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METHOD AND APPARATUS FOR
ALGORITHM ON FLEXIBLE SQUARE-QAM
COHERENT DETECTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This Application claims the benefit of U.S. Provisional
Application 61/757,991 filed on Jan. 29, 2013, the entirety of
which 1s incorporated herein by reference.

BACKGROUND OF THE INVENTION

I. Introduction

For 100 Gb/s and beyond optical transmission systems, the
flexible and adaptive bandwidth, known as elastic bandwidth,
enables to efficiently distribute data according to the needed
capacity and transmission length. Consequently the software
defined elastic optical networks are becoming more and more
attractive and important at present [1]-[4]. In this software
defined networking (SDN), modulation format and constel-
lation size may be flexibly modified. In that case, digital
signal processing (DSP) must be compatible with different
modulation schemes or readily reconfigurable at the recerver.
Polarization multiplexing quadrature phase shift keying (PM-
QPSK) 1s proposed and commercially available for 100-Gb/s
optical transmission system [5]. Polarization multiplexing
16-ary quadrature amplitude modulation (PM-16QAM) [6]
and higher-level QAM (e.g., 36QAM) [7], [8] are proposed
for beyond 100-Gb/s optical transmission system. Therefore,
it 1s quite important to discuss the DSP compatibility for the
mQAM signal especially for QPSK and 16QQAM 1n the future
clastic optical networks.

Recently, lots of algorithms have been proposed to recover
the distorted signal. The static filter 1s used for chromatic
dispersion (CD) compensation [9]. The filter parameters are
dependent on the residual CD and have no relation with
modulation format. The constant modulus algorithm (CMA)
1s well accepted to separate the two polarization components.
It1s proved efficient to adapt the finite impulse response (FIR)
tap weights for the QPSK and m-ary phase shift keying
(mPSK) signal which has constant modulus. However, CMA
1s not well compatible with 16QQAM because high order QAM
no longer presents constant symbol amplitude and equalized
signal error cannot approach to zero. Instead, radius directed
equalization (RDE) algorithm 1s proposed [10], but 1t needs
changing with the number of radius of the constellation. For
carrier recovery, Viterb1 and Viterbi algorithm 1s usetul to
QPSK signal [11], while feed forward estimation 1s more
hardware etficient for mQAM signal [12]. The common prob-
lem 1s that the algorithm needs re-configuration and re-ini-
tialization so they are not tlexible for the dynamic modulation
format deployment.

The decision-directed least radius distance (DD-LRD)
algorithm for blind equalization 1s proposed [13], which 1s
also named phase independent decision-directed least mean
square (DD-LMS) [14]. But 1t 1s unrelated to carrier phase so
that cannot be applied for carrier recovery. Although conven-
tional DD-LMS algorithm 1s compatible with all kinds of
modulation formats, 1t 1s too sensitive to phase error. Gener-
ally, 1t should be combined with CMA or RDE for pre-con-
vergence. In this paper, we propose a novel decision-directed
modified least mean square (DD-MLMS) algorithm which 1s
suitable for square-QAM signal. Besides, carrier phase 1s
blindly recovered simultaneously because phase error i1s
reserved 1n the cost function. Low complex cascaded DD-
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2

MLMS based adaptive equalizers are applied for polarization
separation and carrier phase recovery in the flexible square-
QAM coherent optical systems for the elastic optical net-
works.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the ivention, and are incorporated
in and constitute a part of this specification. The drawings
illustrate disclosed embodiments and/or aspects and, together
with the description, serve to explain the principles of the
invention, the scope of which 1s determined by the claims.

FIG. 1 illustrates a DD-MLMS based adaptive FIR equal-
1Zer:

FIG. 2 1llustrates cascaded adaptive equalizers with DD-
MLMS;

FIG. 3 15 a chart showing Q value versus product of laser
linew1idth and symbol duration Av-T_. Inset 1s the 16QAM
constellations of recerved signal and processed signal based
on proposed algorithm;

FIG. 4 illustrates an experimental setup where CW: con-
tinuous wave, 1/Q mod.: I/Q modulator, ATT: attenuator,
OBPEF: optical band-pass filter, LO: local oscillator;

FIG. § 1illustrates measured BER as a function of OSNR
(0.1 nm). Inset 1s the QPSK constellations of recovered signal
based on different methods which 1s measured at an OSNR of
15 dB;

FIG. 6 illustrates measured BER as a function of OSNR
(0.1 nm). Inset 1s the 16QQAM constellations of recovered
signal based on different methods which 1s measured at an

OSNR of 25 dB; and
FIG. 7 1llustrates measured BER as a function of transmis-

s1on length for 16QQAM signal.

