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Abstract— This paper describes the principle of a nonhigher line-rate, e.g. from 10 Gb/s to 40 Gb/s, doring

intrusive measurement method for determining theeterend
PMD in active fiber links carrying live commercidaffic.
These in-service measurements are made possitdenioyel
high-resolution optical spectrum and polarizatiomadyzer
that JDSU has recently developed.

I. INTRODUCTION

Excessive polarization-mode dispersion (PMD) ireftbptic

links may severely impair the transmission of hggleed
optical signals and, in certain cases, lead to tearg outages
of one or more WDM channels [1-2]. Thus, the enaitd

PMD in a fiber link should be accurately characted before
a link is put into service. Such PMD characterzatmay be
performed using one of the several PMD measuremetttod

described in the literature and international stadsl [2-3].

However, one common feature of these methods isttiea
fiber link has to be taken out of service for thealion of the
measurement, because a special optical probe digsaio be
injected into the input of the link in order to &z the PMD-
induced polarization transformations in the fibAr.typical

setup for such out-of-service PMD measurementhasva in

Fig. 1, where a broadband light source serves aspthbe
signal.

Broadband PMD Analyzer

Probe Signal

Fig.1: Typical setup for conventional PMD measuratmen
out-of-service fiber links.

Such out-of-service measurements are generallyptatzie
when a new fiber link is being installed, or whetirk has
been put out of service for other reasons. Howethay are
highly undesirable when PMD needs to be measuredliimk
that already carries commercial traffic. Such aaibn may
occur, for example, when one or more signals trétesn
through an installed link are considered to be aggd to a

normal troubleshooting. With conventional out-ofwsee
measurement methods, all signals carried by the viould
have to be re-routed to other links before the PMD
measurement could be performed.

This paper describes an alternative and truly mbrusive
method for measuring PMD in fiber links that carry
commercial DWDM traffic. Unlike conventional teclyuies,
this new method does not need special probe signatse
injected into the fiber, but rather uses the trdtienh optical
traffic signals to characterize the PMD in the fidak.
Hence, a PMD measurement can be performed whilértke
remainsn service

Such non-intrusive PMD measurements have been made
possible by a new high-resolution optical spectramd
polarization analyzer, which JDSU has recently ttged [4].
This instrument is capable of analyzing the freqyen
dependence of the state of polarization (S@#thin the
bandwidth of each transmitted optical signal. Tgoarization
analysis can be performed on any type of singlewx#d
traffic signal, such as conventional 2.5- or 10<GINRZ
signals or even 40-Gb/s DPSK or QPSK signals, besdot
require the signals to be launched in certain prdtion states.
The instrument does not require knowledge of theiqudar
modulation format or baud-rate of the transmitteghals and,
hence, may be readily employed in mixed transmissio
systems carrying signals of different baud-ratesd/@n
modulation formats.

Modulated PMD

DWDM
Signals

Fig. 2: Typical setup for non-intrusive PMD measuents on
active fiber links using JDSU’s in-service PMD aymdr. In
the above example, the signal path includes ancalptdd-
drop multiplexer (ROADM).
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In order to perform a PMD measurement, the instntmedenotedA7. in the following. This quantity was originally
simply needs to be connected to a broadband mogtgort

(or tap) at the end of the fiber link.

0.06

. . . AT — Rayleigh PDF
Obviously, these in-service PMD measurements have 0.05 1 7 AT — Maxwellian PDE
absolutely no impact on the operation of the nekwAnother ]
advantage of this method is that it allows directl-60-end é 0.04 ]
PMD measurements in ROADM networks, hence avoiding 3
errors associated with the concatenation of spasplay PMD 9“_’ 0.03 ]
characterization. 2

g 002 ]

The mean differential group delay (DGD) in the fitiak (i.e. >
its “PMD”) is determined from the average frequency £ 001 ]
dependence of the measured polarization statetizausan the
individual traffic signals. The accuracy of the meBGD 0 —
obtained from these measurements increases withuimber 0 10 20 % 40 50
of traffic signals that are analyzed. When onlyew fsignals Delay [ps]

are transmitted through the link, the measuremeratg have o o )
to be repeated several times after sufficientlyglamaiting Fig. 3: Statistical distributions of the effectiGDAT

periods. In this case, the mean DGD will be caledarom (folowing a Rayleigh PDF) and the standard D@AF
the average of all measurements. (following a Maxwellian PDF).

