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Measurement of High-Order Polarization
Mode Dispersion

Yi Li, A. Eyal, P.-O. Hedekvist, and A. Yariv

Abstract—We demonstrate a new method to measure high-order letter, we report measurements of high-order PMD descriptors
polarization mode dispersion (PMD) using the Jones matrix expo- up to the fourth order, and the issue of measurement accuracy
nential expansion. High-order PMD is characterized by measuring is addressed. Finally we demonstrate a method to estimate

a series of characteristic matrices, which are convenient quantities th lidit f the J i . i d
for analyzing PMD effects in the time-domain. An experimental € validily range or the Jones matrix expansion mentione

method is developed to estimate the validity range of the exponen- @bove. Itis then found that by including more high-order PMD
tial expansion. descriptors, we are able to give precise description of PMD

Index Terms—Differential group delay, optical fiber communi-  Over a wider frequency bandwidth.
cation, optical measurements, polarization mode dispersion, prin-

cipal states of polarization. [I. THE EXPONENTIAL EXPANSION
Let By, = Ae'! be the input optical field vector which is
[. INTRODUCTION characterized by its transverseandy-components, andl,,

ITH the current trend toward ultrahigh bit rate transmis?€ the output field after traveling through a linear medium. The
sion systems, the effects of second- and higher orcines matrixl’ (w) of the medium is then defined byou, =
PMD are becoming increasingly significant [1], [2]. It is thusT(“)Ein- 'I_'he exponential expansion of the Jones matrix around
important to find convenient ways to characterize these effe§@Me carrier frequenay, takes the form [7]
and measure them. Among the existing standard techniques 102N, 10°
are the Jones matrix eigenagnalysis (JMI?) [3] and the Poin(iaré T(wo +Q) = Toe ez Frewt o @)
sphere technique (PST) [4], [5], and they are well-suited fQjhereT, is the Jones matrix of the mediumas. The2 x 2
accurate measurement of first-order PMD. Main drawbaclggmmex matricesN,’s, are defined as thkth-order charac-

of these approaches include practical complexity to accoRgristic matrixof PMD. We denote the (column) eigenvectors
modate high-order PMD measurement and inconvenience fafq eigenvalues df, asé\’ anda'*’, then (1) can be written
time-domain analysis such as calculating pulse deformatig.the canonical form: [7]

Recently, Jopson et al. proposed a hew measurement method,

the Miiller matrix method (MMM) [6] to measure higher order T(wo+ Q) = T [P1Q:PT'] [P2QP3'] ... (2)
PMD. It attains algorithmic simplicity by staying completely

in the Stokes space and is also capable of obtaining relativé{{)€"€
high signal-to-noise ratio by requiring less contingent control

of the input polarization states. However, the inconvenience

for time-domain analysis still remains. In a recent paper [7] Qi = k) | -
we have introduced an alternative method for characterizing 0 R %R

high-order PMD, which is based on a novel expansion of the |, 4 similar fashion to defining the PSP’s and DGD to
Jones matrix. The main advantage of this method is that t@ﬁaracterize the first-order PMD, we defirféi) as the

descriptors used to charaterize high-order PMD are direc%}/h-order principal states of PMDandIm{agf) " a%_)} as

related to PMD-induced pulse deformation. Therefore, they ale, Lih-order Differential Group Delay DispersiofDGDD)
particularly convenient for time-domain analysis. Here we dg In the special case of — 1 (5 are the well-known
. - y +1 -
i

Pr= [0 ]
et e 0

scribe a method to measure these high-order PMD descript , : _ .
Since our method only involves measuring the Jones mat P's, and the first-order DGDD is the ordlnary DGD( of the
f second-order PMD is described

within the transmission bandwidth, it is easy to implement bryedium. The_effect O(+) () _ ]
using a commercially available polarization analyzer. An add"dDGDD2 = Im{a,"™" — o, 7}, The physical meaning of
tional reward of our measurement approach is that it can give [{§S€ descriptors can be best visualized in a medium in which
principle, all orders of PMD descriptosimultaneouslyin this e first-order PMD has been compensated. In such a medium
the dominant effect of PMD is a quadratic phase difference be-

) ] ] _tween the second-order PSP’s. This quadratic phase difference,
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to high-order PMD, since each bracket can be treated as
subsystem of different phase dispersion characteristics.

T,p (HiBY)

€3]
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&
-

I1l. M EASUREMENT METHOD LBt
Measuring the characteristic matrices is, therefore, importa m

for characterizing high-order PMD. Here we describe an acc

rate and easy-to-implement method to measure these matric " ° yolegrom o % O mmengtem
By explicitly expanding each exponential term in (1) and corr
paring the resulting expansion to the ordinary Taylor expansic

. A
of the Jones matrices 28
/ 1 1" 2 gos [}
T(WO+Q):T0—|—T |wDQ—|—§T |wDQ 4 3) i_ﬁ [po0e008600000s00000007
we obtainN’s in terms of T and its derivatives
B 0 5 10 L 0 5 10
N, = T—lT/| Wavelength {(nm) Wavelength (nm)
1 0 wo
-1 2
N, = T0 T//|w0 - (Nl) Fig. 1. Comparison of measured Jones matrix eleménts and 752
[ Py 3 (circles—real part; triangles—imaginary part) and reconstructed finite product
N3 =T, T |wo - (Nl) — 3N No. (5). The dotted lines are for = 1 and the solid lines are for = 3. The

(4) wavelength is with respect toay = 1546.5 nm.