DETAILED DESCRIPTION OF THE INVENTION

It 1s to be understood that the figures and descriptions
provided herein may have been simplified to illustrate ele-
ments that are relevant for a clear understanding of the present
invention, while eliminating, for the purpose of clarity, other
clements found 1n typical algorithms on flexible square-QAM
coherent detection systems and methods. Those of ordinary
skill 1n the art may recognize that other elements and/or steps
may be desirable and/or necessary to implement the devices,
systems, and methods described herein. However, because
such elements and steps are well known in the art, and
because they do not facilitate a better understanding of the
present mvention, a discussion of such elements and steps
may not be provided herein. The present disclosure 1s deemed
to inherently include all such elements, variations, and modi-
fications to the disclosed elements and methods that would be
known to those of ordinary skill 1n the pertinent art of optical
network operation.

I1. Operation Principle

We may model the fiber optics channel simply by a unitary
2x2 matrix considering CD, polarization mode dispersion
(PMD) and carrier phase as shown 1n (1),

7 - cos@ e Msinf |[ef 0 rs,c (1)

_ —e*sing

cos |[ O
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where h_, 1s the fiber transfer function under dispersion. 20
and @ are the azimuth and elevation rotation angles, respec-
tively. ¢, and ¢, are the carrier phase otfset. With respect to
(1), we can recover the signal with the digital FIR equalizer.
As we know, adaptive FIR filter 1s a popular blind equalizer
for mtersymbol interference (ISI) mitigation, polarization
separation, and carrier phase tracking. The equalizer coelli-
cients will be updated adaptively using a cost function
according to a priori knowledge of the symbol character. FIG.
1 illustrates our proposed novel FIR blind equalizer with
DD-MLMS algorithm to adapt the filter tap coellicients. x(n)
1s the received signal data. w(n)=[a,, a,, . . . a,] 1s the tap
coellicients vector. We obtain the equalized signal by y(n)=w
(n)? x(n), where superscript T stands for the transposition of
a vector. The decision symbol is d(n) decided by the shortest
distance away from mQAM constellation point. DD-MLMS
algorithm 1s proposed for the adaptive equalizer to mimimize
the mean square error. Since the mQAM signal constellation
1s square like, multi-modulus cost functions on both real axis
and 1maginary axis are considered. Meanwhile we want to
reserve not only the amplitude error information but also the
phase error information. Thus, the error function 1s divided
into two parts. The errors of real part and imaginary part are
calculated separately. Equations (2) and (3) show the error
functions of real part and 1imaginary part, respectively,

e, (n)=(1d (1) 1°~1y,(1)1*)xsgn[y,(n)] (2)

e:(m)=(1d;(n) 1P~ 1y,(n) Pxsgn(y(n)) (3)

(4)

where the signum function 1s defined as sgn(x)=x/Ix|. The
error functions of real part and imaginary part are then com-
bined together, which 1s expressed as a complex error vector
as shown 1n (4).

The filter tap weights updating equation 1s shown 1 (5).

e(n)=e,(n)tj-en)

w(rn)=w(n-1)+ue(r)x(#n)* (5)

where w(n) 1s the adaptive FIR filter, and u 1s the convergence
parameter. [-]* stands for conjugation operation.

Since real part and imaginary part of the equalizer output
are estimated respectively, the DD-MLMS algorithm tries to
force the equalized signal to reside on the decision point. In
addition, the error function includes both amplitude and
phase information of the equalized signal. As a result, carrier
phase offset 1s also blindly compensated.

In order to realize polarization separation and carrier phase
recovery which 1s transparent to mQAM modulation format
in the elastic optical networks, we propose cascaded DD-
MLMS based adaptive equalizers. FIG. 2 shows the DSP of
this blind equalization. The cascaded adaptive blind equaliz-
ers consist ot four buttertly FIR filters (h,_, h,, h, h ) for
polarization separation and two FIR filters (g, g ) for carrier
phase recovery. All of the filters are adaptively updated by
DD-MLMS. It should be pointed out that all the signal pro-
cessing 1s modulation format independent for square-QAM
signal except for symbol final decision. Nevertheless, symbol
decision must be required in any situation and format depen-
dence 1s mevitable for the final decision.

Numerical simulation 1s done 1n order to evaluate the per-
formance of our proposed algorithm. We take 16QQAM signal
as an example. The initial carrier phase offset1s 45°. The inset
constellations in FIG. 3 present that the signal carrier phase 1s
successiully recovered and the influence of the phase noise
due to laser linewidth 1s reduced thanks to the blind equalizer.
The curve of the measured Q value versus linewidth and
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symbol duration product 1s shown 1n FIG. 3. The algorithm
can tolerate Av-T_of 1E-5 with Q penalty of 1 dB.

