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Strategies for Fast Control Speed and DC Drift

Avoidance 1n Distributed LiNbO3-Based
PMD Compensators

Reinhold Noé, Member, IEEE, and David Sandel

Abstract—Cascaded mode converters on a birefringent X-cut
Y-propagation LiNbO3 chip are ideal “distributed” polariza-
tion-mode dispersion (PMD) compensators. Here, we show how
the number of needed control variables can be minimized to
permit fastest PMD compensation. Furthermore, a strategy is
laid out which allows us to apply zero-mean control voltages for
avoidance of the dc drift effect.

Index Terms—DC drift, differential group delay (DGD) profile,
LiNbOg, polarization-mode dispersion compensator (PMDC).

1. INTRODUCTION

OLARIZATION-MODE dispersion (PMD) [1] is a big

obstacle for high-capacity long-haul optical communi-
cation systems, but can, in principle, be fully removed by an
optical PMD compensator (PMDC). Each of its polarization
transformers must be able to endlessly transform any input
polarization into a principal state-of-polarization of the subse-
quent differential group delay (DGD) section [2].

A “distributed” PMDC with cascaded in-phase and quadra-
ture mode converters in X-cut Y-propagation LiNbO3 is best
suited because of its ability to correct higher orders of PMD,
and its fast electrooptic response [3], [4]. Waveguide nonunifor-
mity can significantly decrease the conversion efficiency of long
mode converters. Apart from improved fabrication, the only way
to combat it is to subdivide the mode converters into fairly short
sections. However, it has been argued that a large number of
electrode voltages can not be controlled sufficiently fast. Here,
we show that this is not true, that waveguide nonuniformity,
highest mode conversion efficiency, and fastest control speed
do not exclude each other.

Another potential problem is dc drift [5]: Charges generated
by the pyroelectric effect are separated under the influence of a
static external electric field, thereby weakening this field inside
and near the waveguide. Ion migration in the buffer layer and/or
conductivity disturbances of the crystal cause a similar effect.
DC drift limits are not known or at least not specified for com-
mercial LiNbO3 polarization transformers. We show that dis-
tributed PMDCs can be driven by dc-free voltages, which avoids
drift altogether.

Manuscript received February 25, 2003; revised August 1, 2003. This work
was supported in part by Siemens ICN.

The authors are with the University of Paderborn, D-33098 Paderborn, Ger-
many (e-mail: noe@upb.de).

Digital Object Identifier 10.1109/LPT.2004.824959

II. REDUCED NUMBER OF CONTROL PARAMETERS IS
COMPATIBLE WITH NONUNIFORM WAVEGUIDE

An in-phase and quadrature mode converter may be called a
Soleil-Babinet analog [(SBA) ¢, ¥] [2] because of the analogy
to a Soleil-Babinet compensator. This retarder is described by a
Jones matrix or a 3 x 3 rotation matrix (= Mueller submatrix),
as shown in the equation at the bottom of the next page, respec-
tively. A DGD 7 is represented by a phase shifter [(PS) —wT]
with Jones and rotation matrices

10 1 0 0
[ 0 eiwr ] 0 coswr sinwr
0 —sinwr coswT

respectively, where w is the optical angular frequency. The
whole distributed PMDC is approximately described by the
Jones or rotation matrix product

1
PMDC = [ ] (PS(—wr;)SBA (i, ¢h1)). (1)

i=n

The product must be executed from left to right with descending
index ¢ while the light passes the SBAs and PSs in ascending
order 7. A longitudinally variable pattern of in-phase voltages
Vi,; and quadrature voltages V5 ; couples transverse electric
(TE) and transverse magnetic (TM) modes. Using a constant 7,
we can write

pielV = G(Vi; + jVas). (2)

A pigtailed PMDC similar to that in [3] and [4] was electroop-
tically investigated. It had n = 69 pairs of in-phase and quadra-
ture electrodes, each segmentz = 1. ..n being ~1.27 mm long.
The total PMD was ~23 ps, which is good for 40-Gb/s PMD
compensation. The PMDC was operated with a horizontal input
polarization in the waveguide. A polarimeter was connected to
the PMDC output. Consider the case when all voltages except
those of segment 7 are zero. With PMDC given by its Jones or
its rotation matrix, the output polarization state can be expressed
by the Jones or normalized Stokes vector

cos p; /2 1
jefj(’z/wr((ip) én %/2} = PMDC- {0]

