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Abstract: We propose a new hybrid PLL/ML phase estimationhoétfor low-complexity, blind phase
recovery for M-QAM modulation. The linewidth toleree of the proposed method is more than one orfder o
magnitude better than PLL-only method.

©2011 Optical Society of America
OCI S codes: (060.1660) Coherent communications; (060.2330)rFép&cs communications.

I ntroduction

Digital coherent detection coupled with tree of high-order M-ary quadrature amplitude moiita(QAM)
plus polarization multiplexing is a promising medhto further improve spectral efficiency for futunegh-speed
transmission. To implement M-QAM with 36, one major challenge in the optical coherengivet is accurate
phase recovery. Although the decision-directed gthasked loop (DD-PLL) has been widely used in Vess
QAM systems for carrier synchronization, its tolere to laser phase noise is poor due to its inhdemuback
processing delay. Such a processing delay is greatteased with parallel processing typically rieed in high-
speed optical systems [1]. For quadrature phadeé lehjing (QPSK), the frpower-based, feedforward, blind
phase-recovery algorithm is well known and severatlified Mth-power algorithms have been proposedMe
QAM [2-5]. However, these algorithms either hawsvér linewidth tolerance [2,4] or can only be apglito
16QAM [3,5]. It has been shown that the minimumtatise estimation (MDE) based, blind phase seardhade
(BPS) can achieve nearly optimal laser-linewidthpsession [1]. However the implementation complexit this
method is very high. To address the complexityassve recently proposed a hybrid BPS and maximbgiitiood
(ML) phase estimation method, and with this methv@dnumerically demonstrated a complexity reducbgnmore
than a factor of 3 for square 64QAM [6]. To implethéhe DD-PLL in high-speed optical systems, a kloc
processing-based superscalar parallelization scighteas recently been proposed. However, becdwes®D-PLL
operates on a block by block basis, this methodireg a very large number of buffer units, as vaslla training
sequence at the beginning of each data block fidaliacquisition.

In this paper we propose a new low-compjexitind phase recovery method for M-QAM by emphayia DD-
PLL for coarse phase recovery and one or two Mloesbrs for phase fine-tuning. We show that theppead new
method can improve the linewidth tolerance by mitien one-order of magnitude compared to PLL-onlgseh
recovery, and therefore the new method can beepi high-speed optical systems employing parphetessing.
With a parallelization degree P=16 and PLL progcessielay D=5, we demonstrate experimentally that th
proposed new method can achieve the same BER penfice as the BPS method for a 9.4Gbaud 64QAM system
by using standard commercial ECL lasers with aifipdanaximum linewidthC1L0OkHz, while the implementation
complexity is reduced by a factor of >15.

Algorithm and I mplementation Complexity
In the proposed new method we use a DD-Rhplemented with the common interleaving parall¢iora
scheme for coarse phase recovery, followed by @&raocurate phase estimate performed by one or tivpidse

estimators. The schematic illustration of the psgmbmethod is shown in Fig. 1, whexgdenotes the received

signal at one sample per symbol, eddenotes the decided/sliced signal following a DD-Plased coarse phase
recovery. A detailed illustration of the DD-PLL ngithe common interleaving parallelization schesnal$o shown
in Fig. 1, wereg is the loop parameter. If the error ratioggfis not too high, ther@, can be used as a reference

signal for a more accurate ML phase estimation rgibg o =arg{ n:ki[zx an]} [8], where L denotes the phase
n=k-L /2+1

smoothing filter length (a ML estimator is essdhtia weighted smoothing filter). The decided sigfa@lowing

this improved phase recovery, i€, can be fed into a second (or third) ML estimg¢MLE) to further refine the

phase estimation. Because both the DD-PLL and MieEagplicable to any QAM modulation format, thegsed
method can be used as a universal blind phaseescalgorithm for the digital coherent receivers.
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Fig.1. Schematic illustration of the proposed hgti?LL/ML phase recovery algorithm

The required hardware implementation compyexif the proposed method along with the BPS aral th
superscalar parallelization method is given in €dbl The number of the overall real-number muéigl for BPS is
6.B.P, where the periods denote multiplication, Bthe number of trial phases, and P is the numlber o
parallelization paths. For the DD-PPL and MLE twerall real-number multipliers are 9.P and 8.Bpeetively.
Thus only 17.P multipliers are required for thegomsed new method using one MLE. The number of plidts
increases to 25.P when using two MLEs. Such numdmersubstantially lower than the BPS method fghtarder
QAM. For example, to approach an optimal perforneartbe BPS method requires at least 96.P multgplier
16QAM and 384.P for 64QAM [1]. One can see thatgieosed new method can reduce the number ofphets
by a factor of 4 for 16QAM and a factor of 15.3 ®QAM. As can be seen from Table 1, the BPS nuk#iso
requires significantly more real number adders buffer units than the proposed new method. Comptoetie
superscalar parallelization method, although trepsed method requires 8 or 16 more real multplfer each
parallelization path, the required memory sizeigmificantly less than the superscalar parallelmaimethod (tens
of buffer units versus thousands of buffer unitsgeech parallelization path).

