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Modulation scheme with increased number of states of polarization

The invention relates to optical communication, in particular to a modulation scheme
for optical communication, wherein the optical signal is modulated between different

states of polarization.

State-of-the-art optical transmission schemes using polarization division multiplexing
(PDM) of two independently phase modulated signals - e.g. two QPSK (quadrature
phase-shift keying) signals - have a higher spectral efficiency compared to non-
polarization diverse transmission schemes. In a coherent receiver, such PDM signal may
be polarization demultiplexed and distortion compensated by means of digital signal

processing.

Fig. 1 illustrates a conventional PDM-QPSK transmitter. The transmitter comprises a
laser generating an optical carrier signal. The optical carrier signal is split and fed to an
upper IQ-modulator 2a and a lower [Q-modulator 2b. The upper 1Q-modulator 2a is
used for phase modulating a first polarization component (denoted as “x” in Fig. 1) of
the combined optical output signal, e.g. the TE-component (TE — transversal electric).
The lower 1Q-modulator 2a is used for phase modulating a second orthogonal polariza-
tion component (denoted as “y” in Fig. 1) of the combined optical output signal, e.g. the
TM-component (TM — transversal magnetic). Here, each IQ-modulator 2a and 2b is
formed by two Mach-Zehnder interferometers (MZI) for the inphase and the quadrature
components, with the output signal of a MZI assigned to the quadrature component be-
ing shifted by 90° compared to the output signal of a MZI assigned to the inphase com-
ponent (see 90° phase shifter denoted by “90” in Fig. 1). Preferably, each MZI is digi-
tally modulated between two saturation states. The saturation states denote the mini-
mum and maximum of the sinusoidal-like transfer function describing the dependency

of output field amplitude versus electrode drive voltage.
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In dependency of data to be transmitted and clocked by the symbol clock, a modulation
encoder 4 generates two binary signals D1-D2 for controlling the upper IQ-modulator
2a and two binary signals D3-D4 for controlling the lower 1Q-modulator 2b. Each pair
of binary signals selects a phase state from the four phase states of the QPSK constella-
tion. Furthermore, at the output of the lower (or upper) 1Q-modulator, a TE-TM-
converter (TM-to-TE converter) is provided (not shown), converting a TE (TM) operat-
ing polarization of the lower (upper) IQ-modulator to a TM (TE) polarization. Alterna-
tively, the input waves to the IQ-modulators 2a and 2b may already exhibit orthogonal
polarizations. Both polarizations x and y are combined in a polarization combiner 3.

The output signal of the polarization combiner 3 is fed in the fiber.

Provided that the two optical channels are bit aligned prior to polarization multiplexing
in the polarization combiner 3, at each symbol period T the two combined signals form

an optical wave having a specific state of polarization (SOP) and a specific initial phase

Q.

The resulting SOPs of the combined optical signal can be represented as points on a
Poincaré sphere (PS). Fig. 2 shows the PS which is a sphere of radius 1, span by the
Cartesian coordinate system S1, S2, and S3 in the center of the PS. The SOP on the pos-
itive S1 axis denotes a linear, 0° polarization (TE polarization), the opposite polariza-
tion point corresponds to the orthogonal SOP, i.¢. the linear, 90° polarization (TM po-
larization). The positive S2 axis points at a linear polarization with 45 degree elevation,
the negative S2 axis to the linear polarization with -45 degree elevation. North and
south poles of the PS correspond to left hand and right hand circular polarizations, re-
spectively. All points on the sphere besides the poles and points on the equator identify

elliptical states of polarization.

Fig. 3 illustrates the four possible SOP1-4 of a combined PDM-QPSK signal at the out-
put of the transmitter. In case the two QPSK signals do exhibit an optical phase offset v

between each other, the four SOPs are rotated around the S1 axis (with a rotation of
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2-y). The four possible SOPs are located in a common plane of the PS, with the com-
mon plane having the same center as the PS. In other words, the four possible SOPs
define exactly one great circle (see the great circle 10) on the PS, with the great circle
having the same circumference as the PS and being the largest circle that can be drawn

on the PS.

In dependency of the difference between the modulated phases of both QPSK compo-
nent signals, each of the SOPs exhibits an initial phase ¢, @,, @3 or ©4 which can be
illustrated in a constellation diagram as four points in a complex plane, i.e. each SOP
can be modulated between the 4 phases. In Fig. 3 at each of the four SOPs a QPSK
phase constellation 1Q1-1Q4 is attached, thereby illustrating the four possible phases ©;-
¢4. Hence, the symbol alphabet of the joint symbol at the output of the PDM-QPSK
transmitter in Fig. 1 consists of 16 different symbols, i.e. 16 different waves, which can

be written as complex fields E(k, m):

E(k,m)=a(SOPk)-e’* .

The term “a(SOPk)” represents the Jones vector belonging to SOPk, withk =1, .., 4,

and the term “o,,” (withm = 1, .., 4) describes the initial phase.

Assuming that the variables k and m are determined by a first pair of bits by and b; and
a second pair of bits b, and b, respectively, each joint symbol transports 4 bits of in-

formation.

When transferring high data rates, e.g. 40 Gb/s, 100 Gb/s or even higher, and bridging
long transmission spans, e.g. several 100 km or even 1000 km, via such PDM-QPSK
transmission system using existing fiber infrastructure, the system is operated at its sen-
sitivity limit, although using coherent detection to enable lower symbol rate and power-

ful electronic equalization.
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US 2002/0077071 Al discloses a method for polarization modulation for fiber optic and
wireless applications. The document shows signal constellation diagrams in the Poin-
caré sphere, where the states of polarization do not all lie on a same great circle on the
Poincaré sphere. The document mentions that the total squared amplitude, frequency,
and absolute phase of the wave can be altered in addition, thus offering very dense and
bandwidth efficient modulation schemes.

The document “Hybrid Frequency-Polarization Shift-Keying Modulation for Optical
Transmission”, M. M. Matalgah et al., Journal of Lightwave Technology. Vol. 23, No.
3, March 2005, pages 1152-1163 discloses a modulation scheme based on combining
frequency and polarization modulation signals, which is referred to as hybrid frequency-
polarization shift keying.