COS @; 1
sin(¢; + (;)sing; | =PMDC- |0
—cos(h; + ;) sin p; 0

(€)

1041-1135/04$20.00 © 2004 IEEE

Authorized licensed use limited to: UNIVERSITATSBIBLIOTHEK PADERBORN. Downloaded on April 30,2010 at 12:37:48 UTC from IEEE Xplore. Restrictions apply.



noe
Textfeld
Copyright © 2004 IEEE. Reprinted from IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 16, NO. 4, APRIL 2004. 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.


NOE AND SANDEL: STRATEGIES FOR FAST CONTROL SPEED AND DC DRIFT AVOIDANCE IN DISTRIBUTED LiNbO3-BASED PMDCs 1051

0.1
0 -
0 20 40 60 i >
4
) ¢; o°
rad ! ° °
[ 2] \Qb o © o9
o %, ° o
o °0%0 , o o ©
o %0000 o
0 ooy o Yo
° . °
P ¢i—Co,i °
o ° o
-2 o°°°oo o o o
°o ©000°
o o
4 -
0 20 40 60 i >

Fig. 1. Polarization change ¢, (left), and its orientation ¢; (0) and orientation
error (; — Co,i(4, solid line) for V; ; + jV2; = 20 V (right). Point ¢+ = 17,
where both electrodes had internal shorts to ground, is omitted.

respectively. Here, (; = —w >, _; 7% are phase shifts. If they
are modulo 27 unequal then the waveguide is nonuniform. Four
voltage pairs Vi ; + jVa,; = 20V - {1,j,—1,—j} were ap-
plied sequentially to each of the electrodes in section ¢, and
the output polarization state was measured. Equations (2) and
(3) allowed us to determine ¢; and (;. Performance was best at
A = 1540 nm, where ; varied somewhat as a function of 7,
but not too much (Fig. 1). However, (; varied a lot. If a number
of adjacent in-phase electrodes were connected in parallel, and
likewise for quadrature electrodes, then a low mode conversion
efficiency would result, especially for : = 25...45 where ad-
jacent (; differ by about 7.

There is a simple remedy: The voltage pairs V; ; 4+ jV5; in
(2) are not applied directly but are first multiplied by e=7¢0.:
This replaces 1; 4+ (; in (3) by 1; + (; — Co,;. The values (o ;
should be equal to (; and must be measured once in factory for
all 4. We took the measured (; values as the calibration set (p ;,
and repeated the measurement to obtain new (; values and test
stability, under temperature control. Fig. 1 shows the resulting
orientation error (; — (o ;. It ranged from —0.08 to 4-0.01 rad
and may be partly due to multipath reflections at the straight
chip endfaces. Now, the effects of any set of segments can be
combined because the quantity @;e? (Vi 1<) & ;e (¥i+C0.) has
become user-accessible.

In PMD compensation algorithms, it is common to dither
various electrode voltages, one at a time, and to optimize
them by a multidimensional gradient search using one or more
control criteria. For a maximum voltage of 55 V (=10 V/um), a
waveguide length of ~4 ...6 mm will be needed for full mode
conversion, and it is, therefore, possible to reduce the number
of control variables below 2 n. A straightforward approach
is to specify, say, 4 “discrete” polarization transformers at
0,L/4,L/2 and 3L/4, where L is the chip length. Due to the
previous calibration process, just two control variables are re-
quired per polarization transformation, which is the physically
necessary minimum. Such a PMDC needs <48 voltages but
just eight control variables, and is four times more powerful
than a PMDC featuring one commercial X-cut Z-propagation
LiNbOs3 device, which requires up to 16 control variables for
its eight waveplates.

An alternative approach, which may permit highest PMDC
performance, employs a number of spatial Fourier coefficients
Fi, = n71 Y e (VitCoi)g=i2mik/n a5 control variables. The
required inverse Fourier transform and multiplication can be im-
plemented in a field programmable gate array for fast execution

Vii4Vai= G le=9C0. Zerj27Tik/n.

