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Polarization-Mode Dispersion Measurements Along
Installed Optical Fibers Using Gated Backscattered
Light and a Polarimeter

Henrik Sunnerud, Bengt-Erik Olsson, Magnus Karlsson, Peter A. Andrekson, and Jonas Brentel

Abstract—We describe two new techniques that utilize a po- would be sufficient. The hubs, where the fiber is accessible,
larimeter for studying the state of polarization of gated Rayleigh- would then constitute particular points of interest. Although
backscattered or Fresnel-backreflected light along optical fibers in various techniques exist for measuring the average PMD of a

real time on the Poincaré sphere. The first method, using Rayleigh- hole fib I f th lation/distributi
backscattered light, is here applied to measure the accumulation whole hber, only a few measure the accumulaton/distribution

of polarization-mode dispersion (PMD) along an 11.5 km section ©f PMD along a fiber-link [3]-[5]. These methods represent
of installed fiber link. With a simplified configuration, the second optical time-domain reflectometer (OTDR) techniques which

technique is developed and applied for measuring the PMD of in- measure the total backscattered signal. In this paper, we
dividual fiber subsections in a 37 km long link. This is achieved by describe two techniques which aim at measuring the PMD-ac-
using the Fresnel-reflections which arise from the fiber connectors lati ¢ f ifi ints of int t al
that join the link. cumulation up to a few specific points of interest along an
) _ ] installed optical fiber. For this purpose we have developed a
SirL”u‘jlgﬁoTrgms;a:rriersgfe';reggg'r?:;io'gifggg f:jbise;zrgg:tﬁpﬁg)o method that allows the application of a commercial polarimeter
Rayleigh-séattered Iight.’ ’ for_stu_dymg _the Raylelgh-ba_ckscatter_ed or bacl_<ref|ected light,
which is achieved by gating in the optical domain.
The first technique, which is described in Section I, makes
. INTRODUCTION use of the polarimeter for studying the polarization-state of the

HEN chromatic dispersion in optical fibers no |ongeRaerigh—scattered light (reflected at a specific position along

limits the data-rate of transmission systems, polarizéhe fiber) in real time on the Poincaré sphere. The method is
tion-mode dispersion (PMD) could become the major IimitinBere demonstrated by measuring the PMD-accumulation along
factor. The tolerable amount of total average PMD depen@8 11.5-km installed fiber-link. The technique works particu-
on the bit-rate, and without PMD-compensation a value &rly well in the field, probably because of the longer polariza-
approximately 10% of the bit-slot has been suggested [1i}_)n correlation length that we observed in the installed fiber as
Hence, for a 40-Gb/s channel bit-rate system, approximat@gmpared to spooled fiber in the laboratory.
2.5-ps total average PMD can be accepted. However, for many”‘t hubs along an installed link, fiber connectors often join
installed links PMD is a severe limitation already at a bit-ratgections together, giving rise to strong Fresnel-reflections when
of 10 Gb/s while keeping the unrepeated link-length at 100 ki€asuring backscattered light [2]. It would be very simple to
and beyond. Installed links consist of individual subsectiof¢§ange fibers and reroute the traffic at the hubs by switching
joint together at hubs, either by splices or by connectors. As thnnectors and thereby minimizing the PMD of some spans be-
PMD can be varying among different parallel fibers within théore the upgrade to a higher transmission speed. The second
same cable-section [2], a way to combat PMD of installed |in|g§chn|que_ exploits these Eresnel-reflectlons, studylng the back-
would be to improve a few spans of the link by exchangin"g?ﬂeae‘j light and measuring the PMD-accumulation up to each
high-PMD fibers for fibers with low PMD within the same reflection-point along the link. As the backreflected power is
section, if available. Thereby, an upgrade of these spans tgally much higher than the Rayleigh-backscattered power, a
higher transmission speed would be made possible and tfeiy important simplifications of the experimental set-up can be

knowing the PMD of each individual subsection along the linf/ade, resulting in the second technique which is discussed in
Section lll. Fresnel-reflections have been used before in PMD
measurements [6], but then limited to only one fiber span and
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the forward direction at any given wavelength cannot be direct 3, EDFA Gireulator
- : : AOM
obtained. However, we can determine the average DGD in 1
forward direction using measurements at several wavelengtt
The DGD in the forward direction is given br = | Q| = i