The document “Performance comparison of singly-polarization and polarization-
multiplexed at 10 Gbaud under nonlinear impairments”, G. Charlet et al., OFC/NFOEC
2008, Optical Fiber Communication Conference / National Fiber Optics Engineers Con-
ference, February 24, 2008, San Diego discloses a transmitter using polarization-
division multiplexing.

The document “Multilevel Coherent Optical System Based on Stokes Parameter Modu-
lation”, S. Betti, Journal of Lightwave Technology, July 1990, Vol. 8, No. 7, New York,
pages 1127-1136 discloses a multilevel transmission system based on Stokes parameters
modulation and a decision on the Poincar¢ sphere.

The document “Multilevel Polarization Shift Keying: Optimum Receiver Structure and
Performance Evaluation”, S. Benedetto et al., IEEE Transactions on Communications,
Piscataway, NJ, US, Vol. 42, No. 2/3/4, Feb./March/Apr., pages 1174-1186 discloses a
multilevel coherent optical modulation scheme based on the state of polarization. The
document shows signal points constellations diagrams, where the states of polarization
do not all lie on a same great circle on the Poincaré sphere.

The document “Investigation of design options for overlaying 40Gb/s coherent PDM-
QPSK channels over a 10Gb/s system infrastructure”, O. B. Pardo et al., Optical Fiber
Communication / National Fiber Optic Engineers conference, 2008, IEEE, Piscataway,
NJ, USA, February 24, 2008, pages 1-3 discloses a PDM-QPSK transmission system.
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The document “Linear Fiber Impairments Mitigation of 40-Gbit/s Polarization-
Multiplexed QPSK by Digital Processing in a Coherent Receiver”, J. Renaudier et al.,
Journal of Lightwave Technology, Vol. 26. No. 1, January 1, 2008, pages 36-42 dis-
closes a PDM-QPSK transmission system.

The document “Long-Haul Transmission of 16x52.5 Gbit/s polarization-divison-
multiplexed OFDM enabled by MIMO processing”. Sander L. Janssen et al., Journal of
Optical Networking, Vol. 7., Nol. 2, February 2008 discloses a PDM-OFDM transmis-
sion system (OFDM - orthogonal frequency division multiplexing) using QPSK subcar-
rier modulation.

It is an object of the present invention to provide a polarization and phase diverse modu-
lation scheme which provides increased sensitivity at such high data rate. Further ob-
jects of the invention are providing a corresponding method for receiving, a correspond-
ing transmitter and a corresponding receiver.

These objects are achieved by the method and the transmitter according to the inde-
pendent claims. The independent claims define the invention.

According to an aspect of the invention, a modulation method for optical communica-
tion comprises the step of generating an optical signal modulated between a plurality of
different states of polarization and between different phase states (with same or differ-
ent amplitude). The states of polarization do not lie on a common great circle on the
Poincaré sphere.

Preferably, the plurality of states of polarization comprises first states of polarization,
e.g. SOP1-4 in Fig. 3. The first states of polarization define a single great circle on the
Poincaré sphere, e.g. the great circle 10 in Fig. 3. The plurality of states of polarization
further comprise one or more second states of polarization located outside the great cir-
cle, i.e. the constellation points of the second states of polarization do not lie in the
plane spanned by the vectors from the center of the sphere to the first states of polariza-
tion.

Such additional second states of polarization increases the symbol alphabet, e.g. from
16 PDM-QPSK symbols (4-4) to 24 symbols (6-4) when two additional second states of
polarization are provided and 4 phases per polarization state are used. Due to the in-
crease of the symbol alphabet more data per joint optical symbol may be encoded, i.e.
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the number of transmitted bits per symbol may be increased by not only using two in-
dependently multiplexed orthogonal polarization components as in case of PDM-QPSK.
However, due to the additional degree of freedom introduced by occupying not only a
great circle on the PS by SOPs but using more of the surface of the sphere, the informa-
tion per symbol is increased with no or only low additional OSNR (optical signal-to-
noise ratio) penalty, i.e. the OSNR is not reduced at all or only minimally reduced.

When transmitting the same data rate as in a modulation scheme using only the first
states of polarization, the symbol rate may be reduced due to the higher information
content per symbol, thereby reducing the signal bandwidth and increasing the sensitiv-
ity. Alternatively, the symbol rate can be kept and redundancy may be used to increase
the sensitivity without reducing the net data rate. The higher gross data rate data may be
used for encoding the data pursuant to an error correction algorithm (e.g. FEC - forward
error correction). Thus, the additional bits may be used to apply FEC encoding and
decoding in the transmitter and receiver, respectively. The coding gain of the FEC
would reduce the bit error rate (BER) at the decoder output and hence improve the sen-
sitivity of the receiver. Moreover, coded modulation, which is established in wireless
transmission and which e.g. combines the modulation of a QAM constellation by FEC
coding, can also be applied to the extended combined constellation of polarization and
phase. Due to the additional degrees of freedom introduced by the polarization state

modulation, such a coded modulation enables improved performance.

It should be noted that each polarization state may exhibit - in addition to a plurality of
phases - also a plurality of amplitudes (QAM - quadrature phase modulation), i.e. mod-
ulation between different phase states includes also phase and amplitude modulation
(QAM). Alternatively, the amplitude is constant for all constellations points as in case

of QPSK.

According to a preferred embodiment, the method provides two second states of polari-
zation which are orthogonal to each other. The two second states of polarization may be

located on the line perpendicular to the midpoint of the great circle. In particular, the
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two second states of polarization may be the linear 0° and 90° states of polarization (TE

and TM states of polarization).