The PMD vector 2 has a length equal to the DGD and
points in the direction of a principal state-of-polarization in
the three-dimensional normalized Stokes space. If n DGD
sections are cascaded, the overall PMD vector is given the sum
Q = >, Q; of individual PMD vectors Q; = Rz}Qlocal,i.
The €2; are referred to the input of the whole cascade, whereas,
Qiocal,; are the local individual PMD vectors. R; is the 3 x 3
rotation matrix representing all DGD sections (PSs) and SBAs
which precede the DGD section . Plotting the sequence of €2;
in such a way that the tail of {2, starts from the head of 2,
results in a DGD profile [2], [6]. Its endpoint is given by 2. For
a distributed PMDC, the DGD profile is a straight rod as long
as no voltages are applied. The Fourier coefficient Fy causes a
bend or loop, and Fj, with k& # 0 a spiral of the DGD profile.
The coefficiencts permit a precise control of the DGD profile
shape. Some 38 control variables or so (real and imaginary parts
of Fi,, k = —9,-8,...,9) may be sufficient for a 96-mm-long
chip. If the center of gravity of the coefficient spectrum,
root-mean-square-averaged over extended times, is not near
k = 0, there may be a static phase mismatch. To overcome it,
one may correct the chip temperature: A temperature change
by k- (£0.44 K) will translate the center of gravity from & to
zero for a 96-mm-long chip. The sign depends on the definition
of in-phase versus quadrature.
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Fig. 2. Mechanical analog with flexible but torsion-stiff rod: DGD profiles of
a PMDC (static case) and a dc drift-free PMDC (three other instantiations).

III. ZERO-MEAN VOLTAGES FOR SUPPRESSION OF
DC DRIFT EFFECTS

Fig. 2 shows DGD profiles of two distributed PMDCs. When
bending radii are short enough, these DGD profiles are equiv-
alent. In one of the PMDCs (static case), dc drift may cause
the joints to straighten out instead of staying bent, thereby dis-
torting the DGD profile or requiring higher and higher voltages.
In the other PMDC, an SBA has been added at the input. That
SBA performs a full mode conversion (U turn) under a suitable,
slowly, and linearly time-variable orientation angle ¥; + 1o /2,
with 99 = 27 ft. The TE-TM phase difference at its output is
shifted by 1)y. The frequency f may be in the microhertz—hertz
range. As a consequence, all following SBAs must rotate their
orientations by )y to approximately maintain the overall DGD
profile shape. Mathematically speaking, the expression (1) is
identical with

PMDC = SBA(r, 40 /2)SBA(, 7 + 1))
2
: H (PS(=wT;)SBA (i, i + 1))
: ;Sn(—wn)SBA(W — 1,91 + 7 + 1)
- SBA(m, 91 + ¢0/2). “4)

The SBA(m,1/2)SBA(m, m + 1)) at the end of the PMDC
may be left out if, as usual, a constant output polarization is not
needed. That case, where a full mode conversion SBA is added
only at the PMDC input, is illustrated in Fig. 2 for three different
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1)p. All driving voltages are pure ac voltages. DC drift is thereby
avoided, at the cost of losing direct control over 1...1.5 ps of
DGD in a small input portion of the PMDC. Errors which may
occur due to imperfect PMDC characterization can be corrected
by slight changes of the PMD profile bends. For this purpose, the
control algorithm must simultaneously optimize all ¢;, 1); in (4)
or all Fy, while 19 = 27 ft is being incremented automatically
at a sufficiently low speed.

IV. CONCLUSION

Solutions for the most challenging practical problems of dis-
tributed PMDCs in X-cut Y-propagation LiNbOs have been
pointed out: Waveguide nonuniformity effects can be calibrated
out, and a limited number of control variables provides an ef-
ficient control even though there may be many electrodes. In
particular, two control variables per polarization transformation
are sufficient, which is the physically necessary minimum. DC
drift, which is a severe limiting factor in X-cut Z-propagation
LiNbOj3 polarization transformers, can be avoided altogether
in distributed PMDCs because they can be driven by pure ac
voltages.
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