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(57) ABSTRACT 

A method for screening fiber polarization mode dispersion 
using a polarization optical time domain reflectometer. A 
pulse radiation is emitted into the fiber under test, and the 
backscattered radiation is measured by the POTDR and used 
to obtain a POTDR trace. A composite trace of more than 
one POTDR trace is obtained. The composite trace is then 
analyzed to compare the variation of signals along the length 
of the fiber, the variation in signals relating to the level of 
PMD along the length of the fiber. Because high levels of 
PMD correspond to localized levels of low variability, by 
setting the variability of signal threshold sufficiently low, 
fibers having unacceptably high localized PMD can be 
identified and removed. 
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METHOD OF EVALUATING FIBER PMD USING 
COMPOSITE POTDR TRACE 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 The present invention relates generally to optical 
fibers, and particularly to a method for identifying optical 
fibers which exhibit elevated levels of polarization mode 
dispersion (PMD). 

0003 2. Technical Field 
0004 PMD is an important factor in the design of state 
of-art fiber optic transmission systems. The effect of PMD in 
fiber systems is evident when, after propagating a Sufficient 
distance in the network, one digital pulse may spread in the 
time domain and become indistinguishable from a nearby 
pulse. The pulse spreading from PMD can introduce errors 
into the data transmission, effectively limiting the transmis 
sion rate of the pulses or the maximum distance of the 
concatenated fiber medium. 

0005) PMD originates from fiber geometric deformation 
and stress asymmetry. Without external perturbations, the 
PMD grows linearly at the rate which corresponds to the 
level of intrinsic fiber birefringence as the fiber length 
increases. However, fibers are subject to random external 
perturbations that induce mode coupling between different 
polarization modes. The external mode coupling is typically 
characterized by the frequency of its occurrence 1/h, where 
his called mode-coupling length. It has been found that, for 
fibers in the long length region (fiber having a length 1>>h), 
statistically the fiber PMD is closely related to both the fiber 
beatlength and mode coupling length, 

1 
PMD = -- Wh (1) 

CL, 

where w is the wavelength of the light, c is the speed of the 
light, L is the beatlength of the fiber as explained in 
“Polarization Mode Dispersion of Short and Long Single 
Mode Fibers”, Journal of Lightwave Technology 9, 821 
(1991). Beatlength reflects the intrinsic birefringence that is 
built into the fiber during the manufacturing process. Mode 
coupling length reflects the impact of fiber deployments, and 
may change as fiber deployment conditions change. The 
understanding of Eq.(1) has important implications on how 
PMD is measured and interpreted. Measurement schemes 
for both fiber beatlength and PMD have been developed. 
0006 An assumption behind Eq.(1) is that the fibers are 
linear birefringent or unspun. In recent years, fiber spinning 
has been introduced during the fiber draw process to reduce 
fiber PMD. A significant portion of fibers sold in the market 
today are spun fibers. For spun fibers, in addition to its 
dependence on fiber birefringence and random mode cou 
pling, fiber PMD also depends on fiber spinning parameters. 
For most of the cases when fiber spinning is not operated 
under optimal condition (e.g. when maximum PMD reduc 
tion is not achieved), fiber PMD still depends on fiber 
birefringence or fiber beatlength (before the fiber is spun) 
and mode-coupling length. However, as explained in “Scal 
ing properties of polarization mode dispersion of spun fibers 
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in the presence of random mode coupling”, OPTICS LET 
TERS, Vol. 27, No. 18, 1595, (2002), fiber spinning intro 
duces an additional factor Jo (2O/72) for a sinusoidally spun 
fiber, where Jo is the Zero-order Bessel function, C. is the spin 
magnitude and m is the angular frequency of the sinusoidal 
profile, that is used to correct Eq.(1). 
0007 Fiber manufacturers are interested in providing 
fibers with uniformly low PMD, particularly for products 
targeted for high data rate, long-haul transmission systems. 
Unfortunately, screening fiber PMD on an entire length of 
fiber directly is typically a difficult and expensive processing 
step. 

