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OPTICAL TRANSMITTER, OPTICAL
NETWORK AND METHOD FOR
COMPENSATION OF POLARIZATION MODE
DISPERSION

RELATED APPLICATIONS

[0001] This application claims priority from PCT applica-
tion PCT/EP2007/055057, which is entitiled, “Optical Trans-
mitter, Optical Network and Method for Compensation of
Polarization Mode Dispersion.” That application was filed on
May 24, 2007 and is incorporated herein by reference in its
entirety.

TECHNICAL FIELD

[0002] The present invention relates generally to optical
communications networks, and particularly to compensation
of polarization mode dispersion.

BACKGROUND

[0003] Polarization Mode Dispersion (PMD) of transmis-
sion fibers is likely the most limiting effect for deploying
high-speed optical communications systems at 40 Gbit/s per
channel and above. PMD arises from random birefringence in
fibers and network devices, which gives rise to a differential
group delay (DGD) between the two principal states of polar-
ization (PSPs), and manifests as random pulse distortion and
performance degradation in optical fiber transmission sys-
tems. PMD is a stochastic phenomenon whose DGD value
changes with time, temperature, wavelength and deployment
condition.

[0004] In an ideal situation, light with different polariza-
tions travels at the same speed in a waveguide (optical fiber).
Due to random imperfections and asymmetries that cause
random spreading of optical pulses, which are present in real
life optical fiber, two different polarizations of light travel
across the waveguide with different speeds. This phenom-
enon is called Polarization Mode Dispersion.

[0005] To mitigate the effect of PMD, optical systems must
include some form of PMD compensation. In Wavelength
Division Multiplex (WDM) systems, one such compensator
for each channel must normally be employed to achieve sat-
isfactory performance. To effectively mitigate the PMD
effects, the temporal drift of the PMD characteristics forces
any active compensation technique to dynamically adapt
while the system is in operation and the fiber PMD evolves. A
number of optical and electronic PMD compensators were
proposed. Among them the solutions in the electrical domain
are generally faster and more flexible, but they are intrinsi-
cally limited to low PMD. Therefore, the optical PMD com-
pensators, which are much more complex, have larger poten-
tial as the PMD (at least in theory) can be completely
compensated in the optical domain.

[0006] The basic blocks of a typical PMD compensator are
a number of high-birefringence elements (e.g. Polarization
Maintaining Fibers, PMF, elements), a feedback signal and an
optimization algorithm that dynamically drives the PMDC.
[0007] A disadvantage of the solutions known in the art is
that the effectiveness of PMD-Compensators (PMDCs) is
often estimated through a static or quasi-static procedure:
since the penalty depends on both input signal State Of Polar-
ization (SOP) and the fiber PMD, one can use a PMD-emu-
lator and fix the input signal SOP to measure the effectiveness
of'the PMDC. Then either SOP or PMD are changed and the
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PMDC optimized again (this corresponds, at the theoretical
level, to the outage probability approach). In both cases, one
neglects what may happen during transients from one oper-
ating condition to the next. In principle, any change of the
input state of polarization (SOP) and/or of the fiber PMD
corresponds to a time-dependant trajectory of the PMDC
variable parameters. Therefore this quasi-static approach
might be correct only if these trajectories had no discontinu-
ity. This has been proven not true.

[0008] Most Polarization Mode Dispersion Compensators
can use one out of two different compensation strategies.

System impairments only depend on |Q"E| where Sand Qare
the Stokes vectors of the signal SOP and overall 1* order
PMD, respectively. Hence, a PMDC works effectively if

either Qis parallel to Sor if ‘QLS simply minimized. If the
PMDC starts in the “parallel” mode, after some time, the
PMDC may have to instantaneously switch to the “minimi-
zation” mode.

[0009] Since there is a nonzero time needed for switching
the PMDC and then iteratively finding the new optimum
operation point, the PMDC may produce eye closure and
error bursts during these time windows, which cannot be
tolerated by system and network architectures.

[0010] From the PMDC it is therefore mandatory that it
cannot ever use the “parallel” strategy. However this cannot
be easily avoided: the signal characteristics do not allow
separating these two operation modes. Thus, the usual feed-
back signals provide basically the same results in the two
operation modes, and different types of feedback cannot be
used to discriminate between the two modes. Therefore, cur-
rent optical PMDCs are prone to lock to unstable conditions,
and may produce ineffective compensation with low signal
quality and unacceptable error bursts.