\/ Q2 + Q2 + Q2 while the backscattered DGD is given by [4]: —_-_—_-_-_-_-—_—_—-———_—_—_—_-_-_-_-_-:, ;

installed
fiber cable

! Polarizer
1
]

Pul
Atp = [Qp| = 2,/Q2 + Q2, whereQ,, Q, and(2, are the gen:f;or

components of the PMD-vectd, in Stokes space. Hence, we
can always measure a lower bound of the forward DGD at ea....
S_peCIfIC Wavelength’ which is given bx&r > ATB/Z' To es- Fl%il 1. Measurement setup. ECL: external cavity laser; PC:
timate the accumulated average DGD from the backscattefgthrization-controller; AOM:  acousto-optical ~modulator;  EDFA:
DGD, we use the relation [4{ATp)/{AT) = =/2, which erbium-doped fiber amplifier; OBPF: optical bandpass filter.
means that on average, we measuy@ more DGD for the
:(c))utﬂztl?r% t:;"\‘/’\g::gﬁﬁfg /g{é ?\24“23;:”\5\?&2??5?;3;:2 Ito avoid interference between backscattered signals. Hete,
taken. Also the avera g DGDAT), measured over the wa?/e Henotes the total length of the measured lirthie speed of light
s ge D T>.’ . e in vacuum and: the refractive index of the fiber.
length intervalA X, which is an estimation of the statistical av- . S ,
. } i To determine the DGD between the two principal SOP’s of
erage, (A7), is affected by an error. In Section 1V, the intro- . )
. : . e backscattered light, we measure the change in SOP as a func-
duced error for the backscattering technique as function of D P) . . N
-tion of wavelength{s/6 ) for two different input polarizations.

and wavelength interval is treated by means of Monte Carlo SIfr & PMD-vector can then be written as 8]

OBPF  EDFA

Polarimeter

ulations.
Il. MEASUREMENTS OFRAYLEIGH-SCATTERED LIGHT ds; % ds;
. % % . )\2 (SSZ X (58]'
The measurement set-up is shown in Fig. 1. The pulse ip = ds;  2rc —(5& "8;) X @)
generator modulated a tunable external cavity laser (ECL), o 5

