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Abstract: Cascaded mode converters on a birefringent X-cut, Y -propagation LiNbO; chip are ideal
“distributed” PMD compensators. Here we show how the number of needed control variables can be
sgnificantly reduced, and how DC drift can be suppressed.
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Introduction

Polarization mode disperson (PMD) [1] is a big obstacle for high-capacity, long-haul optica
communication systems, but can in principle be fully removed by an opticd PMD compensator
(PMDC) [2]. A “digtributed” PMDC with cascaded in-phase and quadrature mode converters in X
cut, Y-propagation LiNbOs is best suited for this sk because of its ability to correct dso higher
orders of PMD [3, 4]. Waveguide nonuniformity can sgnificantly decresse the converson
efficiency of long mode converters. Apart from improved fabrication the aly way to combat it is to
subdivide the mode converters into fairly short sections. However, it has been argued that a large
number of eectrode voltages can not be controlled sufficiently fast. Here we show that this is not
true, that waveguide nonuniformity, highet mode converson efficiency and fastest control speed
do not exclude each other. Another potentid problem is DC drift: Charges generated by the
pyrodectric effect ae separated under the influence of a daic externd dectric fied, thereby
weskening this fidd indde and near the waveguide. lon migration in the buffer layer and/or
conductivity disturbances of the cydsd cause a amilar effect. DC drift limits are not specified for
commercid LiNbOs polarization transformers, for good reasons. We show that distributed PMDCs
can be driven by DC-free voltages, which avoids drift atogether.

Reduced number of control parameter s toler ates waveguide-nonunifor mity

An in-phase and quadrature mode converter may be caled a Soleil-Babinet anadogon SBA(j Y, )
[2] because of the andogy to a Solell-Babinet compensator. It is described by a Jones matrix or a
3" 3rotation matrix
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respectively. A DGD t is represented by a phese shifter PS(- wt ) with Jones and rotation matrices
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respectivdly, where w is the opticd angular frequency. The whole distributed PMDC is
approximately described by the Jones or rotation matrix product
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The product must be executed from left to right with descending index i while the light passes the
SBAs and PSs in ascending order i. A longitudindly variable pettern of in-phase voltages Vq; and

quedrature voltages Vs, ; couples TE and TM modes. Using acongtant G we can write

j el :G(Vli + JV2,i)- 2

A pigtalled PMDC gmilar to that in [3, 4] was dectroopticaly investigated. It had n = 69 pairs of
inphase and quadrature eectrodes, each segment i =1..n being ~1.27mm long. The totd PMD
was ~23ps, which is good for 40Ghit/s PMD compensation. The PMDC was operated with a
horizontad input polarization in the waveguide. A polarimeter was connected to the PMDC output.
Congder the case when dl voltages except those of segment i are zero. With PMDC expressed by
its Jones or its rotation marix the output polarization date is given by the Jones or normdized
Stokes vector
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respectively. Unequal  phese  shifts  z; =-w@, _t, (moduo 2p) represent waveguide
nonuniformity. Four voltage pairs Vi + jVo; =20V X1, j,- 1- j} were applied sequentialy to each
of the éectrodes in section i, and the output polarization state was measured. Egns. (2), (3) alowed
to determine j ; and z;. Performance was best at | = 1540nm, where | ; varied somewhat as a
function of i but not too much (Fig. 1). However, z; varied alot. If a number of adjacent in-phase

electrodes were connected in parald, and likewise for quadrature dectrodes, then a low mode
conversion efficiency would result, especidly for i = 25...45 where adjacent z; differ by about p.
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Fig. 1: Polarization change j ; (l&ft), and its orientation z; (0) and orientation error z; - zg; (+, solid ling)
for Vij + jVo; =20V (right). Pointi = 17 is omitted where both electrodes had internal shorts to ground.

There is a smple remedy: The voltage pars Vi + jV,; in (2) ae not goplied directly but are

firg multiplied by e J20i This replaces y  +z; in(3) by y; +zj-zq;. Thevaues zp; should be
equal to z; and must be measured once in factory for dl i. We took the nmeasured z; values as the
cdibration st z;, and repeated the measurement to obtain new z; vaues and test tability. Fig. 1



shows the resulting orientation error z; - zg; . It ranged from —0.08 to +0.01 rad and may be partly
due to multipath reflections at the straight chip endfaces. Now the effects of any st of segments can

be combined because the quantity | iej(y iJ’Zi)»j iej(y *20) has become user-accessible.