The accuracy of the method has been asserted iousaab
and field tests and found to be in excellent age@mwith that  ;ntroduced to characterize the PMD-induced distartiin

of standard methods over a wide range of mean D&lDeg p\wpm signals that are launched at arbitrary SOP itite

[4-5]. fier link [1-2]. It is defined as the magnitude dfie
component of the PMD vector in Stokes space that is
orthogonal to the launch SOP of the optical sigtal7]. Its

relation to the DGDA T is given by
II. PRINCIPLE OFNON-INTRUSIVE PMD MEASUREMENTS

. N AT, =AT|sing|
The end-to-end PMD in optical fiber links is typiga
characterized by the mean DGR,AT1 >, or alternatively by )

2
the root-mean-square DG, A72 >¥2 = (377/8)]/ <AT> whereing represents the angle formed by the Stokes vectors

[2] The mean DGD may be estimated by measuring thepresenting the launch SOP of the signal and theipal
instantaneous DGDA 7 , at various optical frequencies acrosstates of polarization (PSP) of the fiber, whichuisually
the optical bandwidth of the transmission systesingi for unknown. However, it is easily seen in (1) that dowy given

example the standard Jones matrix eigen-analysE)J A, Ar 4 May assume a value between O and
method, and then simply averaging the results [M8}vever, e , ’
it is also possible to obtairk A7 > by measuringar  depending on the launch SOP of the signal. Coresety

repeatedly at the same optical frequency afteicefitly long A7 and A7qg both are random variables of time and optical

waiting periods, or from a combination of time dnetjuency  frequency. However, because of (1), the statisticsttibution
measurements [5-9]. In either case, measufing at a given ¢ A7 # is substantially different from that dk7 . While
optical frequency usually requires the injection of a special € B ) ) o
probe signal into the input of the fiber link at liaefined the probability of measuring a certain value T is given
launch polarization states [2-3, 6], whereas congiabr PY @ Maxwell probability density function (PDF), sisown in
DWDM traffic signals are usually launched in arbiy Fig. 2, the probability of measuring a certain eabf A7
polarization states which cannot be easily cordgcbtr varied. g given by a Rayleigh PDF [2, 7, 10],

The non-intrusive measurement method describedwbelo

determines the mean DGD from polarization measunésran AT AT
transmitted DWDM signals that may be launched Miteary —2> exp _m

polarization states. Instead of measurihg directly, the

PMD analyzer measures a slightly different quantityich is (2)
commonly referred to as “effective” or “partial” M>and

2

<AT
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It turns out that the mean value of this distriboii
<At >,is directly proportional to the mean DGD

<AT>[2,7], ie.

<Ar>=(4/ﬂ)<Areﬁ > 3)

Therefore, it is possible to estimate the desireshrmDGD
from the average value of a sufficiently large enisie of

AT, measurements, taken at different optical frequenci
and/or different times.

As described in more detail belowWl7.¢ may be measured
directly on the transmitted DWDM signals withoutjuiring
knowledge or control of the launch SOP of the idinal
signals. For highest accuracy of the mean vadul7 ¢ >,
the measurements should be performed, on all DWQkeass
that traverse the link under test, either simultaiséy or

consecutively in time. However, signals that hansesdrsed
other fiber spans prior to entering the link unéest should

not be included in the average Afr o .

If the number of signals passing through the limkdlatively
small and/or their frequencies are not spaced dceiffily far

Poincaré
Sphere

SOP Variations
in DWDM Signal

Fig. 4. Representation of the PMD-induced SOPatems on the
Poincaré sphere. The rotation axis is determinedhgyPSPs in the
fiber link, and the length of the arc traced by tB©P rotation is
proportional toAz.

Within the relatively narrow optical bandwidth ofLAWVDM
signal, one may approximate PMD-induced polarizatio
transformation on the Poincaré sphere by a uniforecession
of the SOP vector about a randomly oriented axjs7]2 as

apart, then theA7q measurements should be repeategdhown schematically in Fig. 2. The axis of rotati

several times at predetermined time intervatsand over a
sufficiently long time period. Depending on theesg of the
polarization fluctuations in the fiber, the totaleasurement
time required may be several hours or even daysnoke

detailed discussion of the measurement accurapyoigided

below in section V.