In case of QPSK modulation, the first states of polarization may comprise two pairs of
states of polarization, each pair comprising two states of polarization orthogonal to each
other (see e.g. pair SOP1 and SOP3 and pair SOP2 and SOP4 in Fig. 3). Preferably, the
first states of polarization are the right-handed (see SOP4 in Fig. 3) and left-handed (see
SOP2) circular states of polarization as well as the +45° (see SOP1) and -45° (see
SOP3) linear states of polarization. However, the entirety of the 6 states of polarization
may be rotated. E.g. when using two signals assigned to the two orthogonal polariza-
tions components of the optical signal and exhibiting a phase offset y between each
other, a rotation of the states of polarization around the S1 axis (with a rotation of 2-y)
would occur. Nevertheless, the relative orientation (e.g. 90° angles in Fig. 3) of the dif-

ferent SOPs determine the performance of the modulation.

For providing second states of polarization (e.g. the TE and TM polarizations), the in-
ventive method may selectively deactivate one of two orthogonal polarization compo-
nents of the output signal. Thus, when deactivating one polarization component (e.g. the
TE component), the optical output signal only comprises the polarization component

assigned to the other polarization component (e.g. TM component).

Similar to the PDM-QPSK transmitter in Fig. 1, the inventive method comprises the
basic steps of phase modulating two optical waves and polarization combining the
phase modulated optical waves. The optical waves should preferably be bit aligned be-
fore polarization combining. Preferably, a step of polarization conversion for one of the
two waves is in between. E.g. at the output of the lower (or upper) 1Q-modulator in Fig.
1, TE-TM converting (TM-to-TE converting) may be provided for converting a TE
(TM) operating polarization of the lower (upper) 1Q-modulator to a TM (TE) polariza-
tion. Alternatively, the input waves before phase modulation may already exhibit or-

thogonal polarizations.
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For providing second states of polarization (e.g. the TE and TM polarizations), the me-
thod may further comprise the step of selectively deactivating one of the two optical

waves assigned to two orthogonal polarization components of the optical output signal.
The deactivating means may set the respective field component to 0. Thus, when deac-
tivating one wave assigned to one polarization component, the optical output signal on-
ly comprises the polarization component assigned to the other polarization component.

To keep the optical power constant for such symbol, the (remaining) other polarization

component may be set to have an amplitude of 2 times the amplitude of a component

for the bit aligned PDM-QPSK modulations (SOP1-4 in Fig. 3).

Preferably, the optical signal is modulated between 6 states of polarization (instead of 4
states of polarization in case of PDM-QPSK) and between 4 phase states in each state of
polarization, resulting in a number of 24 different symbols. It is not necessary that the
plurality of 4 phase states is identical for each state of polarization. Preferably, the
phase states in the two second states of polarization are rotated by 45° compared to the
phase states in the first states of polarization. It can be shown that this measure in-

creases the Euclidian distance between the different symbols.

Instead of encoding 4 bits per symbol as in case of PDM-QPSK, in average more than 4
bits are encoded per symbol since 24 different symbols are available. This means that
up to logx(24) = 4.58 bits can be transported per symbol. Preferably, 9 bits are encoded
per two optical symbols (instead of 8 bits in case of PDM-QPSK). This enables to
transport 4.5 bits/symbol which is close to the maximum attainable value. These 9 bits
per two symbols instead of 4 bits/symbol in case of PDM-QPSK mean an increase of
9/8 = 12.5 % more information when keeping the symbol rate (without reducing the

sensitivity).

Two consecutive optical symbols may form a super symbol and 9 bits may be jointly

mapped to a super symbol.
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‘When providing the same data rate as PDM-QPSK and encoding 9 bits per two optical
symbols, the symbol rate can be reduced to 8/9 = 89%. This provides theoretically an
improvement of the OSNR by roughly 0.5 dB (without additional error correction) and

reduces the speed requirements, in particular for the electronic circuits.

Alternatively, the symbol rate can be kept and the additional bits per symbol may be
used for error correction coding, thereby increasing the sensitivity and gaining addi-
tional margin. E.g. the bits may be used to apply a FEC scheme, with 1/8 = 12.5 % or
lower data overhead. A Reed-Solomon (RS) code where the 9 super symbol bits corre-
spond to a symbol processed within the FEC may be be applied, e.g. RS (511, 455) hav-
ing 12.3% redundancy.

Also, coded modulation (e.g. Trellis coded modulation) may be applied in connection

with the proposed modulation scheme having an extended constellation scheme.

It should be noted that same or all of the above discussed measures may be also used (to

areduced extent) in combination.

The inventive modulation method may be also used in connection with OFDM (or-
thogonal frequency-division multiplexing). Phase, polarization and optionally amplitude

may be used as signal space for defining symbols.

Generally, OFDM systems are under discussion for future transmission systems exceed-
ing the capabilities of coherent PDM-QPSK systems. When transferring high data rates,
e.g. 40 Gb/s or 100 Gb/s, and bridging long transmission spans, e.g. several 100 km or
even 1000 km, via a conventional OFDM transmission system using existing fiber in-

frastructure, the system is limited by the receiver sensitivity.

The inventive method may generate an OFDM signal comprising a plurality of com-
bined subcarrier signals. Each combined subcarrier signal may be subdivided in an x

polarization component subcarrier and a y polarization component subcarrier (y polari-
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zation orthogonal to x polarization), both at the same frequency. Thus, in the narrow
spaced wavelength grid of the plurality of subcarriers, each wavelength of the grid is
occupied by two subcarriers, one for x and one for the orthogonal y polarization. The
inventive modulation method, preferably by using said second states of polarization,
may be applied to each combined subcarrier signal. Thus, the combined subcarrier sig-
nals are modulated in polarization and phase. Thus, modulation of phase, optionally
amplitude and (which is new) of polarization is applied to the individual subcarriers
signals. Preferably, each phase modulated subcarrier signal is individually polarization
modulated using said second states of polarization (in addition to the first states of po-
larization), leading to the same advantages as discussed above, in particular to an in-

crease of the sensitivity compared to conventional PDM-OFDM systems.

It should be noted that basically the above mentioned embodiments of the invention can
be arbitrarily combined. Furthermore, it should be noted that the disclosure of the inven-
tion also covers other claim combinations than the claim combinations which are ex-
plicitly given by the back references in the dependent claims, i.e. the claims can be ba-

sically combined in any order.

