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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-
larimeter for studying the state of polarization of gated Rayleigh-
backscattered or Fresnel-backreflected light along optical fibers in
real time on the Poincaré sphere. The first method, using Rayleigh-
backscattered light, is here applied to measure the accumulation
of polarization-mode dispersion (PMD) along an 11.5 km section
of installed fiber link. With a simplified configuration, the second
technique is developed and applied for measuring the PMD of in-
dividual fiber subsections in a 37 km long link. This is achieved by
using the Fresnel-reflections which arise from the fiber connectors
that join the link.

Index Terms—Fresnel-reflections, installed fibers, Monte Carlo
simulations, polarimeter, polarization-mode dispersion (PMD),
Rayleigh-scattered light.

I. INTRODUCTION

WHEN chromatic dispersion in optical fibers no longer
limits the data-rate of transmission systems, polariza-

tion-mode dispersion (PMD) could become the major limiting
factor. The tolerable amount of total average PMD depends
on the bit-rate, and without PMD-compensation a value of
approximately 10% of the bit-slot has been suggested [1].
Hence, for a 40-Gb/s channel bit-rate system, approximately
2.5-ps total average PMD can be accepted. However, for many
installed links PMD is a severe limitation already at a bit-rate
of 10 Gb/s while keeping the unrepeated link-length at 100 km
and beyond. Installed links consist of individual subsections
joint together at hubs, either by splices or by connectors. As the
PMD can be varying among different parallel fibers within the
same cable-section [2], a way to combat PMD of installed links
would be to improve a few spans of the link by exchanging
high-PMD fibers for fibers with low PMD within the same
section, if available. Thereby, an upgrade of these spans to a
higher transmission speed would be made possible and thus
knowing the PMD of each individual subsection along the link
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would be sufficient. The hubs, where the fiber is accessible,
would then constitute particular points of interest. Although
various techniques exist for measuring the average PMD of a
whole fiber, only a few measure the accumulation/distribution
of PMD along a fiber-link [3]–[5]. These methods represent
optical time-domain reflectometer (OTDR) techniques which
measure the total backscattered signal. In this paper, we
describe two techniques which aim at measuring the PMD-ac-
cumulation up to a few specific points of interest along an
installed optical fiber. For this purpose we have developed a
method that allows the application of a commercial polarimeter
for studying the Rayleigh-backscattered or backreflected light,
which is achieved by gating in the optical domain.

The first technique, which is described in Section II, makes
use of the polarimeter for studying the polarization-state of the
Rayleigh-scattered light (reflected at a specific position along
the fiber) in real time on the Poincaré sphere. The method is
here demonstrated by measuring the PMD-accumulation along
an 11.5-km installed fiber-link. The technique works particu-
larly well in the field, probably because of the longer polariza-
tion correlation length that we observed in the installed fiber as
compared to spooled fiber in the laboratory.

At hubs along an installed link, fiber connectors often join
sections together, giving rise to strong Fresnel-reflections when
measuring backscattered light [2]. It would be very simple to
change fibers and reroute the traffic at the hubs by switching
connectors and thereby minimizing the PMD of some spans be-
fore the upgrade to a higher transmission speed. The second
technique exploits these Fresnel-reflections, studying the back-
reflected light and measuring the PMD-accumulation up to each
reflection-point along the link. As the backreflected power is
usually much higher than the Rayleigh-backscattered power, a
few important simplifications of the experimental set-up can be
made, resulting in the second technique which is discussed in
Section III. Fresnel-reflections have been used before in PMD
measurements [6], but then limited to only one fiber span and
under the condition that only one reflection is present. How-
ever, this is not always the case for installed optical fibers [2]
and in reality, the input connector reflection is difficult to ig-
nore. The optical gate which our techniques use, eliminates all
these problems by selecting a proper temporal window in the
backscattered/backreflected signal that is studied.

The main problem with all backscattering techniques is that
they do not give all information about what happens in the for-
ward direction of the fiber. Information is lost regarding circular
birefringence [4] and the true differential group-delay (DGD) in
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the forward direction at any given wavelength cannot be directly
obtained. However, we can determine the average DGD in the
forward direction using measurements at several wavelengths.

The DGD in the forward direction is given by

while the backscattered DGD is given by [4]:

, where and are the
components of the PMD-vector,, in Stokes space. Hence, we
can always measure a lower bound of the forward DGD at each
specific wavelength, which is given by: . To es-
timate the accumulated average DGD from the backscattered
DGD, we use the relation [4]: , which
means that on average, we measure more DGD for the
round-trip. However, may differ from due
to the limited wavelength interval over which the average is
taken. Also the average DGD, , measured over the wave-
length interval , which is an estimation of the statistical av-
erage, , is affected by an error. In Section IV, the intro-
duced error for the backscattering technique as function of DGD
and wavelength interval is treated by means of Monte Carlo sim-
ulations.