0008 Traditional PMD measurements typically involve 
obtaining the total differential group delay (DGD) value for 
the whole fiber under test. When fiber DGD values are 
elevated beyond a reasonable level, it suggests that at least 
a portion of the fiber under test carries elevated PMD values, 
and the fiber is subsequently rejected. Conversely, when the 
DGD value of a fiber is low, it is natural to assume that fiber 
PMD is acceptable. However, in reality, the fiber PMD has 
a distributed nature, and consequently fiber PMD can vary 
from one segment along the length of the fiber to another. 
The whole fiber can then be considered as a concatenation 
of many segments of unperturbed fibers with mode-coupling 
happening at the junction of fiber segments. Although for a 
large ensemble of fibers, the overall DGD follows statistical 
behaviors such as those shown in Eq.(1), for an individual 
fiber, because of mode coupling, DGD values can be par 
tially canceled from one segment of fiber to another segment 
of fiber, and the overall fiber could demonstrate a low DGD 
value. Thus a low value in the total DGD of the fiber under 
test does not necessarily imply that the fiber has uniformly 
low PMD values. When such fiber is deployed in the field 
and the mode-coupling conditions change, there is a high 
probability that the fiber will exhibit higher DGD values. 
0009 PMD measurement in fiber manufacturing facili 

ties often involves measuring a small percentage of fibers, 
with the frequency of sampling based on process capability. 
During typical PMD test measurements, fiber samples hav 
ing a length of about 1 km are wound on a large diameter 
measurement spool with low tension. This configuration 
ensures that the induced birefringence and PMD due to 
bending and winding tension is minimal. Although this type 
of measurement yields accurate results for the particular 
segment of fiber under test, it is difficult to use this method 
of screening to deterministically filter out all fibers having 
unacceptable level of PMD values, due to the distributed 
nature of PMD. In addition, this form of screening is 
expensive, as the sampled fibers can not be reused. There 
fore, there is a need for more robust screening method that 
can take the distributed nature of fiber PMD into account. 

0010. Accordingly, alternative methods that can conduct 
the measurements distributedly and non-destructively for 
identifying fibers with high PMD would be of great value to 
the industry in that such methods would reduce measure 
ment (quality control) costs, and therefore overall manufac 
turing costs for low PMD optical fibers. 

SUMMARY OF THE INVENTION 

0011. The present invention relates to a method for 
measuring polarization mode dispersion (PMD) in an optical 
fiber. The optical fiber can be screened for PMD levels that 
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are distributed along the length of the fiber. Radiation is sent 
or launched into a length of optical fiber along its longitu 
dinal axis. The radiation is preferably a pulsed radiation, 
Such as pulsed radiation emitted from a laser source. 

0012 Radiation which is backscattered or reflected back 
through the fiber from the launched radiation is then mea 
Sured and analyzed to obtain information about the variation 
in intensity of the backscattered radiation along the length of 
the fiber. The variation in intensity can then be related to the 
level of polarization mode dispersion in the optical fiber to 
identify regions in the length of the fiber which exhibit 
disparate and/or unacceptable levels of PMD. Such mea 
Surements can be employed to non-destructively determine 
whether the PMD of the fiber is above a predetermined 
threshold at some point along the length of the fiber without 
having to destroy it. 