I1l. HIGH RESOLUTIONOPTICAL SPECTRUM AND

POLARIZATION ANALYSER

It is well known that PMD introduces frequency-degent
variations in the polarization states of the traitigd signals
[1-2]. In particular, the various spectral compaseonf a
modulated optical signal, which are all
polarization state at the transmitter, are tramsém into
different SOPs. The difference in the SOPs increagth the

value of ATg. Hence, it is possible to measudTg

directly on the transmitted optical signals by gmidg the
polarization states of the various spectral comptswithin
the bandwidth of each individual signal, which mag
accomplished with the help of a frequency-selectiyptical
polarization analyzer [7, 10].

in the same

determined by the orientation of the PSPs, whetleasangle
through which the SOP is rotated within the bandhwidiy of

an optical signal is =2711A70V, i.e. proportional toAT .
However, the length of the arc traced by this S@Rtion is
given by 277ATe OV and hence proportional tA7g¢[1, 7]

Thus, AT may be deduced from the length of the arc traced

by the SOP variations. Even though it is possihlsome
cases to determin@r directly from the rotation angléb,

the results become very unreliable when the lauBeiP is
nearly identical with one of the PSPs of the filher, when the
arc in Fig. 4 has collapsed to almost a single todiherefore,

it is far more accurate to measul o instead ofAr .

DwDM
Signals

PBS

Tunable
BPF v

Pol.

% P
Control * V)

¢ Pyv)

Fig. 5. PMD analyzer with tunable optical band-pditer (BPF)
and conventional polarization beam splitter (PBS).

Figure 5 shows the simplified block diagram of egiiency-
selective polarization analyzer to detect the poddion
variations within the spectrum of a modulated DWBiIgnal.
The apparatus employs a variable polarization otlatr(PC)
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followed by a tunable optical band-pass filter (BRihd a
conventional polarization beam splitter (PBS). Pluepose of
the polarization controller is to adjust the relatiorientation
of the PMD-induced SOP rotation in such a way that

1. the SOP at the center of the signal spectrun=(Q) is a
50/50 mix of the two polarization eigenstates @& BBS,
and

2. the axis of the PMD-induced rotation (on the Poiéca

sphere) is orthogonal to the eigenstates of the. PBS

The desired polarization transformation is obtaiméten the
two detector currentst(V) and PS(I/) exhibit the highest

sensitivity to the PMD-induced polarization rotatiatv = 0,
i.e. when ‘aPp/GV‘ =|6PS/6V| is maximal [4]. The desired

quantity Ao may then be calculated, in a straightforwar
manner, from the frequency dependence of the ddple

P,lv

6(v)=2arctan| [P |, (4)
v) P0)
_|a6lv)

Aeft _‘ 2mov ®)

developed a PMD analyzer which is based on a caohere

receiver with polarization diversity detection [4ln this
implementation, which is shown schematically in.Fig the
spectral components to be analyzed are selectedtgadly
tunable local oscillator laser with a line widthaifout 1 MHz.

DWDM
Signals

PD BPF

3d8 [ P,v)

RF-P

—>‘ PC H PBS

RF-P

3dB [: Pyv)

BPF

‘ LO H PBS
\Y

dzlg 7. PMD analyzer using coherent receiver wblarization
diversity (PC: adjustable polarization controllet;O: tunable local
oscillator laser; 3 dB: 3-dB splitter/combiner; POphoto detector;
RF-P: RF power detector).

Just like in Fig. 5, the incoming optical signatsfi passes
through a variable polarization controller befdresiseparated
into two orthogonal polarisation components by Epsation
beam splitter. The two polarization components #ren
separately mixed with the output light of the locakillator
laser, and the resulting beat signals are detesiéid two
balanced photo-detectors. The received electricglats are
bandwidth limited to about 200 MHz and fed into t&R&-

Figure 6 Figure 6 displays an example of a properlyower detectors, which generate two electrical aigrP, (v v)

transformed SOP rotation and the resulting frequen
dependence 09( ) The eigenstates of the PBS are assum

to be parallel withS; and the PMD- induced SOP rotation is
the same as in Fig. 4.