generating a short optical pulse which was amplified by an
erbium-doped fiber amplifier (EDFA). An acoustoopticaivheres; ;(\;) are the output SOP’s (where the subscripts
modulator (AOM) was used to suppress amplified spontand;j denote different input polarizations) ad; ;(A\x) =
neous emission noise (ASE) generated in the EDFA and thagj(Ax+1) — si, ;(Ax). The modulus of the PMD-vector is the
high-power pulse was launched into the installed fiber cablealue of the DGD Q75 = |€2z]) in units of seconds. In prac-
This pulse source, specially optimized for measurement tidfe, a large error in the calculations can occur when the output
installed fiber, was also used in [2]. The Rayleigh-backscatterpdlarization-state is near one of the principle states, so that the
signal was subsequently amplified in an EDFA, followed bgross-product in Equ. (1) is small. Therefore, three different
a second AOM. This AOM was used to select backscatterggput polarization-states were used to minimize this error, where
light from a specific position along the fiber and the state gfairs of measurements had to satisfy certain criteria described in
polarization (SOP) was studied in real time with a polarimetdB]. These criteria aims at removing inaccurate measurements,
If the SOP changes during the gate-time, then the polarimeténere the SOP’s are close to the principle states. The PMD-
presents the average SOP and results in a lower degreevesftor was then calculated as the average of the vectors that sat-
polarization (DOP). In this way, this polarimeter is quitésfied the criteria.
robust to small SOP changes within the gate time. Also, by The test-link was a 11.5 km section of field-installed dis-
gating the signal in the optical domain, the detector bandwidpiersion-shifted fiber (DSF). The installed fiber showed qualita-
requirements are much lower, compared to techniques whéwely different characteristics compared to spooled fiber, with
the whole backscattered signal is studied simultaneouslyonger polarization correlation length, which relieves the de-
[2]-[4], [7]. All components after the polarizer were selectethands regarding pulse-duration and gate-duration of the second
specifically for low PMD and low polarization-dependent los&6OM. These durations should correspond to a physical length
(PDL) since they otherwise would contribute too much to thehorter than the polarization correlation length. These circum-
measured DGD. In our set-up the total DGD wasry) ~ 0.2 stances makes the proposed technique particularly suitable for
ps, which was compensated for by a deconvolution of theeasurement on installed fiber-links. The relatively long po-
measured average DGD, i.éA75) ~ /(ATio)2 — (ATo)2, larization correlation length was also verified by the Polariza-
where (A7p) is the backscattered average DGD of the fiberon-OTDR technique [2].
and{Ar.) is the total average DGD. The pulse- and gate-durations were chosen so that a high
The remaining nonpolarized ASE from the second EDFA BOP was obtained. Both durations were chosen to 100 ns which
effectively omitted by the polarimeter even though the DOP derorked well and corresponded to a spatial resolution of around
creases. The wavelength, or the pulse-delayy = 2nL/c, 20 m.We also noted that there was one SOP that was more prob-
can now be changed and the SOP-evolution of the backsatle to detect, namely, the input SOP, as was shown in [10]. At
tered light can be studied in real time on the Poincaré spheitge positions along the link where we chose to measure, the DOP
The pulse repetition-frequency cannot excéed c¢/(2nLi.;) was still high (above 70% which was limited by ASE noise)
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Fig. 2. Change in backscattered SOP’s versus wavelength measured at 4 km over 10 nm in steps of 0.5 nm. Hollow symbols indicate back side of the Poincaré

sphere. Initial output SOP’s from left to right;, sz, s3.
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Fig. 3. Accumulated DGD versus fiber-length. New technique distributed fixed-analyzer (dashed line). Inset: DGD versus wavelength for 4 kem@ 9
km (o).

even if the detected SOP deviated from this most probable S@POTDR techniques, where many points along a fiber are mea-
which shows that the spatial resolution was good enough. sured simultaneously [2]-[4]. The next logical step is to take
Measurements of the DGD were performed at five differemaidvantage from the Fresnel-reflections arising from fiber con-
points along the fiber over a wavelength-range of 10 nm in stepsctors, which often join an installed link together, with the re-
of 0.5 nm. Fig. 2 shows how the backscattered SOP’s, fronsalt that a few important simplifications can be made. The sit-
position 4 km into the fiber, change with wavelength for threeation is now much more favorable compared to measurements
different input polarization-states. Equation (1) was used to calf Rayleigh-scattered light. The reflected fraction of power is
culate the DGD-spectrum of the backscattered light from tliegher than for the scattered light and the pulse-duration is no
five points along the fiber. The results are shown for 4 andl8nger critical, as long as the reflections from different connec-
km in the inset of Fig. 3. Subsequently, the average DGD in thars do not interfere, which means that the pulse-duration can
forward direction was estimated (compensated for the DGD lie increased to several microseconds. In this way, the average
the components), which is shown in Fig. 3, for the five pointpower-level into and out from the system can be substantially in-
We can see that the PMD is very low in the first 7 km of fibergreased. As long as the incoming polarized average power to the
while at 7 km, the PMD dramatically increases. The PMD in thgolarimeter exceeds70 dBm in our case, measurements can be
first 7 km was estimated to 0.11 pém and to 0.55 ps/km  performed with acceptable accuracy. The second EDFA, the op-
in the last 4 km. The measurement was also compared with tieal filter, the polarizer and the polarization-controllers from the
distributed fixed-analyzer technique [3], [9] over 36 nm (dashgatevious set-up can therefore be removed. Also, the input SOP
line in Fig. 3) with excellent agreement. can be controlled by the commercial polarimeter unit, which
then can use the built-in Jones-matrix eigenanalysis method [11]
for measuring the DGD of the backreflected light, making this
Ill. FRESNEL-REFLECTION MEASUREMENTS technique practical and simple. The new configuration is shown
in Fig. 4. If a reflection would be very weak, all average power
The technique described above is best suited for measusél not originate from the reflection alone, but will partly con-
ments of a few points of interest along a fiber-link, in contrastst of Rayleigh-scattered light. Fortunately, as the pulse is very
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Fig. 7. Accumulated average DGD measured from both directions of the