0013 A method for measuring polarization mode disper 
sion in an optical fiber is disclosed herein. The optical fiber 
has a longitudinal axis and a length along the longitudinal 
axis. The method comprises: (a) sending a plurality of 
polarized input light pulses into a first end of the length of 
the optical fiber via an optical path, each polarized input 
light pulse thereby causing a respective backscattered light 
signal to exit first end of the optical fiber, traveling backward 
relative to the direction of the input pulse and to enter the 
optical path, whereby a plurality of input pulse—backscatter 
signal pairs, i.e. pulse-signal pairs, are generated from the 
input light pulses and respective backscattered light signals; 
(b) effecting a polarization sensitive measurement of the 
backscattered light signals, thereby obtaining backscatter 
intensity traces corresponding to a portion of the length of 
optical fiber; (c) nondegenerately modifying the polarization 
of the optical path between the passage of at least two 
pulse-signal pairs; (d) generating an intensity level compos 
ite trace corresponding to the portion of the length of optical 
fiber by linearly combining the backscatter intensity traces, 
that is, by Summing (i) at least one of the backscatter 
intensity traces, multiplied by a first weighting coefficient, 
and (ii) at least one other backscatter intensity trace, mul 
tiplied by another weighting coefficient of opposite sign to 
the first weighting coefficient; and (e) analyzing the varia 
tion of intensity level of the composite trace, wherein the 
analyzing step comprises analyzing the variation of intensity 
over a sliding window of data from the composite trace and 
moving the window of data lengthwise along the portion of 
the length of the fiber while continuing to analyze the 
variation of intensity to thereby produce information related 
to the local variation in intensity along the portion of the 
length of the fiber, and relating the level of variation of 
intensity level to the polarization mode dispersion (PMD) 
distribution in the fiber. 

0014. The polarization sensitive measurement preferably 
comprises passing the backscattered light signals through a 
polarizer and before entering into a detector. 
0.015 The optical path comprises at least one optical 
component. In preferred embodiments, nondegenerately 
modifying the polarization of the optical path comprises 
altering an orientation angle of an optical component dis 
posed in the optical path relative to the direction of the 
optical path, the optical component being disposed in the 
optical path, wherein the magnitude of the change in the 
polarization angle is not equal to, or Substantially not equal 
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to, a whole number multiple of 180 degrees. A whole 
number multiple includes a multiple of Zero, so the change 
in the polarization angle is substantially not equal to a whole 
number multiple of 180 degrees, which includes substan 
tially not equal to 0 degrees. 
0016. The optical path comprises at least one polarization 
component, wherein at least one of the polarization compo 
nents is a polarizer, so the optical path comprises at least one 
polarizer. The optical path may further comprise at least one 
other polarization component, such as a (second) polarizer 
or a wave-plate. Nondegenerately modifying the polariza 
tion of the optical path preferably comprises adjusting the 
polarization angle of the at least one polarization compo 
nent. In some embodiments, the modification comprises 
inserting an additional polarization component into the 
optical path. In other embodiments, the modification com 
prises removing a polarization component from the optical 
path. In other embodiments, the at least one polarization 
component is disposed within an OTDR. 
0017. In preferred embodiments of the present invention, 
the optical path comprises an input path portion and a return 
path portion. In some embodiments, the input path portion 
comprises at least one polarization component. In other 
embodiments, the return path portion comprises at least one 
polarization component. Preferably, the input path portion 
comprises at least one polarizing component and the return 
path portion comprises at least one polarizing component. 
Preferably, the return path portion comprises a polarization 
analyzer, i.e. a polarizer disposed in the optical path before 
a detector. In a preferred embodiment, the detector is dis 
posed within an OTDR. 
0018. In other preferred embodiments of the present 
invention, the input pulses and the backscattered light sig 
nals share Substantially the same optical path to and from, 
respectively, the optical fiber under test. 
0019 Analyzing the variation of intensity level of the 
composite trace comprises analyzing the sliding window of 
data within which a standard deviation is calculated over the 
window. Preferably, the standard deviation is calculated in 
log scale. With a log scale, the calculated variation of signal 
is independent of the level of light intensity or power that is 
launched into the fiber under test, as it only affects the 
overall level of measured signal. The analyzing step pref 
erably comprises spatially resolving the standard deviation 
with respect to the length of optical fiber. In an alternate 
embodiment, wherein the analyzing step comprises analyZ 
ing the sliding window of data within which a local maxi 
mum and a local minimum within the sliding window are 
calculated and an average of the local maximum and local 
minimum within the sliding window is calculated. 
0020. The analyzing step further preferably comprises 
identifying a section of the optical fiber having a minimum 
polarization mode dispersion which is greater than a 
selected, or threshold, polarization mode dispersion. Pref 
erably, the selected threshold polarization mode dispersion 
is 0.05 ps/km' or higher. 
0021. Thus, in preferred embodiments, the variation of 
intensity level of the composite trace is used to determine 
whether a region along the length of the fiber exhibits PMD 
which is above a predetermined threshold value for PMD, 
and/or to identify areas of higher or lower PMD along the 
length of the fiber. 
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0022. In a preferred embodiment, the plurality of pulses 
is emitted from an OTDR, and the backscattered radiation is 
measured with an OTDR. In some preferred embodiments, 
the pulses emitted from the OTDR are polarized and the 
backscattered radiation emitted from the optical fiber is 
directed through a polarization analyzing component prior to 
returning to the OTDR. 
0023. In one set of preferred embodiments, the optical 
fiber is wound around a spool while the measurement is 
taken. In some embodiments, the spool has a barrel radius 
between about 7 and 20 cm. 