I1I. Experiment and Discussion

FIG. 4 shows the experimental setup of 28 Gbaud PM-
QPSK and PM-16QAM back-to-back transmission. The bit
sequence with a pseudo-random binary sequence (PRBS)
length of 212 1s coded by applying Gray-mapping for QPSK
and 16QAM. The 28 Gbaud electrical signals are generated
with two digital-to-analog converters (DACs) with a band-
width of 16 GHz for in-phase (1) and quadrature (QQ) branches.
An external cavity laser (ECL ) 1s used as the continuous wave
(CW) source and modulated by an I/QQ modulator biased at
null point. Hence the modulation format of QPSK or 16QAM
can be defined by the software. The signal 1s polarization
multiplexed with a differential delay of 1350 symbols between
two polarizations. Therefore, the bit-rate 1s 112 Gb/s when
QPSK 1s deployed and 224 Gb/s when 16QAM 1s deployed.
A variable attenuator and an Erbium Doped Fiber Amplifier
(EDFA) are used to control the optical signal-to-noise ratio
(OSNR) of the recerved signal. After that, one tunable optical
band-pass filter (OBPF) with 3-dB bandwidth of 0.35 nm 1s
tuned at measured wavelength. Polarization diversity homo-

dyne detection 1s utilized at the receiver. The linewidth of
ECLs at the transmitter and for LO at the recetver are both
smaller than 100 kHz. We apply 80-GSa/s sampling and
30-GHz bandwidth analog-to-digital converters (ADCs) 1n
the oscilloscope. The received data 1s then ofthne digital
processed by a computer.

The recerved signal 1s resampled to 2 times of the symbol
rate by cubic iterpolation with square timing method [15].
As described 1n section II, cascaded FIR equalizers are used
to blindly recover the signal. Four 9-tap T/2-spaced adaptive
buttertly FIR filters are applied for polarization demultiplex-
ing. Afterward two 9-tap T-spaced adaptive FIR filters are
applied for carrier recovery. The filters” weights are first
updated by CMA for pre-convergence. The final adaptation 1s
switched to DD-MLMS for precise feedback control. Fre-
quency oilset 1s compensated based on the fast Fourier trans-
form (FFT) method [16] which 1s also modulation format
independent. Finally, the signal 1s detected for data bit error
ratio (BER) measurement. As a comparison, DD-LRD
scheme together with general carrier phase estimation (CPE)
(Viterbi-and-Viterbi algorithm for QPSK signal and feed for-
ward estimation algorithm for 16QQAM signal) 1s also evalu-
ated.

The measured BERs of QPSK and 16QQAM signals as a
function of OSNR are shown 1n FIG. 5 and FIG. 6, respec-
tively. The OSNR 1s measured 1n a 0.1-nm noise bandwidth.
Compared to the general algorithm and proposed algorithm
processed with the same measured data, the BER perfor-

mance of DD-MLMS processing 1s nearly the same as the
LRD+CPE processing. The OSNR penalty 1s less than 0.5 dB

for QPSK and 16QAM signals. The proposed algorithm
works well enough and comparably with conventional algo-
rithm but the complexity 1s reduced and compatible with both
QPSK and 16QAM formats in our experiment.

We carry out 8x240 Gb/s PM-16QAM wavelength division
multiplexing (WDM) transmission experiment over different
length standard single mode fibers (SSMF). The spectrum of
the signal 1s shown 1n FIG. 7 inset. The launched power 1s O
dBm per channel. The amplifier span 1s 80 km SMF-28 with
span loss o1 18 dB. CD compensation algorithm 1s applied 1n
DSP. The BER performance versus fiber length 1s shown 1s
FIG. 7. The BER increases with the transmission length
because the signal OSNR decreases and fiber nonlinearity
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accumulates. Using the proposed algorithm, the BER pertor-
mance 1s a little worse than that using general LRD+CPE
algorithm. The transmission length can achieve 1200 km with

a BER less than 2x10-2, which 1s forward error correction
(FEC) limitation with 20% overhead.

The final symbol decision 1s constellation dependent right
now. In order to realize the practical and really tull blind DSP
to unknown recerved signals, we must figure out this problem.
One of the methods 1s that we can estimate the signal format
by the statistics after pre-equalization such as CMA. This
1ssue will be studied 1n the future.

