenant un dis-
positif de réception (40) et un dispositif de mo-
dulation et de dispersion (200),
caractérisé en ce que ledit dispositif de modu-
lation et de dispersion (200) comprend:

i. un élément de modulation (2400) servant
a moduler I'amplitude dudit signal optique
numérique (1000) au moyen d'une modu-
lation possédant

al) une fréquence de modulation dé-
terminée en fonction de ladite cadence
binaire f, dudit signal optique numéri-
que (1000),

b1) une variation d'amplitude dans le
temps, qui est approximativement sy-
métrique par rapport a un point prédé-
terminé a l'intérieur dudit créneau tem-
porel, dont la durée est égale a 1/f;, et
cl) une amplitude maximale o,y de
ladite variation périodique d'amplitu-
de;

ii. un élément de modulation (2000) pour
moduler la phase dudit signal optique nu-
mérique (1000) par une modulation possé-
dant

a2) une fréquence de modulation pré-
déterminée en fonction de ladite ca-
dence binaire f; dudit signal optique
numérique (1000),

b2) une variation périodique de phase
dans le temps qui est approximative-
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ment symétrique par rapport a un point
prédéterminé dans ledit créneau tem-
porel, dont la durée est 1/f, et
¢2) une amplitude maximale K de ladi-
te variation période de phase;

ii. un élément de dispersion chromatique
(204), connecté optiquement auxdits élé-
ments de modulation (2000, 2400) et apte
a introduire un retard de groupe D dans
chaque bit du signal optique numérique
modulé (1000), ledit élément de dispersion
chromatique (204) fournissant une disper-
sion de type anormal lorsque ladite varia-
tion périodique de phase dans le temps
possede une amplitude de modulation po-
sitive, et une dispersion de type normal
lorsque ladite variation périodique de pha-
se dans le temps possede une amplitude
de modulation négative.

- lesdits éléments de modulation d'amplitude
(2400, 2000) étant connectés optiquement en
cascade.

Systeme de communication optique (100) selon la
revendication 19, caractérisé en ce que le produit
de ladite amplitude maximale K par ledit retard de
groupe D se situe dans lagamme allantde AaB A
étant égal a -0,5*(1-X) et B étant égal a -0,5*(1+Y)
et X est inférieur ou égal a 0,2 et Y est inférieur ou
égal a 2.

Systéeme de communication optique (100) selon la
revendication 19 ou 20, caractérisé en ce que les-
dits bits sont présents selon le format RZ.

Systeme de communication optique (100) selon la
revendication 19 ou 20, caractérisé en ce que les-
dits bits sont présents selon le format NRZ.

Dispositif de modulation et de dispersion (200) pour
traiter un signal optique (1000),

caractérisé en ce que ledit dispositif de modulation
et de dispersion comprend

- unélément de modulation (2400) servant a mo-
duler I'amplitude dudit signal optique (1000) par
une modulation possédant

a) une fréquence de modulation prédéter-
minée,

b) une variation périodique prédéterminée
d'amplitude dans le temps, et

¢) une amplitude maximale a4, de ladite
variation périodique d'amplitude;

- un élément de modulation (2000) pour moduler
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la phase dudit signal optique numérique (1000)
par une modulation possédant

a) ladite modulation de fréquence prédé-
terminée,

b) une variation périodique prédéterminée
de phase dans le temps, et

¢) une amplitude maximale K de ladite va-
riation périodique de phase;

- un élément de dispersion chromatique (204),
connecté optiqguement auxdits éléments de
modulation (2000; 2400) et apte a introduire un
retard de groupe D dans ledit signal optique nu-
mérique modulé (1000),

i) le produit de ladite amplitude maximale
K par ledit retard de groupe D se situant
dans la gamme de A a B, A étant égal a
-0,5%(1-X) et B étant égal a -0,5%(1+Y) et X
étant inférieur ou égal a 0,2 et Y étant in-
férieur ou égal a 2;

ii) ledit élément de dispersion chromatique
(204) réalisant une dispersion du type
anormal lorsque ladite variation périodique
de phase dans le temps possede une am-
plitude de modulation positive, et une dis-
persion du type normal lorsque ladite va-
riation périodique de phase dans le temps
possede une amplitude de modulation né-
gative,

- lesdits éléments de modulation d'amplitude et
de phase (2400, 2000) étant connectés opti-
quement en cascade.

24. Procédé pour traiter des bits d'un signal optique nu-
mérique comprenant une suite de bits possédant
une cadence binaire prédéterminée f, et un cré-
neau temporel prédéterminé ayant une durée égale
a 1/f, caractérisé en ce que ledit procédé com-
prend les étapes consistant &

a) moduler la phase dudit signal optique numé-
rique, par une modulation possédant

al) une fréquence de modulation détermi-
née en fonction de ladite cadence binaire
f dudit signal optique numérique,

a2) une variation périodique dans le temps
qui est approximativement symétrique par
rapport & un point prédéterminé dans ledit
créneau temporel possédant la durée 1/f,
et

a3) une amplitude maximale ay, de ladite
variation périodique;

b) moduler la phase dudit signal optique numé-
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rique par une modulation possédant

b1) une fréquence de modulation prédéter-
minée en fonction de ladite cadence binai-
re f, dudit signal optique numérique,

b2) une variation période de phase dans le
temps, qui est approximativement symétri-
gue par rapport a un point prédéterminé si-
tué dans ledit créneau temporel possédant
la durée égale a 1/f, et

b3) une amplitude maximale K de ladite va-
riation périodique;

c) produire, dans un élément de dispersion
chromatique approprié, un retard de groupe D
de chaque bit dudit signal optique numérique
modulé, ledit élément de dispersion chromati-
que fournissant une dispersion du type anor-
male lorsque ladite variation périodique de pha-
se dans le temps possede une amplitude de
modulation positive, et une dispersion du type
normal lorsque ladite variation périodique dans
le temps possede une amplitude de modulation
négative,

- ladite modulation d'amplitude et ladite mo-
dulation de phase étant exécutées en sé-
rie.
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