[0011] Asis known in the art, a technique known as polar-
ization scrambling, which is currently used in long-haul opti-
cal transmission systems, may not be suitable for application
in compensation of polarization mode dispersion.

[0012] Hence, animproved apparatus and method for com-
pensating polarization mode dispersion would be advanta-
geous. Such a method and apparatus should be easily appli-
cable to methods of compensating a broad range of PMD
(including high polarization mode dispersion), as well as to
situations with variable state of polarization.

SUMMARY

[0013] Accordingly, the invention seeks to preferably miti-
gate, alleviate or eliminate one or more of the disadvantages
mentioned above singly or in any combination.

[0014] According to a first aspect of the present invention
there is provided an optical transmitter apparatus for use in
optical communications network comprising a polarization
dithering unit connected in series between an output of an
optical transmitter unit and a transmission fiber.

[0015] According to a second aspect of the present inven-
tion there is provided an optical communications network
comprising at least a transmitter apparatus and a receiving
apparatus, wherein the transmitter apparatus comprises a
polarization dithering unit connected in series between an
output of an optical transmitter unit and a transmission fiber,
the network further comprises a Polarization Mode Disper-
sion Compensator connected between the end of the trans-
mission fiber and an input of the receiving apparatus.
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[0016] Preferably, the Polarization Mode Dispersion Com-
pensator comprises a Polarization Controller, a delay unitand
a feedback signal line that is adapted to provide to the Polar-
ization Controller a feedback signal taken at the receiver
apparatus input.

[0017] The dithering unit of the optical transmitter appara-
tus is adapted to modulate the state of polarization of the input
signal, wherein the polarization is carried out in a way that
said state of polarization modulation changes on a time-scale
shorter than the time-scale over which the feedback signal of
the Polarization Mode Dispersion Compensator is extracted.
[0018] According to a third aspect of the present invention
there is provided a method of transmitting optical signals in
an optical communications network comprising polarization
dithering of the optical signals transmitted from an output of
an optical transmitter unit, and sending said dithered signal to
a transmission fiber.

[0019] Further features of the present invention are as
claimed in the dependent claims.

[0020] The present invention beneficially allows for sup-
pressing instabilities at the PMDC without introducing sig-
nificant jitter. This solution makes PMDC really effective, by
suppressing the PMDC intrinsic instabilities. Additionally it
can be implemented cost effectively by simple modifications
of the transmitter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The present invention will be understood and appre-
ciated more fully from the following detailed description
taken in conjunction with the drawings in which:

[0022] FIG. 1 is a diagram illustrating an optical commu-
nications network suitable for use in one embodiment of the
present invention.

[0023] FIG. 2 is a diagram illustrating a Polarization Mode
Dispersion Compensator for use in an optical communica-
tions network according to one embodiment of the present
invention.

[0024] FIG. 3 is a diagram illustrating an example of varia-
tions of the input of the transmission Stokes vector on
Poincare sphere (dotted line).

[0025] FIGS. 4A-4B are diagrams illustrating eye closure
evolution in dB.
[0026] FIGS. 4C-4D are diagrams illustrating eye closure

evolution in dB in one embodiment of the present invention.
[0027] FIG. 5 is a flowchart illustrating a method of trans-
mitting optical signals according to one embodiment of the
present invention.

DETAILED DESCRIPTION

[0028] Referring to FIG. 1, an optical communications net-
work 100 comprises an optical transmitter apparatus 102 and
an optical receiver apparatus 112. For the sake of clarity, the
drawings present the invention in a very schematic way with
elements and lines not essential for understanding the inven-
tion omitted.

[0029] The term “transmitter” or “transmitter apparatus”
used in this application relates to devices that output optical
signals to the network. Examples of such devices include, but
are not limited to, optical transmitters, optical amplifiers, and
optical add/drop nodes.