long, most of the scattered power will be regarded as nonpol8ger-link. Wavelength-averaging intervalA = 40 nm.
ized and effectively omitted by the polarimeter with the result
that the DOP decreases. The condition that a majority of the example of the obtained results. We comparg; with
received average power should originate from the reflectiondsr for L = 37 km. The backscattered DGD gives informa-
fulfilled when the reflection-coefficienp, is more than approx- tion about a lower bound of the true DGIAt > Arp/2)
imately —45 to—50 dB for pulse-durations below1 ;.s. How- according to the discussion in Section | above. As can be seen
ever, if the reflection is situated far from the input, so that thieom the figure, this bound holds. Note that the lower bound
pulse suffers from high attenuation, then the reflection needsvery often coincides with its maximum value. Why this occurs
be higher in order to reach an average power of more th&h is explained in Section IV below. Subsequently, the average
dBm to the polarimeter. round-trip DGD, measured over the wavelength interal,

One application of this technique can be to measure the PMias calculated and divided by/2 to provide the estimate,
of each individual subsection and identify high-PMD section&75)/(7 /2), of the true average DGOAT).,. The results
in order to exchange these for parallel fibers with lower PMiPom the measurements at all reflections and in both directions
within the same cable. Thereby, some spans of the link cowdde shown in Fig. 7 (squares). They were compared with the
be improved before the upgrade to a higher transmission spesctumulated conventionally measured DGD (filled circles) and
Of course, some spans will also be degraded and cannot beaipery good agreement was obtained in both directions. There
graded. is a discrepancy between these two entities because of the

An optical fiber-link was simulated by joining five individual limited wavelength interval. In addition, the measured average
sections by connectors, forming a 37-km long link. Fig. BGD itself, (A7), will be affected by an error and may deviate
shows the received power from the link relative to the inpditom the true average DGD. The total error can be decomposed
connector reflection-level with the Fresnel-reflections arisingto these two effects and is analyzed in Section IV.
from the fiber connectors. The reflection-coefficients were From the measured backscattered DGD data, the PMD in
—38 dB in average. The pulse-delay= 2nL/c, to the second psih/km of each subsection was roughly estimated, assuming
AOM was adjusted so that a specific connector was selec@djuadratic summation of the average DGD in each individual
for the measurement. The DGD-spectra of the backreflecteelction. The obtained results are presented in Table | and shows
light from the connectors in the link\7g(X, L;), as well as the estimated PMD-coefficients measured in both directions,
the forward DGD AT (A, L;), up to the same fiber connectorscompared with the conventionally measured PMD-coefficients,
(at L;) were measured in both directions of the link and overwahich also were measured for each individual section. Note that
wavelength interval of 40 nm in steps of 0.5 nm. Fig. 6 showkese were measured over the same wavelength interval. The
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TABLE | The estimation of the true average DGD from data measured

ESTIMATED PMD-COEFFICIENTSCOMPARED TO THE CONVENTIONALLY in the forward direction introduces an error which is given by
MEASURED COEFFICIENTS INpsh/km
<AT>A)\ - <AT>OO

PMD 1—5 | PMD 1<5 | Measured PMD 1= (A7) : )
Fiber 1 0.26 0.25 0.27 i
Fiber 2 - - 0.075 Here, {-}ax represents averaging over the wavelength
?Eeri 82: 00637(:3 00552 interval A\ and (-)., represents the statistical average,
1per . . . : . H H
Fiher S 018 011 5.10 which here was given by the analytical expression