0024. In another set of preferred embodiments, the opti 
cal fiber is disposed within a cable while the measurement 
is taken. 

0025. In one set of preferred embodiments, spun optical 
fiber is measured. In another set of preferred embodiments, 
unspun optical fiber is measured. 
0026 Preferably, the window of data comprises a width 
between about 0.5 and 2.0 km. 

0027 Preferably, the input pulses comprise a pulse width 
between about 10 and 500 ns, more preferably between 
about 50 and 200 ns. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0028 FIG. 1 schematically illustrates a first arrangement 
suitable for use in practicing the method of the present 
invention which includes an emitter and a light detector. 
0029 FIG. 2 schematically illustrates a second arrange 
ment Suitable for use in practicing the method of the present 
invention which includes a POTDR apparatus having polar 
ization capability and an optical fiber path comprising a 
shared input/output fiber connecting line portion. 
0030 FIG.3 schematically illustrates a third arrangement 
Suitable for use in practicing the method of the present 
invention. 

0031 FIG. 4 schematically illustrates a fourth arrange 
ment Suitable for use in practicing the method of the present 
invention. 

0032 FIG. 5 schematically illustrates a fifth arrangement 
Suitable for use in practicing the method of the present 
invention. 

0033 FIG. 6 shows an intensity level composite trace I(Z) 
of a first optical fiber evaluated with the arrangement of FIG. 
3. 

0034 FIG. 7 shows a quantitative representation of the 
local variation of the composite trace of FIG. 6, in dB, 
plotted against position along the longitudinal axis of the 
fiber. 

0035 FIG. 8 shows an intensity level composite trace I(Z) 
of the first optical fiber evaluated with the arrangement of 
FIG. 3 with different polarization settings. 
0.036 FIG. 9 shows a quantitative representation of the 
local variation of the composite trace of FIG. 8, in dB, 
plotted against position along the longitudinal axis of the 
fiber. 

0037 FIG. 10 shows, for comparison with the present 
invention, the difference between the calculated standard 
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deviations of first and second POTDR traces (local variation 
difference) obtained for the arrangement, fiber, and polar 
ization settings that were used to obtain the trace of FIGS. 
8 and 9. 

0038 FIG. 11 shows an intensity level composite trace 
I(Z) of a second optical fiber evaluated with the arrangement 
of FIG. 3. 

0039 FIG. 12 shows a quantitative representation of the 
local variation of the composite trace of FIG. 11, in dB, 
plotted against position along the longitudinal axis of the 
fiber. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0040. In preferred embodiments, regions of lower or 
higher variability, relative to other regions along the length 
of the fiber, are identified to thereby identify areas of higher 
or lower polarization mode dispersion along the length of 
the fiber. This can be accomplished, for example, by ana 
lyzing a sliding window of data within which a standard 
deviation (preferably in log scale) is calculated over the 
window, and moving the window of data lengthwise along 
the length of the fiber to produce information related to the 
local variation along the length of the fiber. In some pre 
ferred embodiments, when fiber PMD values are above a 
certain level, the variation of signals (VOS) drops below a 
predetermined threshold. In such instances the fiber which 
falls below the predetermined threshold can then be easily 
identified and rejected. The predetermined threshold can be 
selected by mapping the variation of signals against actual 
measured polarization mode dispersion levels for one or 
more fibers of the same type. In this way, the level of 
variation of signals may be selected above or below which 
the optical fiber passes or fails for a given level of PMD, and 
thus the fiber can be screened for PMD. 