[0030] The transmitter apparatus 102 comprises a polariza-
tion dithering unit 104 connected in series between an output
of'an optical transmitter unit 106 and a transmission fiber 108.
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The transmitter unit 106 and the dithering unit 104 are opti-
cally connected, however the length of the optical fiber
between them is negligible compared to the length of the
transmission fiber 108. Note that in WDM systems, it is
possible to use one dithering unit 104 for each channel, or
preferably only one dithering unit 1 04 for all the channels,
where the dithering unit 104 is located after a WDM multi-
plexer (not shown). However, in embodiments where the
communications network transmits more than one channel
along the transmission fiber 108, there is one dithering unit 1
04 per channel in the transmitter apparatus 102, but not nec-
essarily all channels are polarization dithered. This may, for
example, apply to a control channel that does not require a
significant bandwidth, and to situations where there is no
essential need to achieve high data rates over the control
channel. This is also applicable to embodiments where the
multiplexer does not multiplex all the channels. Conse-
quently, not all channels are polarization dithered.

[0031] The location of the dithering unit 104 close to the
transmitter unit 106 provides important benefits. Polarization
dithering is a modulation of initial State Of Polarization
(SOP). Therefore, it operates properly if the dithering unit
104 is applied to the signal before it is output to the fiber 108.
If'the dithering unit 104 is located at the RX side, the dithering
unit 104 will not work (there is a 50% probability that the
compensator works in parallel mode, and a 50% probability
that the compensator works in minimization mode). Locating
the dithering unit 104 in the middle of the link reduces its
effectiveness.

[0032] Asseenin FIG. 1, positioning the dithering unit 104
between the output of the optical transmitter unit 106 and the
fiber 108 helps to mitigate the effect of Polarization Mode
Dispersion (PMD) of the transmission fiber 1 08 that links the
optical transmitter 1 02 and the optical receiver 112 appara-
tuses. This is because the network 100 further comprises a
Polarization Mode Dispersion Compensator (PMDC) 110
connected between the end of the transmission fiber 108 and
an input of the optical receiver apparatus 112.

[0033] In a preferred embodiment, seen in FIG. 2, the
PMDC 110 comprises a Polarization Controller 202, a delay
unit 204, and a feedback signal line 206. The delay unit 204
provides, preferably, a fixed delay At between two orthogonal
SOP. The feedback signal line 206 provides a feedback signal
that is extracted at the receiver apparatus 112 and then input to
the Polarization Controller 202. PMDC 110, and specifically
the Polarization Controller 202, compensates for the Polar-
ization Mode Dispersion of the transmission fiber 108 on the
receive side based on the received feedback signal. The feed-
back signal may be, for example, an eye-opening signal, or a
pre-Forward Error Correction (FEC) Bit error ratio, or the
intensity of a part of the electrical spectrum of a detected
signal.

[0034] As previously stated, in the prior art, the Polariza-
tion Mode Dispersion Controller 110 are prone to lock to
unstable conditions (i.e. situations where the PMDC starts in
a “paralle]” mode, and after some time, instantaneously
switches to a “minimization” mode). However, modifying the
transmission system by introducing the polarization dithering
unit 104 between the transmitter 106 and the transmission
fiber 108 stabilizes the PMDC 110. When the Stokes vector of
the signal’s State Of Polarization varies with time, this can be
viewed as a trajectory on the Poincare sphere as illustrated in
FIG. 3. The Poincare sphere provides a convenient way of
representing polarized light and predicting how any given
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retarder will change the polarization form. The upper and
lower poles represent left and right-circularly polarized light.
Points on the equator indicate linear polarization. Other
points on the sphere represent elliptical polarization. An arbi-
trarily chosen point H on the equator designates horizontal
polarization, and the diametrically opposite point V desig-
nates vertical polarization. A general point P on the surface of
the (unit radius) Poincare sphere is specific in terms of the
longitude and the latitude.

[0035] The inventors carried out computer simulations to
determine effectiveness of this approach. It these simulations,
a 40 Gbit/s nonreturn-to-zero (NRZ) signal with no chirp
propagating along a fiber with an average differential group
delay DGD=8.0 ps (=T,,/3) was assumed, where T, , is bit
time. Additionally, in order to speed the simulation, it was
assumed that a 64-bit pattern is propagated along the fiber,
using the wave-plate model. Before outputting the signal to
the transmission fiber, the signal passes through the dithering
unit 1 04. The dithering unit 104 introduces a variation of the
signal’s State Of Polarization (SOP) that is given by an arc of
a circle in the Stokes domain, as shown in FIG. 3. With the
polarization dithering, the variation of initial SOP is limited
only to the arc of a circle, and the signal is not fully depolar-
ized. It could be expected that a complete polarization scram-
bler prevents the dynamic limitations of PMDCs. The inven-
tors found, however, that this also produces a relevant jitter,
which cannot be tolerated in a real system (FIGS. 4A-4B).
However, a low, controlled polarization variation can be
enough to suppress the PMDC instabilities, while introducing
no significant jitter.