PMD
Vector | S,
=
/

Poincaré
Sphere

Slope

sop
Variations

27

”Resulting
S, Variations
_—

Angle 8(v) [rad]

Frequency v [GHz]

Fig. 6. PMD-induced SOP variations of Fig. 4 (Jedind resulting

frequency dependence iof ] (right) after proper transformation by
the polarization controller. The eigenstates of #BS are aligned
parallel with § .

It is easily seen in Egns. (4) and (5) thﬂi(t/) can vary rapidly
with frequency when measuring fibers with relatwédrge
PMD. Thus, the polarization analyzer of Fig. 5 dedo
employ a broadly tunable optical band-pass filteéthwa
FWHM bandwidth of less than 1 GHz, so as to acelyat
measure these large variations. It turns out thet Blters are
difficult to manufacture without introducing undexsi
polarization effects. To circumvent this problel@SU has

c
&aqd P. ( ) that are proportional to the optical signal poiver

two orthogonal SOPs at optical frequenigy, similar to Fig.
5.

100 ;
- ]
=
&
<
IS
© 10 4
= ]
O
a
c
©
(0]
=

1 - T —r
1 10 100
Mean DGD from JME [ps]
Fig. 8. Comparison of mean DGD values measurech wlite

coherent PMD analyzer and a standard Jones matgereanalysis
method. The measurements were performed on vac@ubinations
of fiber spools and PMD emulators withdr >ranging from 1 to 50

ps [4].

The local oscillator laser scans rapidly acrosssgpectrum of
the selected DWDM signal at a speed of 100 GHz/masvéth
sub-GHz accuracy. This scan is repeated severastiat
various settings of the input polarization congplin order to
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find the desired scan withP, =F; and maximal slope _ 10000 j
T 3
|06/ov| atv =0. e ]
a 1000 -
< E
The main advantage of this coherent polarizatioalyaer is & ]
its high spectral resolution, which is twice theeattical 8 100 3
bandwidth of the receiver, i.e. about 400 MHz. THeisolution '
is sufficient to measuré\ 74 in fiber links with high PMD £ 10
=]
and on narrow-band DWDM signals. When a signal has § ]
experienced large amounts of DGD, efr =150 ps, the * 1 — e —
0.1 1 10 100

angle Q(V) in (4) becomes a fairly steep function 1of, with

a slope of almost 1 rad/GHz. Obviously, one needs a
polarization analyzer with sub-GHz resolution tcw@wately Fig. 9. Frequency spacing of DWDM signals requiréar
measure such steep slopes. In addition, high spectstatistically independent DGD measurements.

resolution is also essential for measurifggs in narrow-

band signals, like 2.5 Gb/s NRZ signals, Wheﬂé/) may

only be measured over a frequency range of akbut + IV.  ACCURACY OFMEAN DGD MEASUREMENTS

1.25 GHz around the carrier frequency. When sudigaal

experiences a DGD of aboutr =1 ps, for example, the Aside from the measurement errors discussed abihee,

of that of a full great circle.

MeanDGD <AT> [ps]

on the total number of individuah7o¢ measurements taken

Another important advantage of the coherent paéinn gt different frequencies and/or at different tinoesthe optical

analyzer is its fast tuning speed of about 100 Gtdziwhich signals. BecausATq¢ is a random variable, which fluctuates
minimizes measurement errors caused by rapid peléon

fluctuations in the fiber link. These fluctuatiomsy arise, for with time and frequency, the mean value ATo¢ >
example, from mechanical movement or physical vibng of
the fiber. Since they are superimposed on the PiiDged
polarization rotations, they potentially can caukege

measurement errors iATqg. However, these errors can becharacterized by the standard deviation [2, 12],

kept small by tuning the polarization analyzer dapiacross 3

the spectrum of each DWDM signal. At a tuning ratel00 o= 0523<Areff>/m’ (6)
GHz/ms, even rapid polarization variations of up 1000

rad/s, which have been observed in buried teredstibers wherein N denotes the total number o$tatistically
[11], would cause only small measurement errorheforder independenmeasurements a7 oy .