0041. The methods and apparatus of the present invention 
result in a number of advantages over previous methods for 
measuring PMD. First, using the methods disclosed herein, 
PMD measurements may be conducted non-destructively 
and in a distributed manner along the length of the fiber. 
Consequently, these methods can be used to test both newly 
manufactured fiber as well as fiber that is already installed 
in a telecommunications system. The methods described 
herein have proven to be useful and valid both for spun and 
unspun fiber products. High spatial resolution OTDRs are 
not needed, beyond what are already available in existing 
commercial OTDRs. Most importantly, using the methods 
disclosed herein, the PMD of a fiber can be measured along 
the length of the fiber without destroying it. Using the 
methods disclosed herein, fibers greater than 15 km long and 
even greater than 25 km long have been Successfully ana 
lyzed for PMD. 
0042. In one preferred embodiment, the present invention 
relates to a method for measuring polarization mode disper 
sion in an optical fiber having a longitudinal axis and a 
length along the longitudinal axis, the method comprising: 
(a) sending a first polarized input light pulse into one end of 
the length of the optical fiber via an optical path, thereby 
causing a first backscattered light signal to exit the optical 
fiber and to enter the optical path; then (b) effecting a 
polarization sensitive measurement of the first backscattered 
light signal, thereby obtaining a first backscatter intensity 
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trace corresponding to a portion of the length of optical fiber; 
then (c) nondegenerately modifying the polarization of the 
optical path; then (d) sending a second polarized input light 
pulse into the one end of the length of the optical fiber via 
the optical path, thereby causing a second backscattered 
light signal to exit the optical fiber and to enter the optical 
path; then (e) effecting a polarization sensitive measurement 
of the second backscattered light signal, thereby obtaining a 
second backscatter intensity trace corresponding to the por 
tion of the length of optical fiber; then (f) generating an 
intensity level composite trace corresponding to the portion 
of the length of optical fiber by summing (i) the first 
backscatter intensity trace, multiplied by a weighting coef 
ficient A, and (ii) the second backscatter intensity trace, 
multiplied by a weighting coefficient B, wherein A and B 
have opposite mathematical signs; then (g) analyzing the 
variation of intensity level of the composite trace, wherein 
the analyzing step comprises analyzing the variation of 
intensity over a sliding window of data from the composite 
trace and moving the window of data lengthwise along the 
portion of the length of the fiber while continuing to analyze 
the variation of intensity to thereby produce information 
related to the local variation in intensity along the portion of 
the length of the fiber, and relating the level of variation of 
intensity level to the polarization mode dispersion (PMD) 
distribution in the fiber. The method may further comprise 
sending a third polarized input light pulse into one end of the 
length of the optical fiber via an optical path, thereby 
causing a third backscattered light signal to exit the optical 
fiber and to enter the optical path; then (b) effecting a 
polarization sensitive measurement of the third backscat 
tered light signal, thereby obtaining a third backscatter 
intensity trace corresponding to a portion of the length of 
optical fiber, then in step (g), adding the third backscatter 
intensity trace, multiplied by a weighting coefficient C, to 
the sum. In other preferred embodiments, the method com 
prises Summing more than three non-degenerately obtained 
backscatter intensity traces. 
0043. In another preferred embodiment, the present 
invention relates to a method for measuring polarization 
mode dispersion in an optical fiber having a longitudinal 
axis and a length along the longitudinal axis, the method 
comprising: (a) sending a first polarized input light pulse 
into the length of the optical fiber via an optical path, thereby 
causing a first backscattered light signal to exit the optical 
fiber and to enter the optical path; then (b) polarizing the first 
backscattered light signal; then (c) detecting the polarized 
first backscattered light signal, thereby obtaining a first 
backscatter intensity trace corresponding to a portion of the 
length of optical fiber, then (d) nondegenerately modifying 
the polarization of the optical path; then (e) polarizing the 
second backscattered light signal; then (f) detecting the 
polarized second backscattered light signal, thereby obtain 
ing a second backscatter intensity trace corresponding to a 
portion of the length of optical fiber, then (g) generating an 
intensity level composite trace corresponding to the portion 
of the length of optical fiber by summing (i) the first 
backscatter intensity trace, multiplied by a weighting coef 
ficient A, and (ii) the second backscatter intensity trace, 
multiplied by a weighting coefficient B, wherein A and B 
have opposite mathematical signs; then (h) analyzing the 
variation of intensity level of the composite trace, wherein 
the analyzing step comprises analyzing the variation of 
intensity over a sliding window of data from the composite 
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trace and moving the window of data lengthwise along the 
portion of the length of the fiber while continuing to analyze 
the variation of intensity to thereby produce information 
related to the local variation in intensity along the portion of 
the length of the fiber, and relating the level of variation of 
intensity level to the polarization mode dispersion (PMD) 
distribution in the fiber. The method may further comprise 
sending a third polarized input light pulse into one end of the 
length of the optical fiber via an optical path, thereby 
causing a third backscattered light signal to exit the optical 
fiber and to enter the optical path; then (b) effecting a 
polarization sensitive measurement of the third backscat 
tered light signal, thereby obtaining a third backscatter 
intensity trace corresponding to a portion of the length of 
optical fiber, then in step (g), adding the third backscatter 
intensity trace, multiplied by a weighting coefficient C, to 
the Sum. 