II. M EASUREMENTS OFRAYLEIGH-SCATTERED LIGHT

The measurement set-up is shown in Fig. 1. The pulse
generator modulated a tunable external cavity laser (ECL),
generating a short optical pulse which was amplified by an
erbium-doped fiber amplifier (EDFA). An acoustooptical
modulator (AOM) was used to suppress amplified sponta-
neous emission noise (ASE) generated in the EDFA and the
high-power pulse was launched into the installed fiber cable.
This pulse source, specially optimized for measurement of
installed fiber, was also used in [2]. The Rayleigh-backscattered
signal was subsequently amplified in an EDFA, followed by
a second AOM. This AOM was used to select backscattered
light from a specific position along the fiber and the state of
polarization (SOP) was studied in real time with a polarimeter.
If the SOP changes during the gate-time, then the polarimeter
presents the average SOP and results in a lower degree of
polarization (DOP). In this way, this polarimeter is quite
robust to small SOP changes within the gate time. Also, by
gating the signal in the optical domain, the detector bandwidth
requirements are much lower, compared to techniques where
the whole backscattered signal is studied simultaneously
[2]–[4], [7]. All components after the polarizer were selected
specifically for low PMD and low polarization-dependent loss
(PDL) since they otherwise would contribute too much to the
measured DGD. In our set-up the total DGD was
ps, which was compensated for by a deconvolution of the
measured average DGD, i.e., ,
where is the backscattered average DGD of the fiber
and is the total average DGD.

The remaining nonpolarized ASE from the second EDFA is
effectively omitted by the polarimeter even though the DOP de-
creases. The wavelength,, or the pulse-delay, ,
can now be changed and the SOP-evolution of the backscat-
tered light can be studied in real time on the Poincaré sphere.
The pulse repetition-frequency cannot exceed

Fig. 1. Measurement setup. ECL: external cavity laser; PC:
polarization-controller; AOM: acousto-optical modulator; EDFA:
erbium-doped fiber amplifier; OBPF: optical bandpass filter.

to avoid interference between backscattered signals. Here,
denotes the total length of the measured link,the speed of light
in vacuum and the refractive index of the fiber.

To determine the DGD between the two principal SOP’s of
the backscattered light, we measure the change in SOP as a func-
tion of wavelength ( ) for two different input polarizations.
The PMD-vector can then be written as [8]

(1)

where are the output SOP’s (where the subscripts
and denote different input polarizations) and

. The modulus of the PMD-vector is the
value of the DGD ( ) in units of seconds. In prac-
tice, a large error in the calculations can occur when the output
polarization-state is near one of the principle states, so that the
cross-product in Equ. (1) is small. Therefore, three different
input polarization-states were used to minimize this error, where
pairs of measurements had to satisfy certain criteria described in
[8]. These criteria aims at removing inaccurate measurements,
where the SOP’s are close to the principle states. The PMD-
vector was then calculated as the average of the vectors that sat-
isfied the criteria.

The test-link was a 11.5 km section of field-installed dis-
persion-shifted fiber (DSF). The installed fiber showed qualita-
tively different characteristics compared to spooled fiber, with
a longer polarization correlation length, which relieves the de-
mands regarding pulse-duration and gate-duration of the second
AOM. These durations should correspond to a physical length
shorter than the polarization correlation length. These circum-
stances makes the proposed technique particularly suitable for
measurement on installed fiber-links. The relatively long po-
larization correlation length was also verified by the Polariza-
tion-OTDR technique [2].

The pulse- and gate-durations were chosen so that a high
DOP was obtained. Both durations were chosen to 100 ns which
worked well and corresponded to a spatial resolution of around
20 m. We also noted that there was one SOP that was more prob-
able to detect, namely, the input SOP, as was shown in [10]. At
the positions along the link where we chose to measure, the DOP
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:sss , sss , sss .

Fig. 3. Accumulated DGD versus fiber-length. New technique (�), distributed fixed-analyzer (dashed line). Inset: DGD versus wavelength for 4 km (�) and 9
km (�).

even if the detected SOP deviated from this most probable SOP,
which shows that the spatial resolution was good enough.