(AT)oo = +/8N/3mwL¢/Av,, where N is the number of
birefringent segmentd,« is the length of each segment and

first column shows the estimated PMD when the measuremérffg is the v_elocity difference betweer) the two or'rhog_onal
was performed in the-%5 direction, which means that the ”ghtmodes. The fiber was modeled as a series of 1600 birefringent

was inserted at the fiber 1 end, etc. Generally, it is easier to giggments with randomly varying orientation axes. We have

tain a good estimate of a section that is situated early in tf%md_that the probability density functions (pdf) of the relative
link. The reason for this is that the average DGD grows appro®[TO" iS @ function ofAA - (A7) only. In the case oA — 0,
imately by the square-root of the fiber-length, i.e. the relati® Pdf ofer will have a shifted Maxwellian distributiory(c, ),
contribution to the increase of the total DGD is smaller for ¥ith root-mean-square (rms) width

fiber situated further away in a link. Still, a very good agree-

ment is obtained for fiber 1, 3, and 5 (with the exception of fiber , = VE{e3) =, //ch(cl)dc = /37/8 — 1 ~ 0.422.

5in the -5 direction of measurement), which are all long and

have high PMD. The accuracy is poor for fibers with low DGDThe wider wavelength-averaging interval, the more narrow,

For fiber 2, the backreflected DGD decreases in both direction . . . . .
(see Fig. 7). The reason for this is that fiber 2’'s additional Cos?mmetrlc and Gaussian-like will the pdf be, which means that

. . ~~the rms-error decreases with increasing wavelength interval.
tribution to the total DGD is small compared to the uncertainty. Subsequently, we investigated the ?elative erggr which

Hence, it is impossible to find an estimate of the PMD for thisé . oo
. ’ " I ; . ) i5 introduced when estimating the true average DGRy
fiber. However, this is not critical since this method aims at the 9 9 )oo

identification of the high-PMD sectiqns. Furthermore, this tecrl\{glrt]gttﬁ ?ntzzf\f aslza)ﬁe;ﬁ?sZﬁ{grl;'sBéﬁ/:nagsraged over the wave
nigue has great potential of measuring long links. We have been

able to characterize a 129-km-long fiber-link using the end re- (ATE) AN/ (7/2) — (AT) oo

flection. The link consisted of new-spooled, low-PMD standard €2= (AT) oo ) ®)
single-mode fiber with an average DGD of 0.760 ps (i.e., PMD _ ) _

= 0.07 psh/km). The round-trip DGD was measured to 1_1jfn_ thg case oﬁ_)\ — 0, th_e pdf ofe; will have a shifted Rayleigh
ps over 40 nm and the ratio between the two is then 1.50, a diéstribution with rms-widtho, = /E{e;} = \/4/m -1 =
crepancy of 4.5% from the predicted valuewg®. Additionally, 0.523, which means that the rms-error is 24% higher for the

if a further enhancement of the dynamic range is needed, tHé@fkscattering technique in this limit. _
another EDFA can be reintroduced. Finally, we studied the relative average discrepancy between

the estimated average DGD obtained from the backscattering
measurement and the average DGD measured in the forward

. - _ _ _ _ direction. It is given by
The DGD is a statistical quantity which varies over time and

wavelength. Generally, wavelength-averaging is utilized to ob- (A7p)/(m/2) — (AT) @

IV. ERRORESTIMATION

tain an estimate(Ar), of the true average DGOAT) .. As ‘= (AT)
this wavelength intervalp A, in practice is finite, there is an un- . . .

L o C . L nd has zero mean in the strong mode-coupling regime. Here,
certainty in the estimation, which is an inherent limitation for a?

L ) . r? represents averaging over the wavelength intefval In
measurement principles and is also affecting the backscatter 091 . .

. . . . S trast to the other errors, this has a higher boune (4 /7 —
technique. By means of numerical simulations, we first inves j
gated the introduced erra#,, for the estimation of the true av- 7"
erage DGD from data measured in the forward direction. This

; av
was analyzed more thoroughly in[12]. Subsequently, we studng;3
the corresponding error for the backscattering technigste,
This error can be decomposed into two terms, of which one
the errore;, while the other is referred to as and describes
the discrepancy between the backscattered D@D 5), and
the conventionally measured DGRAT), where both are mea-
sured over the same wavelength interda\, under condition Appendix)
that the PMD-characteristics have not changed. This discrerﬂp
ancy is also of interest as it reflects the error experienced in the Fles)
measurements over a finite wavelength interval.