0044) A preferred source for both emitting the pulse 
radiation and measuring the radiation which is backscattered 
or reflected back through the fiber is an optical time domain 
reflectometer (OTDR). While OTDRs have been used to 
measure a variety of properties of optical fibers, they are 
most commonly employed to measure fiber attenuation and 
to identify locations where breaks or discontinuities occur in 
the fiber. By OTDR as used herein, we mean a device which 
is capable of sending a light down an optical waveguide fiber 
and observing the Small fraction of light that is scattered 
back towards the detector. Typical OTDRs can resolve the 
intensity of radiation backscattered along the length of the 
fiber. Most of the OTDRs achieve this by sending pulsed 
radiation into the fiber under test and measuring the back 
scattered radiation at a given timing. While typical pulse 
widths may range from 0.5 meters (5 nanoseconds) to 2000 
meters (20 microseconds), the present invention preferably 
employs pulse widths of between about 10 and 500 ns, more 
preferably between about 50 and 200 ns. Preferably, the 
OTDR is a polarization OTDR, which is an OTDR capable 
of emitting polarized radiation and analyzing the polarized 
radiation from backscattered light. 
0045 FIG. 1 illustrates a first arrangement suitable for 
use in practicing the method of the present invention which 
includes a source of light pulses such as emitter 10 and a 
light detector 12. The emitter 10 and the detector 12 may be 
separate components or may be disposed in an OTDR 20, 
which is capable of generating and sending a pulse of laser 
light into an optical waveguide fiber 30. The OTDR is 
capable of injecting a series of optical pulses into an optical 
fiber 30 under test via an optical path 40, and the OTDR 20 
can also detect, from the same end of the fiber 30, via the 
optical path 40, light that is scattered back to extract 
information therefrom. As used herein, optical path refers to 
the path that input pulses travel on toward, and backscatter 
return signals travel away from, an optical fiber under test. 
The optical path comprises at least one optical component. 
In FIG. 1, the optical path 40 comprises an input portion 42 
and a return portion 44. The intensity of the return pulses is 
measured and integrated as a function of time, and is plotted 
as a function of fiber length. OTDR 20 launches a pulsed 
radiation into the optical fiber 30 which is to be tested for 
PMD. In FIG. 1, OTDR 20 comprises a polarization means 
14. Such as a polarizer. An optical circulator 50 is configured 
to direct the initial pulse of light emitted from the OTDR 20 
to the fiber 30 under test. As a result of Rayleigh backscat 
tering, some light is back reflected through the fiber 30 back 
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towards the OTDR 20. In a preferred embodiment, these 
backscattered signals or pulses are diverted back to the 
OTDR 20 through a different path portion than the input 
pulse traveled on. For example, in the embodiment illus 
trated in FIG. 1, the backscattered pulse is directed through 
polarization analyzer 60 (which is essentially a polarizer) 
before the backscattered light reaches the detector 12 inside 
the OTDR 20. The combination of the polarization analyzer 
60 and the detector 12 permit polarization sensitive mea 
Surements to be taken of the light propagating through the 
optical path 40, and in particular through the return portion 
44 of path 40. Note that in the optical circulator 50 illus 
trated, the propagation or traveling of light in each port is 
unidirectional. Specifically, the light is allowed to travel 
from port 1 to port 2, and from port 2 to port 3, unidirec 
tionally. The optical pulses exiting the OTDR 20 are thus 
already polarized, which is the case for some commercial 
OTDRs such as those having a polarization means 14. When 
the OTDR emission is already polarized (i.e. as in the case 
of a POTDR), a polarizer between the OTDR 20 and the 
optical fiber 30 under test is not needed, thereby eliminating 
one source of loss, which can help to gain longer dynamic 
range for the POTDR. 

