
(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2014/0003822 A1 

US 2014.0003822A1 

Calabro et al. (43) Pub. Date: Jan. 2, 2014 

(54) OPTICAL COMMUNICATION APPARATUS (52) U.S. Cl. 
AND METHOD CPC .................................... H04B 10/616 (2013.01) 

USPC .......................................................... 398/159 
(75) Inventors: Stefano Calabro, Munich (DE); 

Bernhard Spinnler, Oberhaching (DE) (57) ABSTRACT 

(73) Assignee: NOKIA SIEMENS NETWORKS OY, 
Espoo (FI) An apparatus for optical communication and optical commu 

nication method are provided, the method comprising the 
(21) Appl. No.: 13/977,236 steps of generating an optical signal for transmitting the 

sequence of information data, transmitting the sequence of 
(22) PCT Filed: Dec. 30, 2010 information data as a sequence of transmit matrices, S(k) 

being the k-th transmit matrix and k being a positive integer, 
(86). PCT No.: PCT/EP2010/070907 and wherein the sequence of transmit matrices is transmitted 

S371 (c)(1), through al optical channel characterized by a unitary channel 
(2), (4) Date: Jul. 16, 2013 matrix H, receiving a sequence of receive matrices, the k-th 

receive matrix R(k) being expressed as: R(k)=HS(k)+N(k) 
Publication Classification whereinkis a positive integer and N(k) is a complex matrix of 

noise samples and providing a sequence of decision matrices, 
(51) Int. Cl. the k-th decision matrix D(k) being expressed as: D(k)=R' 

H04B IO/6 (2006.01) (k-1)R(k). 

Soft 
CD Configurable Wector-to- R(k) Right D(i) output 

Compensation FIR filter Matrix 

FIR update 

Matrix-to 
Wector 

+ Ho Delay x 

s 

Error 
computer 

  

  

  



Jan. 2, 2014 Sheet 1 of 6 US 2014/0003822 A1 Patent Application Publication 

(y), is ‘(y). Is 

Jedde.W 

  

  

  



Jan. 2, 2014 Sheet 2 of 6 US 2014/0003822 A1 Patent Application Publication 

  



Jan. 2, 2014 Sheet 3 of 6 US 2014/0003822 A1 Patent Application Publication 

Je?nduOO JOJ JE 

  





Jan. 2, 2014 Sheet 5 of 6 US 2014/0003822 A1 Patent Application Publication 

ele JOJ. XJeW 

  



Patent Application Publication Jan. 2, 2014 Sheet 6 of 6 US 2014/0003822 A1 

S S 

s 

    



US 2014/0003822 A1 

OPTICAL COMMUNICATION APPARATUS 
AND METHOD 

FIELD OF THE INVENTION 

0001. The invention refers to method and an apparatus for 
signal processing in a communication system (e.g. an optical 
communication system). 

BACKGROUND OF THE INVENTION 

0002 Optical fiber communication is continuously expe 
riencing the pressure of fast growing data traffic. To target the 
threatening capacity crunch, the communications industry is 
forced to upgrade and extend the existing networks. A prom 
ising enhancement possibility is the use of advanced modu 
lation formats. 
0003. Whereas conventional optical transmission systems 
employ binary signalling, advanced systems rely upon high 
order constellations and Polarization Division Multiplexing 
(PDM). These techniques improve the spectral efficiency 
thereby supporting the transmission of higher data rates 
within the same bandwidth occupied by traditional On-Off 
Keying (OOK) channels. 
0004 Single-carrier and Orthogonal Frequency-Division 
Multiplexing (OFDM) systems are well known conventional 
techniques. 
0005. Although single-carrier PDM Quaternary Phase 
Shift Keying (QPSK) is emerging as the dominant transmis 
sion scheme for the first generation of 100G systems, a clear 
Solution for the next generations has not prevailed yet. 
0006 Generally, for the advanced modulation formats 
coherent receivers replace traditional direct detection receiv 
ers. By implementing a linear mapping of the optical signal 
into the electrical domain, coherent detection enables effi 
cient compensation of the transmission impairments by 
means of digital signal processing. 
0007 Differently from On-Off Keying (OOK), which 
conveys information using light intensity, the new modula 
tion formats use the phase and the polarization of the trans 
mitted signal to encode the data. This makes them sensitive to 
rotations of the carrier phase and of the channel polarization. 
The receiver must be able to distinguish between phase and 
polarization modulation and unintended changes induced by 
the dynamic nature of the transmission channel (including 
transmit and receive equipment). Therefore, a coherent 
receiver is required to compensate not only impairments as 
Chromatic Dispersion (CD) and Polarization Mode Disper 
sion (PMD), which are relevant for a direct detector as well, 
but also carrier frequency offset, carrier phase noise and the 
dynamic variations of the transfer function of the channel. It 
becomes therefore increasingly difficult, especially in com 
munications systems with high data rate, to implement 
Sophisticated compensation algorithms because of the lim 
ited speed of digital electronics. 
0008 Coherent receivers employ digital signal processing 
to estimate and correct all relevant transmission impairments, 
including carrier frequency offset, carrier phase noise, and 
polarization changes. 
0009 Conventional receivers for single-carrier modula 
tion formats are described in C. R. S. Fludger, et al., “Coher 
ent Equalization and POLMUX-RZ-DOPSK for Robust 100 
GE Transmission', IEEE/OSA Journal of Lightwave 
Technology, vol. 26, no. 1, January 2008 or in M. Kuschnerov, 
et al., “DSP for Coherent Single-Carrier Receivers", IEEE/ 
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OSA Journal of Lightwave Technology, Vol. 27, no. 16, 
August 2009. A coherent OFDM receiver is demonstrated in 
S. L. Jansen, et al., “Long-Haul Transmission of 16x52.5 
Gbits/s Polarization-Division-Multiplexed OFDM Enabled 
by MIMO Processing', OSA.J. Opt. Networking, vol. 7, no. 2, 
February 2008. Conventional receivers use either data-aided 
or blind algorithms to track phase noise and polarization 
changes. 
0010 For single-carrier PDM-QPSK transmission a con 
ventional blind feed-forward carrier recovery can compen 
sate at 1 dB excess penalty phase noise with a maximal 
combined normalized linewidth of 