of 1.6 ps inA7 ¢ . Fortunately, these errors tend to be random

calculated from a finite set of measurements alaoies
randomly. The uncertainty of <AT.¢ >may be

and not systematic, so that they essentially camoelanother

when < A7 > is calculated from a large set of individualStatistical | ndependence of Measurementsin Freguency
ATeff measurements. Measurements that are performed simultaneousipdarly at

Figure 8 shows the results of PMD measurementopeed the same time) on two signals with different carrie
with the coherent polarization analyzer on varioufrequencies,v; and v,, are considered to be statistically
combinations of single-mode fibers and PMD emukgtavith

<AT1 > ranging from 1 to 50 ps. The measured values a . : .
plotted against reference measurements taken with sybstantially larger thai0.5/< At > [2, 12]. For instance, if

commercial JME analyzer and show very good agreemes A7 >= 10 ps and the signals are spaced at least 50 GHz
between the two methods [4]. The accuracy of tk&rument
and the validity of the test method have also lm#iirmed in
various field trials. Tests on terrestrial fibemks with buried statistically independent fronf\7.¢ measured on the other
cables have shown that accurate PMD measurementSeca gignal. Thus, the number of statistically independe
obtained within a few hours of total measuremeanget[5].

irrédependent when the frequency spacify, = | Vi — l/2| , is
apart, then A7, measured on one of the signals is

measurements in frequencyy, , can be readily calculated
once a first estimate of A7To¢ > has been obtained and then
used to calculate the uncertainty of this estinfrate Eq. (6).
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NRZ-OOK signals spaced at least 100 GHz apart.

2000

Statistical I ndependence of Measurementsin Time * Measurements

o ] o’o. —Rayleigh PDF
SuccessiveATg¢ measurements on the same optical signal £ 1500 - o ®

but taken at two different timeg; andt,, are considered

statistically independent when the time inten,=|t; —t,| 1000 18 [*

, IS substantially larger than the correlation tirdg ., , of

the PMD fluctuations in the fiber [6, 13]. It is partant to

note thatAt.,, may vary widely from link to link, because ] i
1

PMD fluctuations generally arise from changes i physical 0 , : _ ¢ -
environment of the fiber (e.g. temperature varia)o which 0 10 20 30 40 50
may be very different in different fiber links [63-16] Effective DGD [ps]

1 /e <D
500 1 /, =14.8ps

Frequency of Occur

Fig. 10. Statistical distribution of 31290 measuents ofAz. on an

Therefore, Atg,, is usually unknown prior to & PMD ,ciive fiber link carrying 19 DWDM signals [5].

measurement. However, it is possible to estinstg,,, from

a series of consecutive measurements on one oraseve
DWDM signals by calculating, separately for eadajnal, the

normalized autocorrelation function [6, 13], 22
@
[oR
= 214
M= 8 \ Uncertainty after 191 hours: + 0.3 ps
3 [ 8ran 6 91 <875 ) [ {8 )= < B2 ()5 R AN (£1.5%)
ACF(AT ,v)=—i=L )
(M‘m)fﬁ<ATeff(V)2>—<ATeff(V) >2] (7) % 19
g
<
) ) ) o 18 ] ‘\
wherein AT =mAt is the time lag andl = M At the total 8 o= 0523(A7) /N
measurement time. The mean correlation tifxtg,,, is then g 17 N= Number of statistically
8 independentsamples

determined from the frequency-averaged autocoivelat 16
function, ACHAT) =<ACHAT ,v)>,  (where the 0 50 100 150 200
average is taken over all measured optical fregashas the Measurement Time [hours]

time where ACF(AT) has decreased te?(or 13.5 %) of Fig. 11. Convergence of the mean DGD calculateaifrthe
its value af = 0(see Fig. 12 below). cumulative average oflr.¢ versus measurement time (solid curve)
BT =0( 9 ) and estimated uncertainty (dashed curves). Thenrb&zD after 191

. L . hours is 18.8 ps with an estimated uncertainty®8%ps [5].
Once At.,, is known, the number of statistically independent

measurements per signal frequency is given by

N¢ = @+ T/Ateoy ) - Thus, the total number of independeniThe PMD analyzer was connected to a monitor tap aetite
measurements in time and frequencyNs= N, [N,, , which of the link, as shown schematically in Fig. 2, amhfigured
is used in Eq. 6 to estimate the uncertainty inrtfean value © @utomatically measurA7eg 1680 times in each of the 19

<ATgs > . DWDM signals over a total measurement time of 16(rk,
yielding a total of 31920 measurements. The mearewaf all

measurements was ATg¢ > = 14.8 ps, corresponding to a

mean DGD of<Ar > = 18.8 ps. This result is in excellent

V. EXAMPLE OFIN-SERVICEPMD MEASUREMENTSON AN agreement with earlier end-to-end PMD measurememthe
ACTIVE FIBER LINK same fiber link, which yielded a value of 18.6 <.