0046 FIG. 2 illustrates a suitable arrangement similar to 
FIG. 1 but showing a POTDR 20 apparatus which has 
polarization capability and which utilizes a shared input/ 
output fiber connecting line portion 46 as part of the optical 
path 40. In the embodiment illustrated in FIG. 2, two optical 
circulators 50 and 52 and one polarizer 60 are provided in 
the optical path 40. The optical circulators 50 and 52 are 
configured to direct the initial pulse of light emitted from the 
OTDR 20 to the fiber 30 under test and to direct the 
backscattered pulse through polarization analyzer 60 (which 
is essentially a polarizer) in the return portion 44 of the 
optical path 40 before the backscattered light reaches the 
detector inside the OTDR 20. Note that in the optical 
circulators 50 and 52 which are illustrated, only port 2 
allows the light to come in and out. The traveling of light in 
all other ports is unidirectional. Specifically, the light is 
allowed to travel from port 1 to port 2, and from port 2 to 
port 3 unidirectionally. 

0047 FIG. 3 illustrates another suitable arrangement 
comprising either a conventional OTDR (without polariza 
tion of the light exiting the OTDR) or a POTDR apparatus 
which has polarization capability, 20. In the embodiment 
illustrated in FIG. 3, two optical circulators 50 and 52 are 
provided. The propagation of light through the optical path 
40 is similar to the light travel in the arrangement of FIG. 2. 
Polarizer 62 is inserted in the input portion 42 of the optical 
path 40, and polarization (analyzer) 60 is inserted in the 
return portion 44 of the optical path 40. Polarization means 
within the OTDR is optional in this arrangement. 