[0036] In one embodiment, at the receiver end, the PMDC
110 is a one-stage Polarization Mode Dispersion Controller
with a fixed delay provided by the delay unit 204 and the
Polarization Controller 202 (i.e. it has two degrees of free-
dom). The receiver is modelled as a fast photodiode followed
by low-pass Bessel filter (4” order, 28 GHz bandwidth). An
eye opening signal is used as the feedback signal. Neither
electrical nor optical noise is added; and therefore, the eye
opening signal is a preferred feedback signal.

[0037] FIGS. 4A-4D show two examples of curves,
obtained without (FIGS. 4A-4B) and with (FIGS. 4C-4D)
polarization dithering, and with DGD~153 ps and
DGD_=16 ps, and input state of polarization was close to one
principal state of polarization. Where DGD .stands for differ-
ential group delay of the fiber and DGD,, stands for differen-
tial group delay of the PDMC. The differential group delay of
the PDMC is introduced by the delay unit 204.

[0038] InFIG.4A,eyeclosureevolutionindB inthe case of
a prior art transmitter is illustrated (i.e. an optical transmitter
with no polarization dithering). Here, after initial locking, the
eye suddenly suffers from a significant penalty of about 3.5
dB, 402. In FIG. 4B, the corresponding eye diagram is shown.
The penalty of 3.5 dB results in closing the eye, 404, and
indicates dynamic limitations of the PMDCs. Even worse
results are obtained when, due to the statistical variations, the
fiber reaches higher DGD . values.

[0039] When polarization dithering (also referred to as arc
dithering) is introduced, the eye diagram is not affected by the
penalty—this is illustrated in FIG. 4C, and by 406 in FI1G. 4D.
On the other hand, a presence of limited jitter, 408, is noticed.
Ideally the sampling instants would always occur at the centre
of a data bit time, equidistant between two adjacent edge
transition points. Jitter however changes the edge positions
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with respect to the sampling point and can affect the perfor-
mance of the opto-electronic high speed receivers.

[0040] It can be seen that, when the signal is not polariza-
tion-dithered, the time delay it takes to travel through a PMD-
affected fiber depends on the fiber DGD,and its initial SOP.
As an example, ifthe signal is first injected with its SOP along
one of the principal states of polarization (PSP) of the fiber
and then along the other PSP, it has two different values of the
group delay whose difference is the DGD, Changes of input
SOP, coupled with PMD, can thus produce a non-constant
arrival time of the digital symbols.

[0041] It is emphasized that choosing the speed of the
polarization dithering determines this delay-modulation, and
this is very critical. If the dithering is slow, the SOP changes
are slow (e.g. kHz), and a typical receiver would not be
affected significantly by the different group delay. However,
in that case, the benefit onto the PMDC would disappear: to be
effective, polarization dithering should change input SOP at a
faster speed than the speed of the electronics that is imple-
mented to extract a feedback signal (MHz or higher). There-
fore, in a preferred embodiment, a fast polarization dithering
is used. In this case, however, the polarization dithering com-
bines with the residual PMD (the part of the fiber PMD that is
not compensated by the PMDC), and produces jitter. This
jitter can dramatically affect the receiver performance by
closing the eye diagram and not allowing the clock recovery
to extract a good clock signal from the data. The inventors
found that an arc dithering of around 1 rad in the Stokes
sphere is able to suppress the instability of a one stage PMDC
in all tested cases, and at the same time, produce a negligible
increase of time jitter even in cases when the DGD of the fiber
(DGD)) is different than that of the PMDC (DGD,.). This
shows the advantage of the present invention, which can
handle a DGD value that changes with time, temperature,
wavelength and deployment condition.

[0042] With reference to FIG. 5 one embodiment of a
method of transmitting an optical signal in an optical com-
munications network 100 is presented. The method com-
prises a step of polarization dithering (box 504) of the optical
signal output from the optical transmitter unit 106 (box 502).
In the next step the dithered signal is sent to the transmission
fiber 108 (box 506).

