Copyright © 2002 IEEE. Reprinted from IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 14, NO. 8, AUGUST 2002. This material is posted here with
permission of the IEEE. Internal or personal use of this material is permitted. However, permission to reprint/republish this material for advertising or
promotional purposes or for creating new collective works for resale or redistribution must be obtained from the IEEE by writing to pubs-
permissions@ieee.org. By choosing to view this document, you agree to all provisions of the copyright laws protecting it.

Standard (NRZ Xk 40 Gb/s, 210 km) and
Polarization Multiplex (CS-RZ, 2 40 Gb/s, 212 km)
Transmissions With PMD Compensation

David Sandel, Frank Wust, Vitali Mirvoda, and Reinhold Noé

Abstract—A single-waveplate polarization scrambler at the
transmitter (TX) generates pulse arrival time fluctuations in the
presence of polarization-mode dispersion. These were detected
with a 680-fs sensitivity in the receiver clock recovery phase-locked
loop, thereby enabling a polarization-mode dispersion (PMD)
compensated 210-km nonreturn-to-zero transmission. For polar-
ization division multiplex, polarizations were scrambled by an
interchannel phase modulation which enabled PMD-compensated
CS-RZ 212-km transmission.

Index Terms—Compensation, equalizers, optical fiber commu-
nication, optical polarization-mode dispersion, polarization, polar-
ization division multiplex, polarization-mode dispersion.

. INTRODUCTION

ECENTLY, several polarization-mode dispersion (PMD&ig. 1. Calculated scrambler output polarizati®&xc (t) trajectory on
detection methods based on polarization scrambling at th@ncaré sphere.
transmitter side or degree-of-polarization measurement have
been proposed [1]-[5]. Pulse arrival time detection [5] allowsquals 1/3 times the unity matrix. A suitable scrambler for
to measure PMD in a fews and without need for dedicatedcircular input polarization was set up, consisting of a single
polarimetry. For standard 40-Gb/s transmission we report heflectrooptic waveplate in X-cut, Z-propagation LiNb@L2].
on a detection sensitivity that is tripled from its previous valug, the scrambler, TE-TM phase shift and TE-TM mode con-
2 ps, and on a PMD compensation experiment. version alone would bgps = 1.12sinwt + 1.12sin 3wt,

If one employs a distributed PMD compensator [6] it ig,,,~ = 1.12coswt — 1.12 cos 3wt, respectively, but they are
easy to output the PMD-compensated signal with a predefinggplied together to produce a retardation= \/m
polarization, as needed for polarization division multipleyetween linearly polarized eigenmodes, one of which has the
(PolDM) transmission [7]-[11]. For polarization control purnormalized Stokes vectde ps /¢ e /¢ 0]7 (Fig. 1).
poses the detrimental interchannel interference may be detectegh the transmission setup (Fig. 2) fiber and erbium-doped
by adding an interchannel phase modulation [8]. Here, thisfijser amplifiers (EDFAs) were initially replaced by a device
combined with arrival time detection for a PMD-compensateghder test (DUT) and the PMD compensator (PMDC) was left

PoIDM transmission experiment. out. A 40-Gb/s nonreturn-to-zero (NRZ) signal was fed into the
scrambler. Fundamental scrambling frequency was 104 kHz.
[I. STANDARD, SNGLE POLARIZATION TRANSMISSION The arrival time modulation is tracked by the clock recovery

Let the time-variable scrambler output polarization and @ase—lpcked Ipop (PLL) [5]' The voItage—cqntroII.ed oscillator
principal state-of-polarization (PSP) of a subsequent fiber b6CO) input signal, supplied by a proportional-integral (P1)
denoted by the normalized Stokes vect8Es- (¢) andS psp, contro_ller, is r.oughly the denvatlye of th.e signal arrival time.
respectively. For a differential group delay (DGBYhe pulse It suffices to integrate the VCO input signal and to measure
arrival time is Af (1) = (/2)SLpSsc (f). A constant the standard deviation of this integral. Fig. 3 depicts measured
oot-mean-square (rms) valust. Psi T/ \/ﬁ is obtained At,ms vs. DGD 7 of the DUT. Polarization transformers (M)
for all Spsp if the correlation matrix <Ssc (t) ST (t)> before and behind the DUT were manually adjusted so as to

5¢ minimize or to maximizes;. Measured best and worst case

verages\t,,, of At,,, differed by+18% atr = 680 fs and
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Fig. 6. PolDM transmission with endless polarization control and PMD
compensation.

of DSF and SSMF, some DCF, and EDFAs. Total DGD was
Fig. 4. 40-Gb/s eye diagrams in the presence of endless polarization changgsithe order of 5 ps. The PMDC DGDs were reduced to 6 ps
10-min persistence back-to-back (left) and with PMDC using 19-ps emulator . . . .
(middle): 10-s persistence after 210 km with 6p$ ps PMDC (right). + 6 ps. In order to show any residual arrival time modulation,

the eye diagram (Fig. 4 right) was again triggered from the TX,

was defined by nonoverlappirglo error intervals at a DGD of but due to thermal propagation delay drift a shorter persistence
had to be chosen.