In PMD compensation adgorithms it is common to dither various eectrode voltages, one a a
time, and to optimize them by a multidimensond gradient search usng one or more control
criteria. For a maximum voltage of 55V (= 10V/mm) a waveguide length of ~4..6mm will be
needed for full mode converson, and it is therefore possble to reduce the number of control
vaiables bdow 2n. A draghtforward approach is to specify, say, 4 “discrete’ polarization trans-
formers at O, L/4, L/2 and 3./4 where L is the chip length. This PMDC needs £48 voltages but just 8
control variables, and is 4 times more powerful than a PMDC featuring one commercid X-cut, Z
propagation LiNbOs device, which requires up to 16 control variables for its 8 waveplates.

An dternative approach, which may permit highet PMDC performance, employs a number of
spatiad  Fourier codffidents F, =n"1g iej&‘+zovi)e' 12pikIn o5 control variables The required
inverse Fourier transform and multiplication can be implemented in an FPGA for fast execution,
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The PMD vector W has a length equa to the differentid group delay (DGD) and points in the
direction of a principd date-of-polarization in the 3-dimensona normdized Stokes space. If n
DGD sections are cascaded the overall PMD vector is given the sum W=g " W of individua

PMD vectors W, = R;il\Mocalii . The W are referred to the input of the whole cascade whereas
Wiocali ae the locd individud AMD vectors. R is the 3 3 rotation matrix representing al DGD
sections (PSs) and SBAs which precede the DGD <ection i. Plotting the sequence of W, in such a
way that the tall of W, starts from the head of Wi results in a DGD profile [5, 2]. Its endpoint is
given by W. For a distributed PMD compensator the DGD profile is a straight rod as long as no
voltages are applied. The Fourier coefficient Fy causes a bend or loop, and F, with k' 0 aspird
of the DGD profile. The coefficiencts permit a precise control of the DGD profile shape. Some 38
control varigbles or so (red and imaginary pats of R, k=-9,-8..,9) may be sufficent for a
96mm long chip. To significantly improve PMD compensation speed the F with smal |k| may be
optimized more often than those with large |k|. If the center of gravity of the coefficient spectrum,
rms-averaged over extended times, is not near k =0 there may be a datic phase mismatch. To
overcome it one may correct the chip temperature accordingly.

Zero-mean voltages for suppression of DC drift effects

Fig. 2 shows DGD profiles of two distributed PMD compensators. When bending radii are short
enough these DGD profiles are equivdent. In one of the PMDCs (datic case) DC drift may cause
the joints to draighten out indead of Staying bent, thereby digtorting the DGD profile or requiring
higher and higher voltages. In the other PMDC, an SBA peforming a full mode converson (U turn)
under a suitable, dowly and linearly time-varidble orientation angle is added a the input. It shifts

the TE-TM phase difference by y g = 2pft. The frequency f may be in the nHz ... Hz range. As a
consequence dl following SBAs must rotete their orientations by y o to gpproximately maintain the
overdl DGD profile shape. Mathematically spesking, the expresson (1) isidentica with



PMDC =SBA(p.y 0/2)SBA(p.p + 0) 07 (PS(-wt | )SBA( 1y i +y o))
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The SBA(p,y o/2)SBA(p,p +y o) a the end of the PMDC may be left out if, as usud, a constant
output polarization is not needed. That case, where a full mode converson SBA is added only a the
PMDC input, is illustrated in Fg. 2 for three different y . All driving voltages are pure AC

voltages. DC drift is thereby avoided, at the cost of losing direct control over 1..1.5ps of DGD in a
smal input portion of the PMDC. Errors which may occur due to imperfect PMDC characterization
can be corrected by the control agorithm which smultaneoudy optimizes dl j ;, y; in (4) or dl

Fc . whiley o = 2pft isbeing incremented automaticaly a a sufficiently low speed.
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Fig. 2. Mechanica analogon with flexible but torsion-<tiff rod: DGD profiles of two similar PMDCs

Summary

Solutions for the most challenging practicd problems of distributed PMD compensators in X-
cut, Y-propagation LiNbOs have been pointed out: Waveguide nonuniformity effects can be
cdibrated out, and a limited number control variables, possbly Fourier coefficients, provides an
efficient control even though there may be many dectrodes DC drift, which is a severe limiting
factor in X-cut, Z-propagation LiNbOs; polarization transformers, can be avoided dtogether in
distributed PMDCs because they can be driven by pure AC voltages.
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