tAvs1.6:10 (1) 

where t is the symbol period and Av is the sum of the 
full-width half-maximum linewidths of the transmit and 
receive local oscillator lasers (see, for example, M. G. Taylor, 
"Phase Estimation Methods for Optical Coherent Detection 
Using Digital Signal Processing", IEEE/OSA Journal of 
Lightwave Technology, Vol. 27, no. 7, April 2009). For a 
PDM-QPSK system carrying 112 Gbit/s this results into a 
maximal combined linewidth of 44.8 MHz at 1 dB penalty. 
0011 For a conventional coherent OFDM system (see, for 
example, S. L. Jansen, et al., “Coherent Optical 25.8-Gb/s 
OFDM Transmission Over 4160-km SSMF', IEEE/OSA 
Journal of Lightwave Technology, Vol. 26, no. 1, January 
2008) the use of a low-power RF pilot tone allows transmit 
ting 12.5 Gb/s using lasers with 5 MHz linewidth at 1 dB 
penalty, which is comparable to the single-carrier result, if the 
ratio between the bit rates is taken into account. 

0012. Both in single-carrier and OFDM systems, polariza 
tion demultiplexing can track polarization change rates rang 
ing from a few tens to a few hundreds ofkrad/s (depending on 
the implementation). 
0013 As a result, both classes of systems are well able to 
compensate the phase noise generated by conventional Dis 
tributed Feed-Back (DFB) lasers and cope with mechanically 
induced polarization changes. 
0014. However, optical transmission systems, especially 
Wavelength-Division Multiplexing (WDM) long haul sys 
tems, are often operated in the nonlinear regime where non 
linear fiber effects induce fast phase and polarization 
changes. These depend on the signalling rate of the transmit 
ted channels and have a broad spectrum extending up to the 
GHZ region. Obviously such change rates exceed the tracking 
capability of the conventional algorithms described above 
and therefore cause residual phase and/or polarization mis 
alignment, resulting into performance degradation. 
0015 The obvious solution of reducing the launch power 
and operating the system in the linear regime is unsatisfac 
tory, because it implies a reduction of the regenerator-free 
reach. 

0016 Recently, compensation of nonlinear impairments 
has drawn some interest in the scientific community. Both 
electronic pre-compensation (see, for example, K. Roberts, et 
al., “Electronic Precompensation of Optical Nonlinearity', 
IEEE Photon. Technol. Lett., vol. 18, pp. 403-405, 2006) and 
receiver-side coherent detection with Subsequent digital sig 
nal processing (see, for example, G. Goldfarb, et al., "Experi 
mental Demonstration of Distributed Impairment Compen 
sation for High-Spectral Efficiency Transmission', in Proc. 
Coherent Optical Technologies and Applications, Boston, 
Mass., p. CWB3, 2008) have been investigated. 



US 2014/0003822 A1 

0017. Single channel effects, as Self Phase Modulation 
(SPM), can be compensated by nonlinear means on a per 
channel basis. The compensation of multi-channel effects, as 
Cross Phase Modulation (XPM), requires the simultaneous 
knowledge of all affected channels. In line of principle, this 
could be achieved by interconnecting the relevant transpon 
ders, but, depending on network topology and wavelength 
routing, the interacting channels might not originate or ter 
minate at the same site. This poses some fundamental limi 
tations to the electronic mitigation of multi-channel effects. 
Equalization of single-channel effects is certainly more fea 
sible, but also in this field the research is at an initial stage and 
the required implementation effort is enormous. 