It is evident that measuring the characteristic matrices ¢ yavelength in a suitable bandwidth. The measurement was
equivalent to measuring the derivatives of the Jones matriarformed on two different types of fibers. One is a standard 33
In-most polarization analyzing instruments the first-ordggy single-mode fiber (SMF). The other one is made of three
derivative of T, which is used subsequently to calculate thgyncatenations of high-birefringence fibers (HiBi). Both are
DGD, is obtained by measuring the difference of the Jongg|arization-mode dispersive media, and the average PMD is a
matrix at two nearby frequencies. In principle, high-ord&gy pico-second for the HiBi and a few tenth pico-second for
derivatives of the Jones matrix could be obtained similarly. Wye SMF. The inclusion of the HiBi fiber enables us to compare
reality, however, this direct approach leads to significant errogg measurement to known analytic results later.

in_high-order derivatives since we are dealing with ratios of gor each SUT the characteristic matrices were calculated

extremely small quatities, and minor measurement fluctuations ., the measured Jones matrix. and truncated products (5)

may result in large deviation. Better accuracy can be achieve{ jitferent n values are constructed and compared against
by nl_JmericaIIy fitting the Jones matrix data to a polynomial qf,, original Jones matrix data (Fig. 1). For both HiBi and
matncesTn(Q) = Ao+ AIQ+ A%+ 4 ALQ7, the_ SMF, the truncated product approximation improves with
degree of which depends on the number of terms to keep in i inclusion of more terms in (5). The major improvement
expansion (_1)_' The deriv_atives ofth_e JOT;GS matrix are then giV|ﬁnagreement between the Jones matrix and its exponential
by the coefficients of this polynom|§1[[‘( Mo = K - Ak In expansion that results from the inclusion of the= 3 term
summary, the measurement comprises of the following stagggongly confirms the validity of the exponential expansion in
1) The Jon_es mat_nx is measured at con:_;ecgtl_ve Wavelengthaégcribing pulse propagation. Since the propagator (5) is in the
the bandwidth of interest; 2) A polynomial fit is performed Q4 of products of operators, it lends itself more readily to

obtain an ap_prOX|mated analytical Expression for the_ measu{ﬁﬂical manipulation and compensation by a serial arrangement
Jones matrix; 3) From the resulting fitting coefficients the optical components

characteristic matricel's are calculated.

Besides the simultaneity of determinafi ¢ all ord Further confirmation of accuracy can be achieved by com-
esides the simuftanetly of determination ot ali orders aring the DGD profiles calculated from the truncated prod-
PMD descriptors, our approach allows for convenient verific

. . icts (5) and that obtained from the measurement, as shown in
tion (_)fm_easurement accuracy by comparing _the measu_red Jog@% 2 and 3. Once again, the inclusion of more terms in the
matrix with the following truncated exponential expansion truncated product approximation leads to better agreement with
SEON, (5) the measurement. o _

To assess the relative importance of different orders of

If better agreement is achieved by including more exponentmD e:f?r::ts,t Itis |{1s(;rumedntatl to estlr_natetz_ thefvalld|ty range
terms in (5), the accuracy of measuiNg's is confirmed. ) o ne truncated product approximation for a given
The definition of the VR is somewhat arbitrary, and here we

define that its boundary is where the DGD calculated from
(5) starts to deviate rapidly from a reference DGD curve. In

In the experimental setup, a tunable laser source was directedl applications, this reference is just the DGD data from the
through a polarization analyzer and our system under teseasurement. Figs. 2 and 3 illustrate the applicability of this
(SUT). The Jones matrix of the SUT was measured as functiapproach, and it is evident that inclusion of more higher order

T(wo + Q) = ToeﬂNle%QQN2 .

IV. EXPERIMENTAL RESULTS
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Fig. 2. Comparison between the measured DGD profile and those calcul
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Fig. 3. Comparison between the measured (and analytical) DGD profile and
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those calculated from the truncated products (5) for the HiBi.

terms in (5) leads to wider VR’s. The VR’s for different

values are listed below

Finally, it is interesting to compare the results from measure-[€]
ment and the analytical predictions for the concatenations of

VR in nm (HiBi):
VR in nm(SMF):

n 2 3 4
0.05 0.15 0.35
4.0 80 15.0.
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to extreme sensitivity of the DGD profile on these parameters,
the exact values of these parameters are fine-tuned around their
experimentally measured values by numerically fitting the an-
alytical DGD curve to measurement data. The solid curve in
Fig. 3 is the analytical DGD profile with numerically deter-
mined coupling angles of 45.02and—45.2C, and individual
DGD’s of 6.1314 ps, 2.3690 ps, and 6.1312 ps. The analytical
curve fits well with the measurement results.

V. CONCLUSION

The exponential expansion of the Jones matrix is a new tech-
nigue that provides a convenient and intuitive way to analyze
high-order PMD effects. By using a small number of descrip-
tors (either the characteristic matrices or the corresponding
PSP’s and DGDD’s) the PMD properties of the transmission
medium can be completely described within a given range

a9e1°dfrequencies. We have demonstrated an accurate method
to measure the PMD characteristic matrices. By showing the
convergence of the finite product approximation (5) to the
experimental measurement, we have not only verified the
applicability of the new Jones matrix exponential expansion
experimentally, but also confirmed the accuracy of our method.
The validity range of the finite product approximation has been
estimated as a guideline for applying the measured descriptors
to time-domain analysis.
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