Measurements of the DGD were performed at five different
points along the fiber over a wavelength-range of 10 nm in steps
of 0.5 nm. Fig. 2 shows how the backscattered SOP’s, from a
position 4 km into the fiber, change with wavelength for three
different input polarization-states. Equation (1) was used to cal-
culate the DGD-spectrum of the backscattered light from the
five points along the fiber. The results are shown for 4 and 9
km in the inset of Fig. 3. Subsequently, the average DGD in the
forward direction was estimated (compensated for the DGD in
the components), which is shown in Fig. 3, for the five points.
We can see that the PMD is very low in the first 7 km of fiber,
while at 7 km, the PMD dramatically increases. The PMD in the
first 7 km was estimated to 0.11 ps/ and to 0.55 ps/
in the last 4 km. The measurement was also compared with the
distributed fixed-analyzer technique [3], [9] over 36 nm (dashed
line in Fig. 3) with excellent agreement.

III. FRESNEL-REFLECTION MEASUREMENTS

The technique described above is best suited for measure-
ments of a few points of interest along a fiber-link, in contrast

to OTDR techniques, where many points along a fiber are mea-
sured simultaneously [2]–[4]. The next logical step is to take
advantage from the Fresnel-reflections arising from fiber con-
nectors, which often join an installed link together, with the re-
sult that a few important simplifications can be made. The sit-
uation is now much more favorable compared to measurements
of Rayleigh-scattered light. The reflected fraction of power is
higher than for the scattered light and the pulse-duration is no
longer critical, as long as the reflections from different connec-
tors do not interfere, which means that the pulse-duration can
be increased to several microseconds. In this way, the average
power-level into and out from the system can be substantially in-
creased. As long as the incoming polarized average power to the
polarimeter exceeds70 dBm in our case, measurements can be
performed with acceptable accuracy. The second EDFA, the op-
tical filter, the polarizer and the polarization-controllers from the
previous set-up can therefore be removed. Also, the input SOP
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
technique practical and simple. The new configuration is shown
in Fig. 4. If a reflection would be very weak, all average power
will not originate from the reflection alone, but will partly con-
sist of Rayleigh-scattered light. Fortunately, as the pulse is very
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Fig. 4. Simplified set-up.

Fig. 5. Relative backscattered power from the characterized fiber-link
consisting of five subsections. The reflection-coefficients were�38 dB in
average.

long, most of the scattered power will be regarded as nonpolar-
ized and effectively omitted by the polarimeter with the result
that the DOP decreases. The condition that a majority of the
received average power should originate from the reflection is
fulfilled when the reflection-coefficient,, is more than approx-
imately 45 to 50 dB for pulse-durations below1 s. How-
ever, if the reflection is situated far from the input, so that the
pulse suffers from high attenuation, then the reflection needs to
be higher in order to reach an average power of more than70
dBm to the polarimeter.

One application of this technique can be to measure the PMD
of each individual subsection and identify high-PMD sections
in order to exchange these for parallel fibers with lower PMD
within the same cable. Thereby, some spans of the link could
be improved before the upgrade to a higher transmission speed.
Of course, some spans will also be degraded and cannot be up-
graded.

An optical fiber-link was simulated by joining five individual
sections by connectors, forming a 37-km long link. Fig. 5
shows the received power from the link relative to the input
connector reflection-level with the Fresnel-reflections arising
from the fiber connectors. The reflection-coefficients were

dB in average. The pulse-delay, , to the second
AOM was adjusted so that a specific connector was selected
for the measurement. The DGD-spectra of the backreflected
light from the connectors in the link, , as well as
the forward DGD, , up to the same fiber connectors
(at ) were measured in both directions of the link and over a
wavelength interval of 40 nm in steps of 0.5 nm. Fig. 6 shows

Fig. 6. Measured backreflected and forward DGD of the link at 37 km. The
lower bound indicates�� =2.

Fig. 7. Accumulated average DGD measured from both directions of the
fiber-link. Wavelength-averaging interval�� = 40 nm.

an example of the obtained results. We compare with
for km. The backscattered DGD gives informa-

tion about a lower bound of the true DGD ( )
according to the discussion in Section I above. As can be seen
from the figure, this bound holds. Note that the lower bound
very often coincides with its maximum value. Why this occurs
is explained in Section IV below. Subsequently, the average
round-trip DGD, measured over the wavelength interval,
was calculated and divided by to provide the estimate,

, of the true average DGD, . The results
from the measurements at all reflections and in both directions
are shown in Fig. 7 (squares). They were compared with the
accumulated conventionally measured DGD (filled circles) and
a very good agreement was obtained in both directions. There
is a discrepancy between these two entities because of the
limited wavelength interval. In addition, the measured average
DGD itself, , will be affected by an error and may deviate
from the true average DGD. The total error can be decomposed
into these two effects and is analyzed in Section IV.