0018 Polarization-time modulation for coherent optical 
receivers has been already investigated (see, for example, S. 
Mumtaz, et al., “Space-Time Codes for Optical Fiber Com 
munication with Polarization Multiplexing', IEEE Interna 
tional Conference on Communications (ICC), May 23-27, 
2010). However only non-differential polarization-time 
codes have been taken into consideration, which unfortu 
nately require channel knowledge at the receiver, and intro 
duce polarization-time diversity to contrast channel imper 
fections, usually Polarization Dependent Loss (PDL). 
0019. The problem to be solved is to overcome the disad 
Vantages stated above and in particular to provide coherent 
receiver which can compensate not only impairments as 
Chromatic Dispersion (CD) and Polarization Mode Disper 
sion (PMD), but also carrier frequency offset, carrier phase 
noise and the dynamic variations of the transfer function of 
the channel. 

SUMMARY OF THE INVENTION 

0020. In order to overcome the above-described need in 
the art, the present invention discloses a method comprising 
the steps of generating an optical signal for transmitting the 
sequence of information data, transmitting the sequence of 
information data as a sequence of transmit matrices, S(k) 
being the k-th transmit matrix and k being a positive integer, 
and wherein the sequence of transmit matrices is transmitted 
through an optical channel characterized by a unitary channel 
matrix H, receiving a sequence of receive matrices, the k-th 
receive matrix R(k) being expressed as: 

whereink is a positive integer and N(k) is a complex matrix of 
noise samples and providing a sequence of decision matrices, 
the k-th decision matrix D(k) being expressed as: 

0021. In a next embodiment of the invention, the method 
further includes the step of mapping the sequence of infor 
mation data into a sequence of information matrices selected 
from an alphabet é = {Q, Q. . . . , Q} of N complex 2x2 
unitary matrices, the k-th information matrix Q(k) being a 
unitary matrix. 

0022. In a further embodiment, the k-th transmit matrix 
S(k) is expressed as: 
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0023. In a next embodiment, the k-th transmit matrix S(k) 
is expressed as: 

S(k) = ... C. (k) = S21(k) S22(k) 

0024 wherein k is a positive integer, the symbols (k) is 
transmitted through a first polarization (X) and within a first 
time interval (2k), the symbols (k) is transmitted through a 
second polarization (Y) and within the first time interval (2k), 
the symbol s(k) is transmitted through the first polarization 
(X) and within a second time interval (2k+1), and the symbol 
S(k) is transmitted through the second polarization (Y) and 
within the second time interval (2k+1), the first (Y) and the 
second (Y) polarizations being orthogonal with respect to 
each other, the first (2k) and the second (2k+1) time intervals 
being Subsequent time intervals, the k-th transmit matrix S(k) 
being a unitary matrix and the symbols s1(k), s(k), s(k) 
and s(k) being complex scalar values. 
0025. In a next embodiment of the invention, the method 
further includes the step of arranging the sequence of transmit 
matrices into a first and a second sequence of complex Scalar 
values. 
0026. It is also an embodiment that, with respect to the k-th 
transmit matrix S(k), the first sequence of complex scalar 
values includes the symbols S(k) and, s(k) and the second 
sequence of complex scalar values includes the symbols S. 
(k), and S22(k). 
0027. In a next embodiment of the invention, the method 
further includes the steps of extracting a first sequence of 
in-phase components (Res (k), Res2(k)) and a first 
sequence of quadrature components (Im{s(k), Im{s(k) 
}) from the first sequence of complex scalar values, and 
extracting a second sequence of in-phase components 
(Res (k), Res(k)}) and a second sequence of quadra 
ture components (Im{s(k), Im{s(k)}) from the second 
sequence of complex scalar values. 
0028. In a next embodiment of the invention, the method 
further includes the step of estimating the sequence of infor 
mation matrices, the k-th estimated matrix Q(k) being 
expressed as: 

0029. In a further embodiment of the invention, the 
method further includes the steps of providing a sequence of 
first error matrices, the k-th first error matrix E(k) being 
expressed as: 

providing a sequence of second error matrices, the k-th sec 
ond matrix E(k) being expressed as: 

wherein R(k-1) is substantially an unitary matrix, providing 
polarization mode dispersion compensation by means of a 
polarization mode compensator including a plurality of coef 
ficients and determining the plurality of coefficients by means 
of the sequence of second error matrices. 
0030. In a next embodiment of the invention, the method 
further includes the step of estimating the sequence of 
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enhanced information matrices, the k-th enhanced estimated 
matrix Q(k) being expressed as: 

or (k) = argin IDE(k)-QI* = argastr;D" (k) Q+ Q" De (k)} 

0031 D(k) being the k-th enhanced decision matrix 
belonging to a sequence of enhanced decision matrices, 
D(k) being expressed as: 