680 fs versus a vanishing DGD. The improvement with respec
to [5] is due to the scrambler which meets the correlation matrix
condition fairly well (unlike the rotating waveplate scrambler
used in [5]), improved signal processing and a doubled mea-
surement interval which lasts one scrambling period (&6 PolDM means that one bit modulates the horizontal and an-
The receiver (RX) was then completed by the PMDC withther the vertical field. The double-one symbol can have any
two X-cut Z-prop. LINbQ polarization controllers (PCs), con-polarization amongt45° linear and right/left circular. An in-
trolled by a gradient algorithm, and two DGD sections (PMRgrchannel phase modulation varies the double-one polarization.
10 ps+ 8.5 ps). As a PMD emulator or device under test (DUTInterference caused by polarization mismatch at the RX will,
there was as a 19-ps DGD element at the transmitter (TX)erefore, alternate its strength and sign. This creates an error
side, framed by the two polarization controllers (M) consistingignal for polarization control. PMD becomes detrimental if
now of 4 motorized endlessly rotating fiber loops each. BERe PSPs are mixtures of horizontal and vertical. Double-ones
measurement was not possible because a 1:4 demultiplexéh variable polarization alternately travel in the fast or slow
(10 Gb/s — 4 x 2.5 Gb/s) had failed in the RX. Fig. 4 showsPSP and suffer arrival time variations. For sinusoidal differen-
received eye diagrams with a 10-min persistence back-to-bdigd phase modulation, both interference signal and arrival time
(left), and with DUT and PMDC (middle). The broadenindhave Bessel spectra. Bessel lines 2, 3, and 4 are monitored to
of the ones is due to PDL. With DUT alone the eye diagraextract error signals.
was essentially closed. Fig. 5 shows measured recovered clockhe setup was modified for 2 40 Gb/s carrier-suppressed
spectra after prescaling to 10 GHz. With PMDC the sidelind€S) RZ PolDM transmission (Fig. 6). A second Mach—Zehnder
are~ 30 dB down. Then the DUT was replaced by 210 krmodulator (CS-RZ), driven at 20 GHz, generated 13-ps wide

lll. POLARIZATION DIVISION MULTIPLEX (POLDM)
TRANSMISSION
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IV. CONCLUSION

A polarization scrambler with a single electrooptic waveplate
has been employed to generate arrival time variations of a
40-Gb/s signal subject to PMD. These were estimated within
9.6 us in the clock recovery. PMD detection sensitivity was
680 fs. A two-stage PMD compensator cleaned the received
signal that was transmitted through a 19 ps PMD emulator

Fig. 7. Eye diagrams back-to-back (left), after 212 km with (middle) angr 210 km of fiber. PMD-compensated><240-Gb/s CS-RZ

without (right) PMDC. (Different persistences were inadvertedly taken but

not play any role).

d(9olarization division multiplex transmission over 212 km of
fiber has also been reported. No extra optics or high-speed
electronics were needed to generate error signals for PMD

40-GHz pulses. The data-modulated signal was split, delaysampensation and endless polarization control. We conclude
in one arm by 224 bit durations and recombined with orthoghat arrival time detection of PMD is a versatile low-cost
onal polarizations in a polarization beamsplitter (MUX). A fretechnique with enormous sensitivity.

quency modulation (FM) with 240-MHz peak-to-peak width
and a 417-kHz fundamental frequency was applied to the TX
laser to generate interchannel phase modulation with an index]
n = 4.2. Total link length was 212 km (plus DCF). Powers were
similar as before, but only 0 dBm was launched into the first |,

DSF section.

In the RX, there was a single 4-ps DGD section between the
polarization controllers, followed by a fiber polarizer (POL).
The 40-Gb/s signal was demultiplexed to 2.5 Gb/s, wherel3]
bit-error-rate (BER) was measured on one randomly chosen
subchannel. Interference was measured in a separate, low-bant#H
width RX and was processed digitally to control polarization.
The VCO input signal was processed similarly, but with an
initial integration, and served for PMD compensation. The [5]
motorized polarization transformers (M) caused endless polar-
ization changes with- 0.4 rad/s speed on the Poincaré sphere, [6]
plus faster harmonic content due to discontinuous stepper motor
operation. In separate measurements, each polarization channel
was transmitted error free during 1 h. Nevertheless simulta-
neous fiber handling was possible because finite polarizationm
changes are much easier to track than endless ones. Monitored
eye diagrams back-to-back and after 212 km are shown i
Fig. 7. When the link was operated only with polarization
control (Fig. 7, right), but without PMDC error-free trans-

mission was not possible.

Another laser with equal power as the first was added to inves-
tigate cross-phase modulation tolerance. Frequency separation
was 400 GHz due to limited optical filter selectivity. The system
was again operated error-free, but with reduced margin. Penalty
was~ 1...2 dB. Finally, all fiber was taken out. The PMDC
DGD was increased to 5.5 ps. Between the two motorized po-
larization transformers another DGD section was inserted as[al]
PMD emulator, with a DGD of 0, 2, 4, 5.5 or 6 ps. Both for
manual (seeking worst case) and motorized operations trans-
mission was error free. Without PMDC, just with polarization
control, the system was operated error-free at 2 ps, but not ¥

> 4 ps.
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