BPS, Interleaving | DD-PLL, Superscalar ~ DD-PLL+1 MURterleaving | DD-PLL+2 MLEs, Interleaving
Real multiplier 6.B.P 6.Pto9.P 17P 25P
Real adder (2L-1).B.P 3.P 3.P+2.(L-1).P 3.P+4.(IR1)
Slicel B.F P 2.F 3.F
Memory L.B.P 2.S.P, S=block length L.P 2.L.P
Other P comparators | P arg() 2.Parg()
Table 1. Implementation complexity analysis foresay phase recovery schemes.
B: number of trial phases; P: number of parall¢iarapaths; L: length of phase smoothing filter.
Performance

The effectiveness of the proposed methodokas verified by both numerical simulation andeskpent using
a square 64QAM modulation. In Fig. 2 we show threusated results for a 38Gbaud 64QAM system (ontglsi
polarization considered here) operating at an O8NRBI of 25dB. For this simulation, the square 64@signal is
generated by driving an ideal 1/Q optical modulatath two eight-level electrical signals obtaineg combining
three de-correlated*2De Bruijin binary bit sequence, non-return-to-zéKRZ) signals. The receiver electrical
filter is modeled as a fifth-order Bessel filterthvia 3-dB single-side bandwidth equal to &&@nbol rate. The
frequency offset between the signal source andbtted oscillator (LO) is assumed to be zero to our attention
on the problem of phase recovery. The signal emgehe carrier phase recovery module is samplethatsample
per symbol. An adaptive equalizer based on a cascauilti-modulus algorithm [9] (using 2 samples ggmbol,
fractionally spaced) has been employed prior toctireier phase recovery module to equalize theivecéltering
effects. The phase-locked-loop loop parameter hadhhase smoothing filter length have been optichfpe each
simulation. The PLL processing delay D is assuneedet 5 throughout this paper. The BER is calcul&zskd on
6.0 x10° bits of information. By assuming a laser linewidth100kHz, in Fig. 2(a) we show the simulated BER
versus the parallelization degree P for differdrage recovery schemes. One can see that the pcbpmthod with
two MLEs allows the system to operate with morenti& parallelization paths, whereas the PLL-onlythoe
cannot be used for the system even with P=1. E&a6Pin Fig. 2(b) we show the simulated BER velthasproduct
of the laser linewidth and symbol period for fouffetent phase recovery scenarios. The linewidtaremce of the
proposed method is more than one order of magnhetter than PLL-only method.
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Fig. 2. Simulated results for a 38Gbaud square 84Q@pstem, where (a) shows the BER performance utifferent degrees of parallelization
for a laser linewidth of 100kHz, and (b) shows lihewidth tolerance performance. PLL delay D=&ihsimulations.

The effectiveness of the proposed methodatss been tested in a 9.4Gbaud 64QAM (single jzaiton)
back-to-back experiment. The 64-QAM optical sigizabenerated by driving an 1Q modulator with a $%4Gd
64QAM baseband signal (pseudorandom pattern leafy@t® by using a De Bruijin sequence) obtained from a
commercial arbitrary waveform generator. Polait@atand phase-diverse intradyne detection is eypeplat the
receiver. We use standard commercial ECL semicdondl@sers with specified maximum linewidfiilO0OkHz as
the LO and the signal source. The sampling andizigion function is performed by a 4-channel riga@le sampling
scope with 50 GSa/s sample rate. The capturedisidbeen post-processed using a desktop computerresthe
equalization is accomplished using a multi-modudlgorithm [9]. A decision-directed LMS algorithrs not
employed in this experiment to reduce the sizeasbmeter space for optimization. The frequencyebfietween
the LO and signal is estimated using a constetiaissisted blind frequency search method, andseamar counted
over 1.0x10° bits of information. A more detailed descriptiofithe experimental setup can be found in [10].
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Fig. 3. Experimental results for a 9.4Gbaud 64QAMtam, where (a) shows the BER performance foeudfit degrees of parallelization with
23 dB OSNR and (b) shows the BER performance rdifit OSNR levels. PLL delay D=5.

In Fig. 3(a) we show the impact of parallel psgiag on the proposed algorithms for a constanB238NR.
We observe that the proposed algorithm with two glicBn achieve the same BER performance as the BE®dn
for P up to 20. The BER performance versus OSNRIIér P=16 is given in Fig. 3b. One can see that
proposed algorithm can achieve performance sirtoléine BPS method for a wide range of OSNR levéls BER

ranging from 2107 to close to 19.

Conclusions

We have proposed a new hybrid PLL/ML phasmvery method for M-QAM modulation formats. Through
both numerical simulation and measurements of bfged optical systems employing parallel processiegshow
that, compared to the BPS method, the proposed asettas similar performance at significantly lower

implementation complexity.
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