0032 U(k) being the k-th reference matrix belonging to a 
sequence of reference matrices and U(k) being expressed as: 

wherein C. is a real positive Scalar belonging to the interval 0: 
1. 
0033. In a further embodiment of the invention, the 
method further includes the steps of providing a sequence of 
first enhanced error matrices, the k-th first enhanced error 
matrix E(k) being expressed as: 

providing a sequence of enhanced second error matrices, the 
k-th enhanced second matrix E(k) being expressed as: 

providing polarization mode dispersion compensation by 
means of a polarization mode compensator including a plu 
rality of coefficients and determining the plurality of coeffi 
cients by means of the sequence of enhanced second error 
matrices. 
0034. In a next embodiment of the invention, the method 
further includes the step of determining the optimal value of 
the scalara according to the conditions of the optical channel. 
0035. In a further embodiment, N(k) is a complex 2x2 
matrix of noise samples expressed as 

and k is a positive integer. 
0036. The problem stated above is also solved by an appa 
ratus for optical communication, comprising a mapper con 
figured to map a sequence of information data into a sequence 
of information matrices selected from an alphabet 3 = {Q, 
Q. . . . , Q} of N complex 2x2 unitary matrices, the k-th 
information matrix Q(k) being an unitary matrix, means for 
generating an optical signal for transmitting the sequence of 
information data, a transmitter configured to transmit the 
sequence of information data as a sequence of transmit matri 
ces, the k-th transmit matrix S(k) being expressed as: 

and wherein k is a positive integer, and the sequence of 
transmit matrices is transmitted through an optical channel 
characterized by a unitary channel matrix H, a receiver con 
figured to receive a sequence of receive matrices, the k-th 
receive matrix R(k) being expressed as: 

wherein k is a positive integer and N(k) is a complex 2x2 
matrix of noise samples, wherein the apparatus includes 
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means for providing a sequence of decision matrices, the k-th 
decision matrix D(k) being expressed as: 

0037. The method and the apparatus provided, in particu 
lar, bears the following advantages: 
0038 a) they compensate not only impairments as Chro 
matic Dispersion (CD) and Polarization Mode Dispersion 
(PMD), but also carrier frequency offset, carrier phase 
noise and the dynamic variations of the transfer function of 
the channel. 

0039 b) They avoid phase and polarization tracking at all, 
thus completely circumventing any mismatch problem 
between the fast change rate of optical channel impair 
ments and the limited processing speed of digital 

0040 c) They are easy to implement. 
0041 d) They reduce the variance of the equivalent noise. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0042. The invention is explained by way of example in 
more detail below with the aid of the attached drawings. 
0043 FIG. 1 illustrates the essential blocks of the differ 
ential polarization-time (DPT) transmitter according to an 
embodiment of the invention. 
0044 FIG. 2 illustrates the essential blocks of a receiver 
according to an embodiment of the invention. 
004.5 FIG. 3 illustrates a DPT receiver using enhanced 
DPT detection according to one embodiment of the invention. 
0046 FIG. 4 shows the projection of the transmit signal 
(for the case that S(0) is the identity matrix) on the component 
complex constellations according to one embodiment of the 
invention. 
0047 FIG.5 shows the simulated matrix error rate over the 
Additive White Gaussian Noise (AWGN) channel as a func 
tion of the ratio between energy per bit E, and variance No of 
the complex I/O noise samples according to one embodiment 
of the invention. 
0048 FIG. 6 shows the projection of the transmit signal on 
the component I/O constellations according to an embodi 
ment of the invention. 

DESCRIPTION OF THE INVENTION 

0049. Illustrative embodiments will now be described 
with reference to the accompanying drawings to disclose the 
teachings of the present invention. While the present inven 
tion is described herein with reference to illustrative embodi 
ments for particular applications, it should be understood that 
the invention is not limited thereto. Those having ordinary 
skill in the art and access to the teachings provided herein will 
recognize additional modifications, applications, and 
embodiments within the scope thereofand additional fields in 
which the present invention would be of significant utility. 
0050. According to embodiments of the present invention, 
there is provided a method to encode the information data in 
the joint phase and polarization changes of the transmit signal 
and to recover it at the receiver by performing joint phase and 
polarization differential detection. The solution according to 
embodiments of the invention avoids phase and polarization 
tracking at all, thus completely circumventing any mismatch 
problem between the fast change rate of optical channel 
impairments and the limited processing speed of digital elec 
tronics. 
0051. The proposed signalling scheme according to 
embodiment of the inventions encodes the information in 2x2 
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matrices of symbols transmitted over two Subsequent signal 
ling intervals and two orthogonal polarizations. The joint use 
of polarization and time realizes effectively a Differential 
Polarization-Time (DPT) code. 
0052 Embodiments of the invention employ differential 
polarization-time codes with the aim of avoiding channel 
tracking rather than of introducing transmission diversity. 
0053 Other embodiments of the invention employ differ 
ential polarization-time codes to combat polarization and 
phase rotations and, accordingly, the fact that the channel 
matrix is unitary is particularly advantageous to obtain a 
novel simple decoding rule. 
0054) Other embodiments of the invention define appro 
priate interfaces to integrate a differential polarization-time 
code within a conventional optical coherent receiver capable 
of compensating CD and PMD. 
0055. Other embodiments of the invention employ 
advanced multi-symbol detection techniques tailored to the 
optical channel to improve joint phase and polarization dif 
ferential detection and potentially close the performance gap 
towards fully coherent detection, depending on the dynamic 
characteristics of the channel. 
0056 FIG. 1 illustrates the essential blocks of the differ 
ential polarization-time (DPT) transmitter according to an 
embodiment of the invention, including the data mapper and 
the differential encoder implementing the recursion (4). The 
terms Left and Right in the figure indicate the positions of 
the matrices in the matrix product. 
0057 The transmitter may use an alphabet C of N complex 
2x2 unitary matrices 