IV. Conclusion

We propose a novel cascaded adaptive equalizers based on
DD-MLMS algorithm for the future elastic optical networks.
The DSP 1s compatible with square-QAM signal. So 1t could
be deployed 1n the flexible mQAM modulation format coher-
ent optical systems. We demonstrate the 28 Gbaud dual polar-
1zation QPSK signal and 16QQAM signal back-to-back trans-
mission. The results show that the performance 1s very close
but the complexity 1s much reduced compared to the general
algorithm. The 8 channel WDM 240 Gb/s/ch PM-16QAM
signal transmission with different fiber length 1s demon-
strated. The transmission length can achieve 1200 km with a
BER less than 2x10-2 based on the proposed blind equaliza-
tion.

Although the invention has been described and illustrated
in exemplary forms with a certain degree of particularty, 1t 1s
noted that the description and illustrations have been made by
way ol example only. Numerous changes in the details of
construction and combination and arrangement of parts and
steps may be made. Accordingly, such changes are intended
to be included 1n the invention, the scope of which 1s defined
by the claims.
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What 1s claimed as new and desired to be protected by

Letters Patent of the United States 1s:

1. A decision-directed modified least mean square (DD-
MLMS) method comprising:

recerving an mQAM modulated data signal comprising a

plurality of symbols; and

equalizing the data signal using an adaptive finite impulse

response (FIR) filter having multiple tap coellicients,

wherein the tap coellicients are adaptively updated using a

DD-MLMS algorithm and a cost function according to
carlier symbol character information,

wherein the filter tap coellicients updating equation 1s

w(n)=w(n-1)+ue(n)x(n)*, where w(n) 1s the adaptive
FIR filter, u 1s a convergence parameter, e(n) 1s a com-
plex error vector, x(n) 1s the recerved data signal, and [ -]*
stands for conjugation operation;

wherein each of the symbols 1s determined as a decision

symbol that 1s a shortest distance away from a respective
mQAM constellation point, and the DD-MLMS algo-
rithm tries to force the equalized signal to reside on the
decision point, whereby carrier phase ofiset 1s blindly
compensated.

2. The method of claim 1, wherein the DD-MLMS algo-
rithm minimizes mean square error.

3. The method of claim 1, wherein the cost function 1s
multi-modulus on both a real signal part and an 1imaginary
signal part.

4. The method of claim 1, further comprising:

reserving amplitude error information and phase error

information; and
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using the amplitude error information and the phase error
information 1n calculating separately, and then combin-
ing, errors of a real signal part and an 1maginary signal
part.

5. The method of claim 4, further comprising estimating a
real part of an output signal and an imaginary part of the
output signal.

6. A decision-directed modified least square mean (DD-
MLMS) system comprising:

a filter adapted to receive an mQAM modulated data signal
comprising a plurality of symbols, and equalize the data
signal using an adaptive finite impulse response (FIR)
filter having multiple tap coetlicients,

wherein the tap coelficients are adaptively updated using a
DD-MLMS algorithm and a cost function according to
carlier symbol character information,

wherein the filter tap coetlicients updating equation 1s
w(n)=w(n-1)+ue(n)x(n)*, where w(n) 1s the adaptive
FIR filter, u 1s a convergence parameter, e(n) 1S a com-
plex error vector, x(n) 1s the recerved data signal, and [ -]*
stands for conjugation operation;

wherein each of the symbols 1s determined as a decision
symbol that 1s a shortest distance away from a respective
mQAM constellation point, and the DD-MLMS algo-
rithm tries to force the equalized signal to reside on the
decision point, whereby carrier phase offset 1s blindly
compensated.

7. The system of claim 6, wherein the DD-MLMS algo-
rithm minimizes mean square error.
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8. The system of claim 6, wherein the cost function 1s
multi-modulus on both a real signal part and an 1imaginary
signal part.

9. The system of claim 6, wherein the filter 1s further
adapted to:

reserve amplitude error information and phase error infor-
mation; and

use the amplitude error information and the phase error
information to calculate separately, and then combine,
errors of a real signal part and an 1imaginary signal part.

10. The system of claim 9, wherein the filter 1s further
adapted to estimate a real part of an output signal and an
imaginary part of the output signal.

11. The system of claim 6, wherein the system 1s adapted to
receive a non-mQAM modulated data signal, the system fur-
ther comprising:

a plurality of cascaded adaptive blind equalizers compris-
ing multiple finite 1impulse response (FIR) filters for
polarization separation and multiple finite 1mpulse
response filters for carrier phase recovery,

wherein, in operation, the finite impulse response filters are
adaptively updated by using a pre-convergence method
followed by DD-MLMS for precise teedback control.

12. The system of claim 11, wherein DD-MLMS mini-

mizes mean square error.

13. The system of claim 11, wherein signal processing
within the plurality of cascaded adaptive blind equalizers 1s
modulation format independent for a square-QAM signal
with the exception of a required symbol final decision.
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