A corresponding method for receiving an optical signal as generated by the modulation
method as discussed above is disclosed. The method for receiving may jointly decide
the orthogonal polarization components of at least one symbol (i.e. the received polari-
zation components are not separately decided). Moreover, it also may jointly decide
more than one symbol (e.g. two symbols) of the optical signal. In particular, the method
for receiving may jointly decide two consecutive symbols forming a super symbol and

carrying 9 bits as discussed above.

Another aspect of the invention is directed to a corresponding transmitter for optical
communication. Such transmitter comprises means for generating an optical signal
modulated between a plurality of different states of polarization and between different
phase states. The plurality of states of polarization comprises first states of polarization

and second states of polarization as discussed above.
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For providing second states of polarization (e.g. the TE and TM polarizations), the
transmitter may comprise means for selectively deactivating one of two orthogonal po-
larization components of the output signal. Thus, when deactivating one polarization
component (e.g. the TE component), the optical output signal only comprises the polari-

zation component assigned to the other polarization component (e.g. TM component).

Similar to the PDM-QPSK transmitter in Fig. 1, the inventive transmitter may comprise
means for phase modulating two optical waves (see e.g. IQ-modulators 2a and 2b in
Fig. 1) and - downstream of the means for phase modulating - means for polarization
combining (see e.g. polarization combiner 3). Optionally, a polarization converter (e.g.
a TE-to-TM converter) for one of the two waves may be located in between. Alterna-
tively, the two optical waves have already orthogonal polarizations before fed to the
means for phase modulating. The two optical waves may be assigned to two different

orthogonal polarization components (e.g. TE and TM) of the optical output signal.

The means for phase modulating may be formed by four MZlIs as discussed in connec-

tion with Fig. 1.

For providing second states of polarization (e.g. the TE and TM polarizations), the
transmitter may be configured to selectively deactivate the TE polarization component
or the TM polarization component of the output signal. Thus, the transmitter may pro-
vide means for selectively deactivating one of the two waves assigned to two orthogonal
polarization components (e.g. TE and TM components) of the optical output signal. The
means for deactivating may be also provide a state when the means do not deactivate
one of the two polarization components. The means for selectively deactivating may be
part of the means for phase modulating. The transmitter may selectively dim one of the

two waves.

In particular, the transmitter may comprise an intensity modulator for intensity modulat-

ing the two optical waves between 3 intensity states. The intensity modulator may be
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located upstream or downstream of the means for phase modulating. In the 1% intensity
state both waves have essentially the same (high) intensity, in the 2nd intensity state one
wave has high intensity and the other one wave has low or zero intensity, and in the 3™
intensity state the one wave has low or zero intensity and the other one wave has high

intensity.

In the 1% intensity state, the conventional polarization constellation points are selected
(see e.g. SOP1-4 in Fig. 3 in case of QPSK modulation). In the 2™ and the 3™ intensity

states, one of the two second states of polarization is selected.

In addition to the deactivating means, a modulation encoder may be provided, which
receives data to be transmitted and is configured to generate - in dependency on the data
- modulation signals fed to the means for phase modulating and to the deactivating
means. Preferably, the signals fed to the means for phase modulating are binary signals.
In this case when using MZlIs for phase modulation, each MZI is switched between two

saturation states.

Instead of using an intensity modulator, one may compute the optical fields of both po-
larization paths of the transmitter in the electrical domain and generate the transmitter
field via the means for phase modulating. In this case, a modulation encoder preferably
generates - in dependency on the recetved data — non-binary, in particular analog modu-
lation signals fed to the means for phase modulating, with the non-binary modulation

signals selecting the state of polarization.

According to a different embodiment, an additional polarization modulator may be pro-
vided. Preferably, the polarization modulator is located downstream of the means for
polarization combining. The polarization modulator may be implemented as a polariza-
tion switch which is configured to switch to one of the second states of polarization.

E.g. a switchable quarter wave plate may be used, which is capable of converting circu-
lar polarized light to linear polarized light, thereby transforming one of the first states of

polarization to one of the second states of polarization. E.g. the circular polarizations



WO 2009/124861 PCT/EP2009/053841

10

15

20

25

30

-13 -

SOP2 and SOP4 in Fig. 3 may be converted to the linear 0 and 90° states of polarization
(SOP5 and SOP6 in Fig. 4).

Further, a modulation encoder may be provided in addition to the polarization modula-
tor. Such modulation encoder receives data to be transmitted and is configured to gener-
ate - in dependency on the data - modulation signals fed to the means for phase modu-
lating and the polarization modulator. Preferably, the modulation signals are binary sig-

nals.

The inventive transmitter may be also configured to generate an OFDM signal, each
subcarrier signal (comprising one subcarrier for a first polarization component and one
subcarrier for a second, orthogonal polarization component) modulated as discussed

above. In particular, the second states of polarization may be used as discussed above.

A receiver for receiving an optical signal as generated by the modulation method as

discussed above is disclosed.

Preferably, such receiver is a coherent receiver and configured to process two orthogo-
nal polarizations of the received signal as a joint symbol (and not individually) and to
jointly decide orthogonal polarization components of one or more symbols of the opti-
cal signal, e.g. 2 symbols encoding 9 bits forming a super symbol. Thus, the received
polarization components are not separately decided. Such receiver may comprise elec-
tronic polarization demultiplexing and/or electronic distortion equalization. In contrast
to electronic polarization demultiplexing, optical polarization multiplexing may be al-

ternatively used.

The receiver may be also configured to receive an OFDM signal as discussed above.