From the measured backscattered DGD data, the PMD in
ps/ of each subsection was roughly estimated, assuming
a quadratic summation of the average DGD in each individual
section. The obtained results are presented in Table I and shows
the estimated PMD-coefficients measured in both directions,
compared with the conventionally measured PMD-coefficients,
which also were measured for each individual section. Note that
these were measured over the same wavelength interval. The
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TABLE I
ESTIMATED PMD-COEFFICIENTSCOMPARED TO THECONVENTIONALLY

MEASUREDCOEFFICIENTS INps/
p

km

first column shows the estimated PMD when the measurement
was performed in the 1 5 direction, which means that the light
was inserted at the fiber 1 end, etc. Generally, it is easier to ob-
tain a good estimate of a section that is situated early in the
link. The reason for this is that the average DGD grows approx-
imately by the square-root of the fiber-length, i.e. the relative
contribution to the increase of the total DGD is smaller for a
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
5 in the 1 5 direction of measurement), which are all long and
have high PMD. The accuracy is poor for fibers with low DGD.
For fiber 2, the backreflected DGD decreases in both directions
(see Fig. 7). The reason for this is that fiber 2’s additional con-
tribution to the total DGD is small compared to the uncertainty.
Hence, it is impossible to find an estimate of the PMD for this
fiber. However, this is not critical since this method aims at the
identification of the high-PMD sections. Furthermore, this tech-
nique has great potential of measuring long links. We have been
able to characterize a 129-km-long fiber-link using the end re-
flection. The link consisted of new-spooled, low-PMD standard
single-mode fiber with an average DGD of 0.760 ps (i.e., PMD

ps/ km). The round-trip DGD was measured to 1.14
ps over 40 nm and the ratio between the two is then 1.50, a dis-
crepancy of 4.5% from the predicted value of . Additionally,
if a further enhancement of the dynamic range is needed, then
another EDFA can be reintroduced.

IV. ERRORESTIMATION

The DGD is a statistical quantity which varies over time and
wavelength. Generally, wavelength-averaging is utilized to ob-
tain an estimate, , of the true average DGD, . As
this wavelength interval, , in practice is finite, there is an un-
certainty in the estimation, which is an inherent limitation for all
measurement principles and is also affecting the backscattering
technique. By means of numerical simulations, we first investi-
gated the introduced error,, for the estimation of the true av-
erage DGD from data measured in the forward direction. This
was analyzed more thoroughly in [12]. Subsequently, we studied
the corresponding error for the backscattering technique,.
This error can be decomposed into two terms, of which one is
the error , while the other is referred to as and describes
the discrepancy between the backscattered DGD, , and
the conventionally measured DGD, , where both are mea-
sured over the same wavelength interval, under condition
that the PMD-characteristics have not changed. This discrep-
ancy is also of interest as it reflects the error experienced in the
measurements over a finite wavelength interval.

The estimation of the true average DGD from data measured
in the forward direction introduces an error which is given by

(2)

Here, represents averaging over the wavelength
interval and represents the statistical average,
which here was given by the analytical expression

, where is the number of
birefringent segments, is the length of each segment and

is the velocity difference between the two orthogonal
modes. The fiber was modeled as a series of 1600 birefringent
segments with randomly varying orientation axes. We have
found that the probability density functions (pdf) of the relative
error is a function of only. In the case of ,
the pdf of will have a shifted Maxwellian distribution, ,
with root-mean-square (rms) width

The wider wavelength-averaging interval, the more narrow,
symmetric and Gaussian-like will the pdf be, which means that
the rms-error decreases with increasing wavelength interval.

Subsequently, we investigated the relative error,, which
is introduced when estimating the true average DGD,
with the backscattered DGD , averaged over the wave-
length interval . This error is given by

(3)

In the case of , the pdf of will have a shifted Rayleigh
distribution with rms-width

, which means that the rms-error is 24% higher for the
backscattering technique in this limit.

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

(4)

and has zero mean in the strong mode-coupling regime. Here,
represents averaging over the wavelength interval. In

contrast to the other errors, this has a higher bound (
).
In Fig. 8, we show the pdf, , for four cases; no

averaging ( ) and and 80 nm at an average
DGD of 1.0 ps. For a very narrow wavelength interval (
), the pdf is very sharp at , 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
Appendix)

(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 measured in the forward
direction for four different cases: no wavelength-averaging (��! 0) and wavelength-averaging intervals�� = 10; 40 and 80 nm. The average DGD is 1.0 ps.

where . The rms-discrepancy is

By contrast, the wider averaging wavelength interval, the more
symmetric and Gaussian-like is the pdf.