0058. The information stream can be mapped to a 
sequence of matrices from the alphabet C 

P(1),9(2),9(3), ... (k=1,2,...) (3) 

according to a pre-defined labelling. 
0059. The k-th transmit matrix (k=1, 2, . . . ) can be 
obtained through the recursion 

S(k)=S(k-1)G(k) (k=1,2,...), (4) 

which generalizes differential encoding to unitary matrices. 
0060. The first transmit matrix S(0) can be chosen to be a 
complex 2x2 unitary matrix. Since every matrix Q(k) is uni 
tary, also the k-th matrix 

S11(k) S12(k) (5) 
S(k) = (k) . 

is unitary for k=1, 2, . . . . 
0061 The complex values S(k) and s(k) can be trans 
mitted over two orthogonal polarizations X and Y, respec 
tively, at signalling time 2k and the complex values S2(k) and 
s(k) can be transmitted overpolarizations X and Y, respec 
tively, at signalling time 2k+1, as illustrated below: 

Polariza(?) in X: ... S11(k) S12(k) (6) 
S21(k) S22(k) 

or 2k + 1 2k+ 2 

S11 (k+ 1) S12(k+1) 

Polariza( in Y: ... S2(k+1) S22(k+1) 

2k+3 . Signallingtime. ... 

() indicates text missing or illegiblewhen filed 
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0062. The matrix stream can be decomposed into two 
complex Scalar streams carrying the elements of the first and 
the second row, respectively, which can be assigned to the X 
and Y polarizations. Each complex stream can be Subse 
quently decomposed into the in-phase and quadrature com 
ponents. The resulting four real streams can be possibly up 
converted, spectrally shaped and modulated, according to 
conventional processing in an optical single-carrier transmit 
ter. 

0063 FIG. 2 illustrates the essential blocks of the receiver 
according to an embodiment of the invention, including CD 
compensator, PMD compensator, DPT detector, DPT deci 
sion device, error computation and error back-rotation. 
0064. At the receiver, the in-phase and quadrature compo 
nents of two orthogonal polarizations of the impinging signal 
can be sampled at a sufficient rate to fulfill the Nyquist sam 
pling condition. 
0065 Bulk chromatic dispersion is compensated before 
and independently of DPT detection. 
0066. Subsequently, a complex butterfly filter compen 
sates PMD and residual CD. At the output of the PMD com 
pensator the signal can be down-sampled to one sample per 
symbol (i.e. 2 samples per matrix) and passed to the DPT 
detector. 
0067. After PMD compensation and down-sampling the 
received signal can be represented in matrix form as 

where H is the unitary channel matrix and 

N(t)=C. C. (8) 

is a complex 2x2 matrix of noise samples, which are assumed 
white, independent and normally distributed with variance 
o, By virtue of the PMD compensator, the residual channel 
matrix H is independent of frequency and corresponds to a 
pure polarization/phase rotation. 
0068. The following decision variable can be defined: 

D(k) = R (k - 1)R(k) (9) 
= S(k-1)H + N(k-1). 

H. S(k - 1) O(k) + N(k), 
= Q(k) + Ni(k) + N2(k) + N' (k-1)N(k) 

where 

N(k) = S(k-1)H, N(k) (10) 
and 

N2(k) = N (k - 1) H.S(k). (11) 

I0069. And () is the Hermitian transpose operator. The 
noise terms N and N can be obtained by a unitary transfor 
mation of the original noise process and, therefore, have its 
same statistical properties. By neglecting the quadratic noise 
term N'N it is possible to obtain 

D(k)sG(k)+N(k), (12) 

where the effective noise 
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has white, independent, normally distributed components 
with variance 20°. It is worthwhile to observe that differen 
tial polarization-time detection can cause an increase of the 
effective noise power by a factor 2. 
0070 The detection rule to be implemented in the decision 
device follows from (11): 

O(k) = argin ID(k) - QII? (14) 

0071. DPT detection is a nonlinear operation and should 
be preferably performed after PMD compensation to preserve 
the linear mapping of channel impairments into the electrical 
domain. This may pose the problem of computing the adap 
tation criterion for the PMD compensator whose output is 
only partially demodulated. 
0072 The error due to noise and misalignment of the PMD 
compensator can be defined as follows: 