The above remarks related to a particular aspect of the aspects of the invention are basi-

cally also applicable to the respectively other aspect of the invention.
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The invention is explained below in an exemplary manner with reference to the accom-

panying drawings, wherein

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

illustrates a conventional PM-QPSK transmitter;

illustrates the location of SOP1-6 on the Poincaré sphere;

illustrates the location of the four states of polarization SOP1-4 of the PM-QPSK
modulation scheme on the Poincaré sphere and the four phase states in each state
of polarization;

illustrates the constellation of a POL-QAM 6/4 modulation scheme;

illustrates the inverse of the Euclidian distance for all 16-16 combinations of two
symbols in case of PM-QPSK (see left diagram) and all 24-24 combinations in
case of POL-QAM 6/4 (see right diagram);

illustrates a first embodiment of a POL-QAM 6/4 transmitter;

illustrates a second embodiment of a POL-QAM 6/4 transmitter;

illustrates the basic operation of a conventional 1Q-modulator;

illustrates a third embodiment of a POL-QAM 6/4 transmitter;

Fig. 10illustrates a conventional PDM-OFDM transmission system; and

Fig. 11illustrates an embodiment of an OFDM transmission system with subcarrier

modulation according to POL-QAM.
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Figs. 1 to 3 were already discussed above. Fig. 4 illustrates the constellation of the
POL-QAM 6/4 modulation scheme as an exemplary embodiment of the inventive mod-
ulation scheme. In addition to the 4 SOPs each having 4 phase constellation points in
case of PDM-QPSK (see Fig. 3), in POL-QAM 6/4 two additional polarizations states
(see SOPS and SOP6 in Fig. 4) are added which do not lie in the plane defined by
SOP1-SOP4. Thus, POL-QAM 6/4 uses 6 SOPs each having 4 1Q-constellation points.
Here, the linear 0° (TE) and 90° (TM) states of polarization are used as additional states
of polarization. However, the entirety of SOP1-6 may be rotated on the sphere such that
the relative distance between the states of polarization remains the same. E.g. in case the
two polarization components forming the POL-QAM 6/4 signal exhibit a phase offset v
between each other, SOP1-4 are rotated around the S1 axis in Fig. 2 (with a rotation of

2:y).
Joint PDM-QPSK symbols may be described as:

symbol = SOPx - (ejo, e/?, /" e”’”z) ,withx=1,..,4.
Similarly, joint POL-QAM 6/4 symbols may be described as

symbol = SOPx - (ejo, e™? el" ej3”/2) ,withx=1, .., 6.

However, preferably, the phase states of SOP5 and SOP6 are rotated by 45° compared
to the phase states in SOP1-SOP4 (see Fig. 3), i.e. the phase states are not identical for
SOP1-SOP4 and SOP5-SOP6. It can be shown that this increases the Euclidian distance
between the different symbols.

The additional SOPs 5 and 6 (here corresponding to TE and TM output waves) extend
the alphabet of symbols from 16 symbols (4 SOPs each having 4 1Q constellation
points) to 24 symbols (6 SOPs each having 4 IQ constellation points). Hence, the max-
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imum information which can be carried by a symbol increases from log,16 = 4 bits /

symbol to log;24 = 4.58 bits / symbol.

It should be noted that the inventive modulation scheme is not limited to 4 initial phases
(as in case of QPSK) per state of polarization and may use a higher number of phases,
e.g. 8 phases in case of 8PSK or 12 phases in case of 16-QAM (quadrature amplitude
modulation). In case of 8 phases, the inventive method provides 8 SOPs on the great
circle 10 and the two additional SOPS and SOP6 outside the great circle 10. Thus, also
SOPs different to the 6 SOPs discussed so far, can form the signals for the symbol al-
phabet, e.g. 8 SOPs not lying on a common great circle or 4 SOPs forming a tripod on
the PS.

Fig. 5 illustrates the inverse of the Euclidian distance for all combinations of two sym-
bols in case of PM-QPSK (see left diagram) and in case of POL-QAM 6/4 (see right
diagram). The symbol alphabet for PM-QPSK comprises 16 symbols, thus, the left dia-
gram shows 16-16 bars, whereas the symbol alphabet of POL-QAM 6/4 comprises 24
symbols resulting in 24-24 bars in the right diagram. The right diagram for POL-QAM
6/4 shows no bars higher than the bars in the left diagram for POL-QAM. The same
maximum heights of the bars prove the same minimum Euclidian distance in both cases.
Thus, the OSNR penalty remains unchanged when moving from PM-QPSK to POL-
QAM 6/4. Thus, POL-QAM 6/4 extends the number of possible symbols from 16 to 24
without degradation of the OSNR sensitivity.

There exist many alternatives to map a number of information bits on the optical wave
states forming the symbol alphabet. In the following a simple mapping of 9 information
bits on two consecutive symbols (which form a super symbol) is explained in exem-
plary manner. In this case the transmitted information rate is 9 bits / 2 symbols = 4.5
bits / symbol. This value is slightly below the maximum achievable value of 4.58 bits /
symbol.
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A wave state of a super symbol comprising two consecutive symbols - symbol 1 and
symbol 2 — is formed by the orthogonal TE, TM polarization components x1, y1 of
symbol 1 and the orthogonal TE, TM polarization components x2, y2 of symbol 2. Both
polarization components are combined in a polarization beam combiner of the transmit-
ter (see combiner 3 in Fig. 1). The waves x1, yl, x2, and y2 are modulated by IQ-
modulators (see IQ-modulator 2a and 2b in Fig. 3). Two bits bl and b2 may determine
the complex output wave of a polarization component by IQ(b1,b2) = (b1-0.5) +j (b2-
0.5). IQ(b1,b2) describes a QPSK constellation point with the amplitude 1.