[0043] In embodiments where the communications net-
work 100 transmits more than one channel along the trans-
mission fiber 108, the step of polarization dithering (box 504)
is performed on individual channels. In some embodiments,
all the channels transmitted along the fiber are individually
dithered. In other embodiments, only some of these channels
are polarization dithered.

[0044] In embodiments where communications network
100 transmits more than one channel along the transmission
fiber 108, the method comprises multiplexing the channels
followed by the step of polarization dithering (box 504) ofthe
multiplexed signal. Again, two alternative implementations
are possible. In one implementation, all channels are multi-
plexed and then polarization dithering is performed on them.
In another implementation, only some of the channels to be
transmitted along the fiber are multiplexed and then polariza-
tion dithered.

[0045] Those skilled in the art will readily appreciate that
the present invention is applicable to Wavelength Division
Multiplexing (WDM), Dense Wavelength Division Multi-
plexing (DWDM) or Coarse Wave Division Multiplexing
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(CWDM) systems, but it can also be used in other optical
systems providing high-speed communication including
single channel systems.

[0046] The present invention may, of course, be carried out
in other ways than those specifically set forth herein without
departing from essential characteristics of the invention. The
present embodiments are to be considered in all respects as
illustrative and not restrictive, and all changes coming within
the meaning and equivalency range of the appended claims
are intended to be embraced therein.

What is claimed is:

1. An optical transmitter apparatus for use in an optical
communications network, the optical transmitter apparatus
comprising:

an optical transmitter unit;

a transmission fiber; and

apolarization dithering unit connected in series between an

output of the optical transmitter unit and the transmis-
sion fiber.

2. The apparatus of claim 1 wherein for a communications
network transmitting more than one channel along the trans-
mission fiber, the transmitter apparatus comprises one dith-
ering unit per channel.

3. The apparatus of claim 1 wherein for a communications
network transmitting more than one channel along the trans-
mission fiber, the optical transmitter apparatus further com-
prises a multiplexer connected to the optical transmitter unit,
and the polarization dithering unit is connected to an output of
the multiplexer.

4. An optical communications network comprising:

an optical transmitter fiber;

a transmitter apparatus comprising:

an optical transmitter unit; and

apolarization dithering unit connected in series between
an output of the optical transmitter unit and the trans-
mission fiber;

a receiving apparatus; and

a Polarization Mode Dispersion Compensator connected

between an end of the transmission fiber and an input of
the receiving apparatus.

5. The network of claim 4 wherein the Polarization Mode
Dispersion Compensator comprises:

a Polarization Controller;

a delay unit; and
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a feedback signal line configured to provide a feedback
signal detected at the receiver apparatus input to the
Polarization Controller.

6. The network of claim 5 wherein the feedback signal
comprises one of an eye-opening signal, and a pre-Forward
Error Correction (FEC) bit error ratio.

7. The network of claim 5 wherein the dithering unit is
adapted to modulate a state of polarization of an input signal
so that the state of polarization modulation varies on a time-
scale that is shorter than the time-scale over which the feed-
back signal of the Polarization Mode Dispersion Compensa-
tor is extracted.

8. The network of claim 5 wherein the delay unit is con-
figured to add a fixed delay to an optical signal.

9. The network of claim 4 wherein the transmitter appara-
tus comprises one dithering unit per channel if the network
transmits more than one channel along the transmission fiber.

10. The network of claim 4 wherein the transmitter appa-
ratus further comprises a multiplexer connected to the optical
transmitter unit, and wherein the dithering unit is connected
to an output of the multiplexer if the network transmits more
than one channel along the transmission fibre.

11. The network of claim 4 wherein the network comprises
at least one of a Wavelength Division Multiplex network, a
Dense Wavelength Division Multiplex network, or a Coarse
Wavelength Division Multiplex network.

12. A method of transmitting an optical signal in an optical
communications network, the method comprising:

outputting an optical signal from an optical transmitter
unit;

polarization dithering the optical signal; and

sending the dithered signal to a transmission fibre.

13. The method of claim 12 wherein if the communications
network transmits a plurality of channels along the transmis-
sion fiber, the step of polarization dithering the optical signal
is performed on individual channels.

14. The method of claim 12 wherein if the communications
network transmits a plurality of channels along the transmis-
sion fiber, the method comprises:

multiplexing the plurality of channels to generate a multi-
plexed signal; and

polarization dithering the multiplexed signal.
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