The error for the backscattering technique can also be ex-
pressed as . The mean value ,
which shows that the mean value since

.
Fig. 9 shows the different rms-errors,

, i.e., the standard deviation of the
error distributions, as function of wavelength-averaging interval
and average DGD. In the limit , the simulated
rms-errors agree very well with the analytical values.The
rms-errors decreases with increasing average DGD and with
increasing wavelength interval, as expected. If we assume that

is statistically independent of , the variance of can be
calculated as . In Fig. 9, the
dashed line shows the validity of this formula. Furthermore, it
is exact in the limit .

The rms-error reflects the discrepancy we see in the mea-
surements presented in Figs. 3 and 7. Note that this error is re-
duced in [2] and [3] by averaging also in the fiber-length-direc-
tion. The rms-error shows the uncertainty of the backscat-
tering techniques compared to the statistical average. All er-
rors decreases approximately as as suggested in
[12], where . The rms-error for the backscat-
tering technique, , is approximately 10% higher than the cus-
tomary error . Even if the relative errors decreases with in-
creasing average DGD, the absolute errors, , increases.

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
the input. In other words, if the accumulated DGD of one sec-
tion is smaller than the error, then a poor accuracy is obtained
for the PMD estimation, which is the case for fibers 2 and 4 in
Section III. However, the error is small enough to fulfill our pur-
poses; to identify high-PMD fiber sections.

V. DISCUSSION ANDCONCLUSIONS

We have described two closely related techniques which
allow the utilization of a commercial polarimeter for studying
the SOP of Rayleigh-backscattered or backreflected light along
optical fibers in real time on the Poincaré sphere. This was
achieved by optical gating. Both techniques are particularly
useful for measurement of installed fiber-links. We have suc-
cessfully measured the DGD-spectra of the Rayleigh-scattered
signal along an installed fiber-link, which gives a lower bound
of the true DGD at each specific wavelength. By averaging
over the whole spectral range, we have also estimated the
average DGD accumulation. The result was compared with the
distributed fixed-analyzer technique, with excellent agreement.

By benefitting from the Fresnel-reflections arising from fiber
connectors which join a link together, some significant simpli-
fications in the set-up could be made. The PMD-coefficients of
each individual subsection of a 37-km-long link were estimated
and a very good agreement was found with the true PMD-coef-
ficients for the high-DGD sections. The technique is relatively
simple and has great potential of measuring long links.

Finally, the introduced error related to the uncertainty of the
average DGD of the backscattered light compared to the real
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Fig. 9. The rms-widths,� , of the error distributions as function of wavelength interval times the average DGD. Dashed line (- -):� = � + � + � � .

average DGD (both averaged over the interval and the sta-
tistical mean) was estimated by means of Monte Carlo simu-
lations. The rms-error decreases with increasing average DGD
and with increasing wavelength-averaging interval, as expected.

A comparison between the described techniques and the dis-
tributed fixed-analyzer technique [3] would be similar to a com-
parison between the classical Poincaré sphere- [8] and the Jones
matrix-methods [11] on one hand and the well known fixed-an-
alyzer technique [13] on the other. The wavelengths-resolved
techniques are better for measurement of low-PMD links with
a higher accuracy which can be obtained in a smaller spectral
range. The described technique also has the potential for esti-
mation of the true DGD-spectrum, which is subject to further
investigations.

APPENDIX

CALCULATION OF pdf

Polarization-mode dispersion in an optical fiber is character-
ized by the PMD-vector . The DGD is the modulus of the
PMD-vector, i.e.

(6)

while the backscattered DGD is given by [4]

(7)

which means that one of the components of the PMD-vector
cannot be measured. Consider the ratio between the backscat-
tered- and the conventionally measured DGD, ,
which is regarded as a stationary stochastic process. Depending
on the direction of the random vector,, this ratio may vary

between 0 and 2. For the purpose of calculating the probability
density function (pdf) of this ratio, we take the following step:

(8)

where is the random angle between the-axis and . More-
over, if is uniformly distributed between and 1, then
this corresponds to a uniform distribution ofon the Poincaré
sphere. The probability function for is then given by

(9)
and finally, the pdf is equal to

(10)

The expectation value of is then
, which also was calculated in [4], but in another way. An

alternative derivation of the pdf for a function is found in
[13].

The relative discrepancy between the DGD estimation from a
backscattering measurement and the forward DGD is given by

(11)

which has zero mean in the strong mode-coupling regime. The
pdf for this relative error is given by

(12)
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where and . The standard
deviation of the relative error is
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