Table 1 below shows the mapping of 9 bits b0-b1 to an optical super symbol formed by
two consecutive optical symbols. In the transmitter mapping table e.g. the term “x1” in
1Qy1(b1,b2) indicates that for symbol 1 the TE (= x) polarization is modulated by a
QPSK constellation point determined by the bits bl and b2. In case that one of the addi-
tional SOPs (SOP5 and SOP6) is excited (i.e. the transmitter output signal carries either
only a TE (x) or a TM (y) polarization component, y1/2 = 0 or x1/2 = 0), the amplitude

of the associated IQ-modulator is increased by the factor of V2 to keep the signal
power at the same level (=1) as for the PDM-QPSK modulation. As evident from Tab.
1, only one of the two symbols within a super symbol may be in SOP5 or SOP6.

b0 b1 b2 b3 b4 b5 b6 b7 b8

0 1Qu(b1,b2) 1Qy:(b3,b4) 1Q,2(b5,b6) 1Qy2(b7,b8)

0 N2 10,4(b3,b4), y1=0

1 0 1 I V2 1Q,(b3,b4), x1=0 | 1Qx(b5,b6) 1Q,2(b7,b8)
0 V2 1Q,5(b3,b4), y2=0
1 1 V2 1Q,2(b3,64), x2=0 | 1Qu(b5,b6) 1Q,1(b7,b8)

Tab. 1: Example for mapping 9 bits to a super symbol
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With this mapping of two bits to an IQ constellation the decision in the receiver be-

comes easy. At the receiver, the following decisions are performed: Di; = |x1]-|yl| and

Di, = [x2|-]y2|, with Di; , denoting the difference between the signal amplitude (magni-

tude) of x1,2 and y1,2. Each difference result D1, ; is in one of three states. Thus, Di; ; is
5  0if SOP1-4 are transmitted (Fig. 3), and Di;; is +1 or —1 if SOP5-6 are transmitted.

The decision process at the receiver is illustrated in Tab. 2. The decision in the receiver
may be realized in a DSP. The decision process is based on determining and analyzing
Di; ;. In case both Di; and Di, are 0, then b0 = 0 and only SOP1-4 are used for both

10 symbols of the super symbol. In this case e.g. the two bits bl, b2 are determined by the
decision dec(x1). The term “dec(x1)” denotes the two decisions required to extract the
two bits bl and b2 from the received constellation point transported by the component
wave x1, i.e. bl =result of (Re(x1) > 0) and b2 = result of (Im(x1) > 0). Similarly, the
other bits b3-b8 are determined.

15
In case of Di; #0 or Diy #0, b0 corresponds to 1, i.e. one of SOP5 and 6 were used for
one symbol of the current super symbol. Further, one has to check whether Di1; 70 or
alternatively Di, #0. In case Di; #0, bl corresponds to 0. Alternatively, bl corresponds
to 1. In dependency of the value of Dj; ; also b2 is decided (see third column in Tab. 2).

20  The remaining bits b3-b8 are determined as indicated in the fourth to seventh columns.

Di;=Di,=0 =b0=0 Di#0=>b1=0 (Diy =x1} v |dec(x1) | dec(y1) | dec(x2) | dec(y2
(Dis#0)v(Diz#0) =b0 = 1 Diyz0= b1 =1 (Di, = £1)
b0=0 b1,b2 | b3,b4 | b5b6 | b7,b8
b1=0 Di;=1= b2=0| b3,b4 b5,b6 | b7,b8
b0 =1 Di;=-1 = b2=1 b3,b4 | b5b6 | b7,b8
b1 =1 Di,=1 = b2=0| b5b6 | b7,b8 | b3,b4
Di;=-1 = b2=1| b5b6 | b7,b8 b3,b4

Tab. 2: Mapping of decisions on super symbol to 9 bits in receiver.



WO 2009/124861 PCT/EP2009/053841

10

15

20

25

30

-19-

The subsequent transmitter embodiments in Figs. 6, 7, 9 and 10 may use the mapping

scheme in Tab. 1 for determining the modulation signals.

A first embodiment of a transmitter for generating an optical signal modulated between
all 6 SOPs is illustrated in Fig. 6. The POL-QAM 6/4 transmitter in Fig. 6 is based on
the PM-QPSK transmitter in Fig. 1 and e.g. may be configured to transport 40 Gb/s or
100 Gb/s data rates. Figurative elements in Figs. 1 and 6 denoted by the same reference
signs are basically the same. In addition to the elements in Fig. 1, the POL-QAM 6/4
transmitter comprises an intensity modulator 20 which is configured to selectively dim
one of the two optical waves fed to the optical polarization combiner 3. In Fig. 6 the
intensity modulator 20 is realized as an MZI and intensity modulation is performed up-
stream of the IQ-modulators 2a and 2b, i.e. at the inputs of IQ-modulators 2a and 2b.
However, intensity modulation may be also performed downstream of the 1Q-

modulators 2a and 2b.

The intensity modulator 20 in Fig. 6 has two complementary outputs, i.e. the intensity at
the upper output fed to the upper modulator 2a is complementary to the intensity at the
lower output fed to the lower modulator 2b. Here, a three-state intensity modulator 20 is
used, i.e. the modulator 20 modulates the two optical waves between 3 intensity states.
In the 0.5/0.5 intensity state both waves have essentially the same (high) intensity, in
the 1/0 intensity state the upper wave (fed to the upper modulator 2a) has high intensity
and the lower wave (fed to the upper modulator 2b) has very low or zero intensity, and
in the 0/1 intensity state the upper wave has very low or zero intensity and the lower
wave has high intensity. Preferably, in the 1/0 and 0/1 states the intensity modulator

operates in saturation.

In the 0.5/0.5 intensity state, the conventional polarization constellation points are se-
lected (see e.g. SOP1-4 in Fig. 3 in case of QPSK modulation). In the 1/0 and 0/1 inten-
sity states, the two additional states of polarization are selected. If e.g. the upper path is

assigned to the TE polarization with 0° polarization angle and the lower path is assigned
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to the TM polarization with 90° polarization angle, dimming the upper wave (0/1 state)
results in SOP6 (TM polarization), whereas dimming the lower wave (1/0 state) results

in SOPS (TE polarization).

Similar to Fig. 1, the modulation encoder 4’ generates two binary signals D1-D2 for
controlling the upper IQ-modulator 2a and two binary signals D3-D4 for controlling the
lower IQ-modulator 2b. Each pair of binary signals select a phase state from the four

phase states of the QPSK constellation.

The modulator encoder 4 further generates the modulation signal D5 fed to the inten-
sity modulator 2. The modulator signal DS is a three-state signal for selecting each of

the three states.

A second embodiment of a transmitter generating an optical signal modulated between
all 6 SOPs is illustrated in Fig. 7. The POL-QAM 6/4 transmitter in Fig. 7 is based on
the PM-QPSK transmitter in Fig. 1. Figurative elements in Figs. 1 and 7 denoted by the

same reference signs are basically the same.