And can be related to the error E(k) before DPT detection by: 
E(k)=R(k-1) E(k). (16) 

0073. If the noise term in (7) is regarded as a perturbation, 
then the term R(k-1) can be regarded approximately as a 
unitary matrix and the term E(k) can be computed from the 
error E(k) by simple back-rotation 

0074 The error matrix E(k) can be decomposed into its 
Scalar entries and used in a conventional stochastic gradient 
algorithm to adapt the coefficients of the PMD compensator. 
0075 Differential detection is insensitive to phase and 
polarization rotations of the channel transfer function as long 
as their speed is negligible with respect to the time necessary 
to transmit two consecutive matrices S(k-1) and S(k), i.e. 
four consecutive symbols. Cancelling the fast rotations can 
relieve the PMD compensator from the task of polarization 
de-multiplexing. Errorback-rotation can make DPT transpar 
ent to the adaptation algorithm of the PMD compensator. 
0076 Since the signalling rate in an optical system can be 
as high as a few tens of GHZ, DPT systems can cope with 
polarization change rates of a few Grad/s. As a term of com 
parison, it is worthwhile to observe that state-of-the-art 
coherent receiver can track polarization change rates ranging 
from a few tens to a few hundreds of krad/s. 

0077. It has been observed above that differential detec 
tion suffers from an enhancement of the effective noise power 
by a factor 2 with respect to coherent detection. This ma be 
due to the fact that both the current matrix R(k) and the 
reference matrix R(k-1) are noisy. 
0078 FIG. 3 illustrates a DPT receiver using enhanced 
DPT detection according to one embodiment of the invention. 
0079. In the present embodiment of the invention an 
improved multi-symbol detection technique is provided that 
reduces the effective noise by averaging the reference over 
multiple matrices. 
0080. In detail, the enhanced reference matrix U(k) is 
averaged through the recursion 
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where C. is a real positive Scalar constant belonging to the 
interval 0: 1. The enhanced decision variable is 

I0081 For C–0, as a special case, the decision variable 
defined in (9) is obtained. 
0082. The recursion can be unrolled as follows: 

De(k) = (1-0).R" (k-1)+oo" (k-1)U"(K-2)). R(k) ' 
= (1-0). R" (k-1)+ ao" (k-1)R" (K-2) + 
o°o"(k-1)o" (K-2)U" (K-3). R(k) 

k in-l 

= (1 - X" o'ck-n)|R"ck-m), R(k) 
n=1 =l 

I0083. By using (4) it is possible to get: 

S(k - 1) = S(k - 2)O(k - 1) (21) 
= S(k - 3)O(k - 2)Q(k - 1) 

= S(k -n) Q(k - p) 
p=n-1 

and, therefore, 

(22) in-l 

S(k - n) = S(k - 1) Q(k - p). 
p=l 

I0084 Substituting this result in (20) and with the use of (7) 
it is possible to obtain: 

(23) k in-l 

DE(k) = (1 - a). on-l o" (k -n. 
n=1 =l 

I0085. If, for simplicity's sake, it is assumed that all past 
decisions are correct, i.e. 

it is possible to get: 

DE(k) = (25) 
k 

(1 - a). Xa" (S" (k-1)H" + No.(k, m). (HS(k) + N(k)), 
where 

i H (26) 
N(k, n) = O(k - n)N' (k - m) 

has the same statistic properties of the original noise process. 
I0086. With the use of (10) and with the definition 
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we finally obtain: 

k (28) 
DE(k) = (1 - a) X a" (Sick - 1)S(k)+S (k-1)H, N(k)+ 

N(k, m). H. S(k) + N (k, m)N(k)) 
k 

= (1-0). Xo" (Q(k) + N, (k) + N. (k, m). H. S(k)+ 
Neg (k, n). N(k) 

k 

= (1-a'). IO(k) + N(k)) + (1 - a). Xa" 
n=1 

N2 (k, m) + N (k, m), N(k)) 
k 

s Q(k) + Ni(k) + (1 - a) Xa"'Nze (k, m), 
n=1 

where it is assumed CC-0, the quadratic noise term has been 
neglected and khas been let diverge. This shows that the noise 
terms N in the enhanced decision variable are averaged over 
the previously received matrices by an exponentially decay 
ing window. 
0087. The scalar a controls the memory of the averaging 
process. Large values of a correspond to longer averaging and 
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generated by the matrices 

27t 30 exp(ii) O (30) 
G1 = 27t 

O exp(ii) 
27t 27 (31) 

G cos() -S i) 
° ( 2. 27t sin() cos) 

and 

O 1 (32) 
G3 = 

1 

0091 For M=M=8 % has order 64 and minimum 
squared Euclidean distance 8 sin(L/8)-1.17. The use of a 
group alphabet can simplify the implementation of differen 
tial encoding at the transmitter. Since both S(k) and S(k-1) in 
the recursion (4) belong to a coset of 6 , the multiplication 
can be implemented by a look-up table. 
0092 FIG. 4 shows the projection of the transmit signal 
(for the case that is the identity matrix) on the component 
complex constellations according to one embodiment of the 
invention. 
0093. As a second example the alphabet of the following 
unitary matrices is considered: 