In Fig. 8, we show the pdff(ez, A)), for four cases; no
raging A\ — 0) andA) = 10, 40 and 80 nm at an average

D of 1.0 ps. For a very narrow wavelength intervAl\ —

0)5, the pdfis very sharp a; = 4/7 — 1 = 0.27, which means
that the backscattered DGD has a high probability to reach its
maximum value. Consequently, this enhances the relevance of
the lower bound of the true DGD discussed above. In this limit,
the pdf coincides with the analytical expression for the pdf (see

——, wel.]] (5)
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Fig. 8. Probability density functions for the error introduced due to the uncertainty of the backscattered DGD compared to the DGD measuredaimithe forw
direction for four different cases: no wavelength-averagitg (— 0) and wavelength-averaging intervals\ = 10, 40 and 80 nm. The average DGD is 1.0 ps.

wherey = 7(1 + ¢3)/4. The rms-discrepancy is Together with the fact that the relative DGD-accumulation of a
section is smaller when situated at the far end of a characterized
link, this makes the PMD estimation less successful far from

= 2 de = /32/372 — 1 ~ 0.284. " .
73 /6 fea)de /37 the input. In other words, if the accumulated DGD of one sec-

) ) ) tion is smaller than the error, then a poor accuracy is obtained
By contrast, the wider averaging wavelength interval, the mogg, \he p\VD estimation, which is the case for fibers 2 and 4 in

symmetric and Gaussian-like is the pdf. Section 1. However, the error is small enough to fulfill our pur-
The error for the backscattering technique can also be Hses; to identify high-PMD fiber sections.

pressed as, = ¢; + €3 + ¢1¢3. The mean valué&{e} = 0,

which shows that the mean vall&{¢; c3} = 0 sinceE{e¢; } =
E{e;} = 0. V. DIscUssION ANDCONCLUSIONS

Fig. 9 shows the different rms-errors; = /E{/} = e have described two closely related techniques which
| €2 f(ei, AX(AT))de, i.e., the standard deviation of theallow the utilization of a commercial polarimeter for studying
error distributions, as function of wavelength-averaging interviiie SOP of Rayleigh-backscattered or backreflected light along
and average DGD. In the limihA{(A7) — 0, the simulated optical fibers in real time on the Poincaré sphere. This was
rms-errors agree very well with the analytical values.Thachieved by optical gating. Both techniques are particularly
rms-errors decreases with increasing average DGD and wiigeful for measurement of installed fiber-links. We have suc-
increasing wavelength interval, as expected. If we assume thassfully measured the DGD-spectra of the Rayleigh-scattered
€1 is statistically independent ef;, the variance of, can be signal along an installed fiber-link, which gives a lower bound
calculated ag3 = E{el} = o + 0% + o303. In Fig. 9, the of the true DGD at each specific wavelength. By averaging
dashed line shows the validity of this formula. Furthermore, @ver the whole spectral range, we have also estimated the
is exact in the limitAX — 0. average DGD accumulation. The result was compared with the
The rms-errow 3 reflects the discrepancy we see in the mealistributed fixed-analyzer technique, with excellent agreement.
surements presented in Figs. 3 and 7. Note that this error is reBy benefitting from the Fresnel-reflections arising from fiber
duced in [2] and [3] by averaging also in the fiber-length-direconnectors which join a link together, some significant simpli-
tion. The rms-errorr; shows the uncertainty of the backscatfications in the set-up could be made. The PMD-coefficients of
tering techniques compared to the statistical average. All each individual subsection of a 37-km-long link were estimated
rors decreases approximatelyak/ /(A7) Aw as suggested in and a very good agreement was found with the true PMD-coef-
[12], wherelAw| = 2rcAM/A?%. The rms-error for the backscat-ficients for the high-DGD sections. The technique is relatively

tering techniquey,, is approximately 10% higher than the cussimple and has great potential of measuring long links.
tomary erroro;. Even if the relative errors decreases with in- Finally, the introduced error related to the uncertainty of the
creasing average DGD, the absolute erreys{Ar), increases. average DGD of the backscattered light compared to the real
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Fig. 9. The rms-widthsy;, of the error distributions as function of wavelength interval times the average DGD. Dashed ling;(=)i/0% + 0% 4+ of0Z.