In Fig. 7 an additional optical polarization modulator 30 is provided downstream of the
polarization combiner 3. Here, the polarization modulator is realized as a polarization
switch 30 which switches to one of the additional SOPs. The polarization switch 30 is
realized by using a switchable quarter wave plate (QWP) which is capable of converting
— when activated - circular polarized light to linear polarized light. This is caused by the
fact that in a QWP a polarization component of the light polarized along a fast axis
propagates faster than the orthogonal polarization component polarized along the or-
thogonal slow axis. In a QWP this difference in speed results in a quarter wavelength
phase shift between both polarization components. Thus, by activating the QWP in the
polarization switch 30 (e.g. by switching the QWP in the light path), the 90° phase shift
between two orthogonal polarization components of a circular polarized wave (see
SOP2 or SOP4 in Fig. 3) directly at the input of the polarization switch 30 may be com-

pensated, resulting in a linear polarized wave at the output of the polarization switch 30.
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For switching from SOP2 and SOP4 to SOP5 and SOP6 when activating the QWP, the
QWP has to be arranged in such a way at the output of the polarization combiner 3 that
the axes of the QWP are tilted by 45° compared to the orthogonal polarization compo-
nents of the optical signal (i.e. 45° polarized light would be coupled only in one of the
axis of the QWP).

In dependency of the data to be transmitted, a modulation encoder 4°” generates modu-
lation signals D1-D5. Preferably, the modulations signals D1-DS5 are binary signals. The
modulation encoder 4’ feds modulation signals D1-D4 to the IQ-modulators 2a and 2b
and modulation signal D5 to the polarization modulator 30. The binary signal D5 acti-

vates or deactivates the QWP in the polarization switch 30 as discussed above.

For modulation of the POL-QAM signal it is also an option to compute the optical
fields Ex and E, in the electrical domain and to generate the transmitter field via a field
modulator. It is well known that a MZI with a phase modulator in its interferometer
arms provides an optical output field proportional in field amplitude to the applied drive
voltage D (for small values of D), provided the MZ1 is biased at zero (no transmission
for D = 0). E is proportional to sin(a-D) if the magnitude of D is larger, “a” is a coeffi-
cient. This is further illustrated by the IQ-modulator in Fig. 8. Two MZIs form two field
modulators for the real (I) and imaginary (Q) components of the field E = E; +j Eq. The
field amplitudes E; and Eq are roughly proportional to the applied drive voltages DI and
DQ, respectively.

As shown in Figs. 1, 6 and 7 already discussed above, a combination of a second 1Q-
modulator for the orthogonal polarization enables to modulate the orthogonal polariza-
tion, e.g. the first modulator provides Ex = Eyj + j Exq for the x polarization and the sec-
ond modulator provides E,= Ey; + j Eyq for the orthogonal y polarization. The required
drive voltages are Dy, Dxq, Dy1, and Dyq, respectively. The voltages Dy, Dxq, Dy1, and
Dyq can by computed in a digital (DSP) or analog electronic processor receiving the
information bits. At the output of the processor time samples (e.g. with symbol rate or

with double symbol rate) of all Dyj, Dy, Dy1, and Dyq are provided. The voltages Dy,
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Dsq, Dy1, and Dyq can be computed for example by using Tab. 1. 1Qy and IQy are al-
ready complex numbers which are proportional to the driving voltages Dyi, Dxq, Dy,
and Dyq and depend on two bits bt and bj: IQ(bi,bj) = (bi - 0.5) +j (bj - 0.5). Real and
imaginary parts of IQy y are proportional to Dy, and Dy yq, respectively.

Fig. 9 illustrates a third embodiment of a transmitter which is capable to modulate the
output signal between all 6 SOPs and is based on the idea to compute the necessary op-
tical fields E, and E, of both polarization components essentially in the electrical do-
main in the modulation encoder 4’’’. The modulation signals D1°-D4’ as generated by
the modulation encoder 4’” are non-binary, analog signals. The 1Q-modulators 2a and
2b are operated in the analog domain. This corresponds to an OFDM transmitter which
modulates an analog signal formed by the inverse Fourier transform of the subchannel

signals on the optical carrier.

The inventive modulation scheme may be also used in connection with OFDM. Accord-
ingly, each subcarrier may be modulated using the additional states of polarizations

SOPS5 and SOP6 as indicated in Fig. 3.

Fig. 10 illustrates a conventional coherent PDM-OFDM transmission system compris-
ing a PDM-OFDM transmitter and a PDM-OFDM receiver.

Data (“x data”) transmitted via the x polarization plane (e.g. TE) and data (“y data™)
transmitted via the y polarization plane are independently processed in separate trans-
mitter paths associated to the two polarization planes. Each transmitter path comprises a
serial-to-parallel-converter 40a/b, a coder 41a/b, a I-FFT-block 42a/b for performing an
inverse fast Fourier transform, a parallel-to-serial-converter 43a/b and two DACs 44a-d
(digital-to-analog converter) for the inphase (denoted as “I”’) and the quadrature (de-
noted as “Q”) components. The inphase and quadrature components of each polariza-
tion component x and y are modulated on an optical carrier by 1Q-modulators 45a/b.
The two orthogonal polarization components x and y are combined by a polarization

combiner 46.
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At the receiver, the polarization components x and y of the optical signal are completely
separately processed. First, the polarization multiplexed signal is split into the orthogo-
nal polarization components x and y by a polarization splitter 47. Thereafter, the polari-
zation components X and y are split into the inphase and quadrature components by op-
tical hybrids 48a/b. The inphase Ix and quadrature Qx components of the polarization
component x and the inphase Iy and quadrature Qy components of the polarization
component y are converted to electrical signals by four photodiodes 49a-d. Downstream
of the photodiodes 49a-d are ADCs 50a-d (analog-to-digital converters), serial-to-
parallel converters 51a/b, two separate FFT-Blocks 52a/b (fast Fourier transform) for
the x and y polarization components as well as separate decoders 53a/b and parallel-to-

serial converters 54a/b.

