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Abstract: We demonstrate a pilot-symbol assisted joint pzdéion carrier phase
estimation technique that detects cycle slip andidaerror propagation. Coherent
detection without differential coding is feasibldhnen the cycle slip probability is less
than 10°.
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1. Introduction

Coherent POLMUX-QPSK modulation is studied for baeth Gb/s and 100 Gb/s long-haul optical
transmission systems. In these systems, cohertattia using absolute phase will easily allow tise of
soft decision FEC with high coding gain and thudl wiovide significant advantage over differential
coding (DC). However, differential logical detectigs typically used to avoid error propagation when
cycle slips (CS) of carrier phase estimate (CPEundNithout differential coding, the CS probalyilinust

be maintained less tha0™® for any coherent transmission system [1].

Recently, pilot-assisted decision-aided maximuneliflood phase estimate was proposed to prevent
error propagation without differential coding [2][The QPSK sensitivity was improved by 0.7 dB at
2,500 km distance in the simulation model. Howeths scheme does not correct the carrier phase erro
due to cycle slips. Therefore, the performancerawgment can not be maintained when the cycle slip
probability is high as is the case in long-haul tsys where nonlinearities are typically higher.
Furthermore, this decision directed phase estimdliehave long feedback delay because the coherent
receiver processes the data in parallel streartgedbwer rate than the symbol rate. So the perdioga is
considerably worse than the M-th power phase estiimanonlinear systems. In this paper, we promose
pilot-assisted joint polarization M-th power pha&stimation technique. We demonstrated that itnalas
to use absolute carrier phase estimate insteatfefedtial coding in a 7,200 km transmission expent.
With regular M-th power phase estimate, the QPSi€ixer without differential coding failed at distas
greater than 4,200 km due to cycle slips causechdmjlinear phase wandering [4,5]. The cycle slip
probability was estimated at about 1.5%1@ith a regular M-th power scheme after 7,200 knthis
dispersion compensated system.

2. Pilot-Symbol Assisted Joint Polarization Phase Estimate

In our proposed scheme, there are P-length pilobsys with known data information such as headers f
FEC frames that are periodically inserted afterebgth data transmission in both orthogonal poltitna
tributaries. The transmission overhead can be septed as P/(P+D). In out experiment, we select2% a
overhead to limit OSNR penalty to 0.1 dB.

In the coherent receiver, the input data are dephested and processed in multiple parallel processi
units. The carrier phase of the P-length pilot sglmlare estimated in the beginning of each prongssi
unit. If the pilot symbols x(n),x(n+1),...x(n+P-1) ény(n),y(n+1),...y(n+P-1) have the known data
information as d, then the phases of pilot symbotsestimated by

g (n)...g(n+P-1)=ar :z::_:d*x(n+ k)}

8,(n)...q,(n+P-1)= arQ{Zd*y(n_,_k)} (1)

Next, the forward estimated carrier phase of thier@gith data symbols x(n) and y(n) in both polaita
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are corrected with a feedback (FB) phase of thequlieg symbols as

0.0)=0n-1)+ 4 arg

ZN: x4 (n + k)e—i4@(n—l) +C ZN: y4 (n + k)e—i4¢(/(n—l)}
k=0 k=0

(2)

N . N
2,(0)=g,(-1)+ Larg > y*(n+ k)8 rC Y xin+ k)e"4@(”’1)}

k=0 k=0
This FB method is similar to [3] and is utilizedegplore the partial coupling of the phase charefesen
two polarizations though the absolute carrier plzteveen the two polarizations may be differenthis
paper, Weiner filter coefficient is used to optimize the phase estimator. N isnimelow size of forward
symbols. When N=0, this method is the same as lagrdAeiner filter [1]. The coupling coefficient
C[(0,1) is chosen as 0.6 in our experiment.