The statistical distribution of the 3192074 measurements,
To verify the accuracy of the non-intrusive PMD m@@ment

method described above, JDSU has conducted a séffietd shown in Fig. 10, closely follows t.he_expected fegh PDF
tests on various terrestrial fiber links. One afsth field trials, for <ATef > = 14.8 ps, thus confirming that the data set was

which is described in more detail in [5], was pemied on a syfficiently large for a meaningful estimate of AT > .
414-km long transmission link carrying 19 active-Gb/s Furthermore, Fig. 11 displays the mean DGD caledldtom
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the cumulative average ofATq.¢ as a function of
measurement time. It is clearly seen in this grépdt the

The above data clearly show the square-root relstip
between measurement timd and uncertainty o for

initial estimates of< A7 > (e.g. 1 hour after the start of the T>>tcq, Where quadrupling ofl reduceso only by a

measurement) deviate substantially from the expevtdue
(i.e. by more than 15%), and that the accuracy avgs with

factor of two. Thus, if the desired measurememueaTy is
not obtained within the first 10 to 100 hours ofoag-term

time, as the number of independefiTo; measurements Measurement, it will be very time-consuming to ioyer it

increases. To estimate the uncertainty<®A7 >, we have
calculated in Fig. 12 thauto-correlation functioACF(AT)

defined in Eqg. (7) and found that the average tatioe time
of ATes was of the order of about,,,, = 3 hours in this
particular fiber link. Hence, after 191 hours thstiument had
sampled about 64 statistically independent measemtsmon
each of the 19 DWDM signals, yielding a total obab1200
statistically independent measurements. With thisioer we
have then calculated the expected uncertainty 8ff > as a

function of measurement time from Eqs. 3 and 6 fandd it
to be a good estimate for the statistical variagion< A7 >
(see dashed curves in Fig. 11).

1

N
o
L

h

0.4 ] Function of AT

£ 08 1 g 1 .

g %] 1

2 Ju'v'\"WM\('M

3 06 L |

(S} 1 . . 0 100 200
g Autocorrelation Time [hours]

T

T

S

o

02 1

10
Time [hours]

Fig. 12. Autocorrelation function iz versus time averaged over

all measured DWDM signals. The measurements areletety de-
correlated after about 3 hours. The inset (uppght) displays an
example of thélz.¢ variations in one of the 19 DWDM signals [5].

The following table
uncertainty for a few selected measurement timese hat
these numbers were calculated for the particulberfilink
under test and may be very different for otherdink

Relative Uncertainty in

Elapsed Time [hour g <ATeq > and <AT >

15 +10%
14 +5%

66 +2.5%
191 +1.5%

Table 1. Relative uncertainty of mean DGD as eaction of
elapsed measurement time for the in-service PM3 s&®wn in
Fig. 11.

lists the calculated measuremen

further. In the above field test, it would have uegd an
additional 575 hours of measurement time to redtee
uncertainty from+1.5% to +0.75%. Although such high
accuracy is rarely required for end-to-end PMD
characterization of a fiber link, such long-termaserements
can be readily performed with this instrument witho
impacting the data traffic on the link.

VI. CONCLUSIONS

We have described a novel field-deployable testungent for
non-intrusive measurements of end-to-end PMD iivadiber
links. The instrument performs a high-resolutionectpal
analysis of the polarization state variations ia transmitted
DWDM signals and thereby measures the effective DGD
experienced by each signal. The mean DGD of ther fibk is
then determined from the time and frequency averfga
series of effective DGD measurements. The accucddye
PMD measurement increases with the number of DWDM
signals and the total measurement time.
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