As indicated in the lower part of Fig. 10, for each subcarrier the x polarization and the y
polarization are separately modulated according to a given phase constellation (e.g.
QPSK). At the receiver, the x polarization component and the y polarization component

are separately detected.

Since the polarization components x and y of the polarization splitter 47 are typically
not aligned to the polarization components x and y at the transmitter, electronic polari-
zation demultiplexing can be applied to recover the transmitted x signal and transmitted
y signal. For this purpose, for each corresponding upper (52a) and lower (52b) subcar-
rier output of the FFT a complex 2-2 matrix multiplication may be applied (not shown).
This multiplication performs the polarization demultiplexing operation leading to an x
subcarrier signal and a y subcarrier signal which are then fed to the respective decoders
53a and 53b where the x and y subcarrier signals are decided separately and independ-
ently. Alternatively, optical polarization demultiplexing may be used (not shown) by
aligning the polarization components x and y of the polarization splitter 47 to the po-

larization components x and y at the transmitter.
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Fig. 11 illustrates an embodiment of a coherent OFDM transmission system with sub-
carrier modulation according to POL-QAM. Figurative elements in Figs. 10 and 11 de-
noted by the same reference signs are basically the same. In Fig. 11 the data to be
transmitted is fed to a cascade of a serial-to-parallel-converter 40’ and a combined map-
per/coder 41°. In the combined mapper/coder 41° the necessary x and y polarization
components are determined for generating an individual POL-QAM signal per each
subcarrier wavelength, preferably for generating a POL-QAM 6/4 signal as discussed
above. This is indicated in the lower part of Fig. 11 by the polarization and phase con-
stellation diagram of POL-QAM 6/4 identical to the polarization and phase constellation
diagram in Fig. 4. A POL-QAM 6/4 subcarrier signal is formed by the combination of
an X polarization component subcarrier and y polarization component subcarrier at the

same frequency.

The x and y components are transformed in the time domain by two I-FFT-blocks

42a/b. The remaining parts of the transmitter are identical to the transmitter in Fig. 10.

At the receiver, the polarization components x and y of the optical signal are initially
processed and demultiplexed as discussed in connection with Fig. 10. However, in con-
trast to the separate decoders 53a/b in Fig. 10, the receiver in Fig. 11 comprises a joint
decoder 53’ for jointly deciding the x and y components forming a combined symbol
per subcarrier. The joint decoder 53’ may be configured to jointly deciding two con-
secutive symbols per subcarrier, with the two consecutive symbols forming a super
symbol as discussed above. The decoded subcarrier information is fed to a joint paral-

lel-to-serial converter 54° for recovering the original serial data stream.

1t should be noted that the embodiments of the invention as discussed above may be
also configured for a higher number of phase states per symbol, e.g. 8 phases per sym-
bol as in case of 8PSK. Moreover, QAM modulation instead of pure PSK modulation

may be used, in particular for the [Q-modulators discussed above.
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A modulation method for optical communication, comprising the step:
- generating an optical signal modulated between a plurality of different states
of polarization (SOP1-6) and between different phase states,
wherein the states of polarization (SOP1-6) do not all lie on a same great cir-
cle (10) on the Poincaré sphere,
wherein the plurality of states of polarization comprises:
- first states of polarization (SOP1-4) defining a single great circle (10)
on the Poincaré sphere, and
- one or more second states of polarization (SOP5-6) outside the great
circle (10), and
characterized in that
in a second state of polarization (SOP5-6) one of two orthogonal polarization

components of the optical signal is deactivated.

The method of claim 1, wherein the step of generating an optical signal com-
prises the steps of:
- phase modulating two optical waves; and

- polarization combining the phase modulated optical waves.

. The method of claim 2, wherein the step of generating an optical signal further

comprises the step of:
- selectively deactivating one of the two optical waves, the two waves as-

signed to two orthogonal polarization components of the optical signal.
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4. The method of claim 1, wherein
- the optical signal is modulated between 6 states of polarization (SOP1-6)
and 4 phase states in each state of polarization, and
- the optical signal comprises a sequence of optical symbols, with a symbol
having one of the states of polarization (SOP1-6) and one of the phase

states, and in average more than 4 bits are encoded per symbol.

5. The method of claims 4, wherein 9 bits are encoded per two optical symbols.

6. The method of claim 1, wherein the method generates an OFDM signal compris-
ing a plurality of combined subcarrier signals, wherein each combined subcarrier

signal is modulated between the plurality of states of polarization (SOP1-6).

7. A transmitter for optical communication, comprising
- means for generating an optical signal modulated between a plurality of dif-
ferent states of polarization (SOP1-6) and between different phase states,

- wherein the plurality of states of polarization comprises first states of
polarization (SOP1-4) defining a single great circle (10) on the Poin-
caré sphere,

- wherein the plurality of states of polarization (SOP1-6) further com-
prises one or more second states of polarization (SOP5-6) outside the
great circle (10)

characterized in that
the means for generating the optical signal are configured in such a way
that one of two orthogonal polarization components of the optical signal is deac-

tivated in a second state of polarization (SOPS5-6).

8. The transmitter of claim 7, wherein the means for generating an optical signal
comprise:

- means (2a, 2b) for phase modulating two optical waves; and
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- means (3) for polarization combining, downstream of the means for phase

modulating.

9. The transmitter of claim 8, wherein the means for generating the optical signal
5 further comprise:
- means (20) for selectively deactivating one of the two optical waves, the two
waves assigned to two orthogonal polarization components of the optical

signal.

10 10. The transmitter of claim 8, wherein
- the means for generating the optical signal further comprise:

- amodulation encoder (4°’’) receiving data to be transmitted and con-
figured to generate - in dependency on the data — non-binary modula-
tion signals (D1°-D4’) fed to the means for phase modulating (2a,

15 2b), with the non-binary modulation signals selecting the state of po-
larization (SOP1-6).

11. The transmitter of claim 8, wherein the means for generating the optical signal
further comprise:
20 - a polarization modulator (30), downstream of the means (3) for polarization

combining,
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