The estimated carrier phase of pilot symbol isnaisiguous because there is b gower calculation.
Therefore it is used as a reference to compare thihestimated phase of the preceding data synshol a
shown in Fig. 1. If the phase difference betwedot giymbols and the preceding data symbol is latiggn
a predetermined threshold, e.g¢3 radian, then a cycle slip might happen during geriod of pilot
symbols. When a cycle slip occurs, the estimatexs@ moves into the wrong quadrant with a leagRa
offset in the case of QPSK modulation.
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Fig. 1: Blue line is the carrier phase after removing datalulation. Black line is the forward carrier phastimate and the red line is
the backward carrier phase estimate. Cycle sligiscted by comparing the forward phase estimatetie phase of pilot symbols.

After a cycle slip is detected, the carrier phathe D-length data symbols within the period dbpi
symbols can be partially recovered by linear imdafon. This method is simple but may have langere
if the phase fluctuation is large. We propose tirreste carrier phase of data symbol backward frben t
pilot symbol. The backward phase estimate is implaied as the following

g (n)=g(n+1)+ %arg{ZN: x*(n-k)e ) 4 c ZN: y*(n- k)e-i4¢'y(n+1)}

k=0 k=0
3)
§0y (n) = ¢y (n + ]_) + %arg{i y4(n _ k)e—i4¢y(n+l) +C i x4 (n _ k)e—i4@(n+l)}
k=0 k=0

Cycle slip is estimated to happen at the data symhich has minimum difference between forward
and backward estimated phase. The carrier phase #his data symbol is replaced with backward
estimated carrier phase as illustrated by theinedin Fig. 1.
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3. Experimental Perfor mance

Pilot-assisted joint polarization carrier phaseinegtion method was tested using 40 Gb/s RZ-QPSK
POLMUX with 33 GHz channel spacing and a dispersiompensated transmission line that exhibited fast
phase wandering [4]. Two orthogonal polarizatiahutaries were driven at a symbol rate of 11.5 @Gbau
with a quarter word shift in the”21 PRBS pattern and combined with a polarizatiomnbeombiner. The
circulating loop testbed consisted of six 100-knrpéhfier spans. Each span had 50 km positive dispers
large effective area fiber ~ 135m? and 50 km pure silica core fiber. The accumulatigpersion was
compensated by -2300 ps/nm DCF module in the dagksEDFAs. The digital coherent receiver is based
on data acquisition with a real-time oscilloscopd aubsequent off-line data processing. The cgphiase
was estimated by pilot-assisted joint polarizat@PE. Figure 2 shows the optimal performance acHieve
by using absolute carrier phase without differdrt@ading and with differential coding for the tramission
distance between 4,800 km and 7,200 km. At optimoaler, coherent QPSK receiver without differential
coding outperforms DC-QPSK by ~0.3 dB. If the carphase was estimated by regular M-th power CPE,
then coherent QPSK receiver without differentiadiog failed at the distance greater than 4,200[kpb].
This test shows that the proposed carrier phasmasin technique will enables coherent detectidth w
absolute carrier phase instead of differential egdih most of the legacy systems.
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Fig. 2: optimal Q-factor for coherent QPSK and DC-QPSK Fig. 3: Estimated cycle slip probability vs. different
in different system distance system distance w/o joint polariaati

We also estimate the probability of cycle slip wathd without the use of joint polarization CPE. The
cycle slip event is decided when the phase diffsdretween pilot symbols and the preceding datdsiym
is larger tharv3 radian. Figure 3 shows that joint polarizati®®E can significantly reduce the cycle slip
probability. It also shows that the cycle slip lpability increases with the transmission distancd &
about 10 after 7,200 km transmission. This experiment shihas pilot-symbol assisted joint polarization
phase estimate enables coherent QPSK without eiffed coding and maintains performance
improvement when the cycle slip probability is l&ssn 10,

Conclusions

We have proposed and demonstrated a pilot-symisi$tad joint polarization carrier phase estimation
technique that enables coherent QPSK without difféal coding in long-haul dispersion compensated
system. The acceptable cycle slip probability toi@wifferential coding is increased from™fo 10°.
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