(iii) (+ (iii) (its 2 m4. (33) (eX COS -(eX (eX S. pi M1 4. PO pi M2 pi 3 M4 PO 

(ii's 27 m.4 (ii) (ii) (i. ) eXpi M2 S. M + po expp M1 eXpi M3 COS M + po 

with 

in e {0, 1, , ... , M-1} (34) 
m2 e {0, 1, , ... , M2 - 1 
m3 e {0, 1, , ... , M3 - 1 
m4 e {0, 1, , ... , M4 - 1. 

therefore improve the noise resilience at the expense of the 
sensitivity to fast polarization and phase rotations. The opti 
mal value of C. depends on the ratio between additive Gaus 
sian noise and polarization/phase noise. A practical imple 
mentation can use a configurable forgetting factor that can be 
tuned according to the actual channel conditions. 
0088 According to (12), the error probability in an optical 
polarization-time modulation is determined by the Euclidean 
distance between the matrices of the codebook 6 . To attain 
high spectral efficiency and good noise resilience, it is pos 
sible to maximize the order and (in a first order approxima 
tion) the minimum Euclidean distance of the DPT constella 
tion. 

0089. In the following the potential of the technique is 
illustrated using both alphabets with and without group struc 
ture. 

0090. As a first example the following group alphabet is 
considered: 

0094 For M=M=M=4, M-1 and cpo TL/4, an alphabet 
of order 64 with minimum squared Euclidean distance 2 is 
obtained. 

0.095 Although the alphabet is not a group and does not 
fulfill the closure property under matrix multiplication, the 
four transmit constellations consists of (identical) finite sets 
of discrete points. Therefore, similarly to the first also in this 
case differential encoding can be implemented through a 
look-up table. 
0096 FIG.5 shows the simulated matrix error rate over the 
Additive White Gaussian Noise (AWGN) channel as a func 
tion of the ratio between energy per bit E, and variance No of 
the complex I/O noise samples according to one embodiment 
of the invention. As expected, higher values of a correspond to 
a better performance under static channel conditions. The bit 
error rate depends on the mapping between bits and orthogo 
nal matrices. 

0097 FIG. 6 shows the projection of the transmit signal on 
the component I/O constellations according to an embodi 
ment of the invention. As an example, with the parameterisa 
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tion, for M=M=MM-4 and (po-0.464, after expurgating 
the duplicated matrices, it is possible to obtain an alphabet of 
order 128 with minimum squared Euclidean distance -0.798. 
In this case, as illustrated in FIG. 6, the four transmit constel 
lations are continuous and infinite and differential encoding 
requires a full matrix multiplication. 
0098. The present invention is not limited to the details of 
the above described principles. The scope of the invention is 
defined by the appended claims and all changes and modifi 
cations as fall within the equivalents of the scope of the claims 
are therefore to be embraced by the invention. Mathematical 
conversions or equivalent calculations of the signal values 
based on the inventive method or the use of analogue signals 
instead of digital values are also incorporated. 

LIST OF ABBREVIATIONS 

0099 AWGN Additive White Gaussian Noise 
0100 CD Chromatic Dispersion 
0101 CMA Constant Modulus Algorithm 
0102 DFB Distributed Feed-Back 
(0103 DGD Differential Group Delay 
0104 DPT Differential Polarization-Time 
0105 I/O In-phase/Quadrature 
0106 LMS Least Mean Square 
0107 OFDM Orthogonal Frequency-Division Multiplex 
1ng 

0108 OOK On-Off Keying 
0109 PDM Polarization Division Multiplexing 
0110 PMD Polarization Mode Dispersion 
0111. PSK Phase-Shift Keying 
0112 QPSK Quaternary Phase-Shift Keying 
0113 SPM Self Phase Modulation 
0114 WDM Wavelength-Division Multiplexing 
0115 XPM Cross Phase Modulation 

1. An optical communication method, comprising 
generating an optical signal for transmitting a sequence of 

information data; 
transmitting the sequence of information data as a 

sequence of transmit matrices, S(k) being a k-th transmit 
matrix and k being a positive integer, and wherein the 
sequence of transmit matrices is transmitted through an 
optical channel characterized by a unitary channel 
matrix H: 

receiving a sequence of receive matrices, the k-th receive 
matrix R(k) being expressed as: 

whereink is a positive integer and N(k) is a complex matrix of 
noise samples: 
characterized in that: 

providing a sequence of decision matrices, the k-th deci 
sion matrix D(k) being expressed as: 

2. A method according to claim 1, further comprising: 
mapping the sequence of information data into a sequence 

of information matrices selected from an alphabet 
% = {Q, Q. . . . , Q} of N complex 2x2 unitary 
matrices, the k-th information matrix Q(k) being a uni 
tary matrix. 