average DGD (both averaged over the intet¥al and the sta- between 0 and 2. For the purpose of calculating the probability
tistical mean) was estimated by means of Monte Carlo simdensity function (pdf) of this ratio, we take the following step:

lations. The rms-error decreases with increasing average DGD
and with increasing wavelength-averaging interval, as expected. _ Arg 2,/ Q7 +QF )
A comparison between the described techniques and the dis- X = Ar 5 5 5 2|sin £
tributed fixed-analyzer technique [3] would be similar to a com- Y, 0 + 80 + 2
parison between the classical Poincaré sphere- [8] and the Jones =2v/1 — cos2¢, ¢ e 0,7, ©)

matrix-methods [11] on one hand and the well known fixed-an-

alyzer technique [13] on the other. The wavelengths-resolvetieres is the random angle between thgaxis and(2. More-
techniques are better for measurement of low-PMD links witbver, if cos £ is uniformly distributed betweer-1 and 1, then
a higher accuracy which can be obtained in a smaller spectib corresponds to a uniform distribution@fon the Poincaré
range. The described technique also has the potential for esgihere. The probability function foX is then given by
mation of the true DGD-spectrum, which is subject to further

investigations. Fx(z)=P(X <z)= / Ix(@)ds' = 1—y/1 - (z/2)2
9)
APPENDIX and finally, the pdf is equal to

CALCULATION OF pdf z/2
Polarization-mode dispersion in an optical fiber is character- /x (%) = £ () = W’ z€[0.2. (0)

ized by the PMD-vectof2. The DGD is the modulus of the

PMD-vector, i.e. The expectation value of is thenE{X} = [ zfx(z)dz =
7 /2, which also was calculated in [4], but in another way. An
AT =|Q = /92 + Q2 402 (6) alternative derivation of the pdf for a functieim ¢ is found in
[13].
while the backscattered DGD is given by [4] The relative discrepancy between the DGD estimation from a
backscattering measurement and the forward DGD is given by
Arg = |Qp| = 24/Q2 + Q2 7 - (
78 = |2p] vz ¥ (1) C:AT;;/(7r/2) AT:i_l (1)
AT 7 /2

which means that one of the components of the PMD-vector . _ . .
cannot be measured. Consider the ratio between the backs: ch hag Z€ro mean in Fhe gtrong mode-coupling regime. The
tered- and the conventionally measured DGD= Arg /AT, pd for this relative error is given by
which is regarded as a stationary stochastic process. Depending Flo) = 1 Y y € [0, 1] (12)
on the direction of the random vectd®, this ratio may vary 4 /142’ ’



904

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 7, JULY 2000

wherey = #n(1 + ¢)/4 ande € [-1, 4/7 — 1]. The standard  [9] H. Sunnerud, B. E. Olsson, M. Karlsson, and P. A. Andrekson, “Tech-
deviation of the relative error is nigues for measurement of polarization mode dispersion accumulation

along installed optical fibers,” ifProc. ECOC’99 Nice, France, Sep.
1999, Paper II-6.

[10] M. O.van Deventer, “Polarization properties of Rayleigh backscattering

o= / 2 f(e)de = /32/3m% — 1~ 0.284. in single-mode fibers,J. Lightwave Technaglvol. 11, pp. 1895-1899,

Dec. 1993.

[11] B. L. Heffner, “Automated measurement of polarization mode disper-
sion using Jones matrix eigenanalysi&EE Photon. Technol. Lefol.
4, pp. 1066-1068, Sep. 1992.
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