3. A method according to claim 2, wherein the k-th transmit 
matrix S(k) is expressed as: 
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4. A method according to claim 1, the k-th transmit matrix 
S(k) being expressed as: 

S(k) = ... C. (k) = S21(k) S22(k) 

wherein k is a positive integer, s(k) is a symbol that is 
transmitted through a first polarization (X) and within a 
first time interval (2k), s(k) is a symbol that is trans 
mitted through a second polarization (Y) and within the 
first time interval (2k), s(k) is a symbol that is trans 
mitted through the first polarization (X) and within a 
second time interval (2k+1), s(k) is a symbol that is 
transmitted through the second polarization (Y) and 
within the second time interval (2k+1): 

the first (Y) and the second (Y) polarizations being 
orthogonal with respect to each other; 

the first (2k) and the second (2k+1) time intervals being 
Subsequent time intervals; 

the k-th transmit matrix S(k) being a unitary matrix. 
the symbols s1(k), S21(k), s2(k) and S22(k) being complex 

Scalar values. 
5. A method according to claim 4, further comprising: 
arranging the sequence of transmit matrices into a first and 

a second sequence of complex Scalar values. 
6. A method according to claim 5, wherein with respect to 

the k-th transmit matrix S(k), the first sequence of complex 
scalar values includes the symbols s(k) and, s(k) and the 
second sequence of complex Scalar values includes the sym 
bols s1(k) and s(k). 

7. A method according to claim 6, further comprising: 
extracting a first sequence of in-phase components (Res 

(k)}. Res(k)}) and a first 
sequence of quadrature components (Im{s1(k)), 
Im{s1(k)) from the first sequence of complex scalar 
values; and 

extracting a second sequence of in-phase components 
(Res (k), Res(k)) and a second sequence of 
quadrature components (Im{s(k)}. Im{s22(k)}) 
from the second sequence of complex scalar values. 

8. A method according to claim 2, further comprising: 
estimating the sequence of information matrices, the k-th 

estimated matrix Q(k) being expressed as: 

9. A method according to claim 8, further comprising: 
providing a sequence of first error matrices, the k-th first 

error matrix E(k) being expressed as: 

providing a sequence of second error matrices, the k-th Serror 
matrix E(k) being expressed as: 

wherein R(k-1) is substantially an unitary matrix: 
providing polarization mode dispersion compensation by 
means of a polarization mode compensator including a plu 
rality of coefficients; 
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determining the plurality of coefficients by means of the 
sequence of second error matrices. 

10. A method according to claim 1, further comprising: 
estimating a sequence of enhances information matrices, 

the k-th enhances estimated matrix Q,(k) being 
expressed as: 

D(k) being a k-th enhances decision matrix belonging to a 
sequence of enhanced decision matrices, D(k) being 
expressed as: 

U(k) being a k-th reference matrix belonging to a sequence of 
reference matrices, U(k) being expressed as: 

wherein C. is a real positive scalar belonging to an interval 0: 
1. 

11. A method according to claim 10, further comprising: 
providing a sequence of first enhanced error matrices, the 

k-th first enhanced error matrix E(k) being expressed 
aS 

providing a sequence of enhanced second error matrices, 
the k-th enhanced second E(k) being expressed as: 

providing polarization mode dispersion compensation by 
means of a polarization mode compensator including a plu 
rality of coefficients; 

determining the plurality of coefficients by means of the 
sequence of enhanced second error matrices. 
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12. A method according to claim 10, further comprising: 
determining an optimal value of the scalar C. according to 

conditions of an optical channel. 
13. A method according to claim 1, wherein N(k) is a 

complex 2x2 matrix of noise samples expressed as 

N(k) = C. C. n21(k) n22(k) 

and k is a positive integer. 
14. An apparatus for optical communication, comprising 
a mapper configured to map a sequence of information data 

into a sequence of information matrices selected from an 
alphabet é ={Q, Q. . . . , Q} of N complex 2x2 
unitary matrices, a k-th information matrix Q(k) being a 
unitary matrix: 

means for generating an optical signal for transmitting the 
sequence of information data; 

a transmitter configured to transmit the sequence of infor 
mation data as a sequence of transmit matrices, the k-th 
transmit matrix S(k) being expressed as: 

and wherein k is a positive integer, and the sequence of 
transmit matrices is transmitted through an optical channel 
characterized by a unitary channel matrix H: 
a receiver configured to receive a sequence of receive matri 
ces, the k-th receive matrix R(k) being expressed as: 

R(k)=HS(k)+N(k) 
wherein k is a positive integer and N(k) is a complex 2x2 
matrix of noise samples; 
characterized in that: 
the apparatus includes means for providing a sequence of 
decision matrices, the k-th decision matrix D(k) being 
expressed as: 