0.048 FIG. 4 illustrates another suitable arrangement 
comprising either a conventional OTDR (without polariza 
tion of the light exiting the OTDR) or a POTDR apparatus 
which has polarization capability, 20. In the embodiment 
illustrated in FIG. 4, two optical circulators 50 and 52 are 
provided. The propagation of light through the optical path 
40 is similar to the light travel in the arrangement of FIG. 3. 
Polarizer 62 and optional wave plate 72 are inserted in the 
input portion 42 of the optical path 40, and polarization 
(analyzer) 60 and optional wave plate 70 are inserted in the 
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return portion 44 of the optical path 40. If a POTDR is 
utilized to generate polarized pulses, polarizer 62 is also 
optional. 
0049 FIG. 5 illustrates another arrangement capable of 
being utilized in accordance with the present invention. This 
arrangement avoids the use of optical circulators. As illus 
trated in FIG. 5, OTDR 20 launches the pulse light through 
an optical path 40 comprising an optional wave plate 74, a 
polarizer 64, and another optional wave plate 76 and into an 
end of the fiber 30 under test. The backscattered light signal 
exits through the same end of the fiber 30 and back into the 
optical path 40 to be polarized before arriving at the detector 
in the OTDR 20. The optical path 40 between the OTDR 20 
and the fiber 30 under test is thus shared by the input pulses 
and the backscattered light. The OTDR may optionally be a 
POTDR 

0050. Other optical components may be disposed in the 
optical path 40 in the embodiments disclosed herein. For 
example, a polarization controller may be employed to 
maximize the amount of light launched into the fiber 30 
under test. A polarization controller disposed before a polar 
izer in the optical path 40 can align the state of polarization 
in the fiber 30 to be incident on the polarizer. 
0051. In the embodiments disclosed herein, the light 
impulses entering the fiber 30 under test are polarized, and 
the backscattered light is polarized before being detected to 
effect a polarization sensitive measurement. 
0052. Nondegenerate modification of the polarization of 
the optical path 40 can be effected by, for example, changing 
the angle of polarization of one or more optical components 
in the optical path, Such as changing the polarizing angle of 
a polarizer. A rotatable polarizer can be advantageously used 
for changing the angle of the polarizing axis. If a POTDR is 
utilized for providing polarized pulses, then the angle of 
polarization of the pulses emanating from the POTDR may 
also be changed. In addition, or instead, one or more optical 
components may be added to the optical path, and/or one or 
more optical components may be removed from the optical 
path, in order to nondegenerately modify the polarization of 
the optical path. 

EXAMPLE 1. 

0053 An optical fiber test configuration as illustrated in 
FIG. 3 was utilized with an optical fiber made to demon 
strate an embodiment of the present invention. A 4km length 
of optical fiber with elevated fiber PMD of 0.36 ps/sqrt(km) 
was spliced on either end with optical fibers having PMD 
values of less than 0.06 ps/sqrt(km). The elevated PMD fiber 
portion, or “defect fiber portion' was located between 10 km 
and 14 km measured along the length (i.e. along the longi 
tudinal axis) of the 22 km length of fiber. The angle of 
polarization of polarizer 62 was fixed for all measurements. 
The angle of polarization of polarizer 60 was set to 0 degrees 
and a first POTDR trace was obtained. The angle of polar 
ization of polarizer 60 was then set to 45 degrees (for a 
difference in polarization angle of 45 degrees) and a second 
POTDR trace was obtained. The first POTDR trace was 
multiplied by a weighting factor of 1, and the second 
POTDR trace was multiplied by a weighting factor of -1. 
and each weighted trace was linearly combined, i.e. 
Summed, and thus an intensity level composite trace I(Z) 
corresponding to the portion of the length of optical fiber 
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was generated, as seen in FIG. 6. The variation in the region 
of fiber with elevated PMD (10 to 14 km) can be seen in 
FIG. 6 in comparison to other regions of the fiber having 
significantly lower PMD. The variation of intensity level of 
the composite trace was further analyzed by determining the 
standard deviation of the composite trace I(Z) over a sliding 
window of data from the composite trace and moving the 
window of data lengthwise along the length of the fiber 
while continuing to analyze the variation of intensity. The 
resulting quantitative representation of the local variation of 
the composite trace is shown in FIG. 7 in dB plotted against 
position along the longitudinal axis of the fiber. Thus, 
information related to the local variation in intensity along 
the portion of the length of the fiber was produced, and the 
level of variation of intensity level was shown to relate to the 
polarization mode dispersion (PMD) distribution in the fiber. 
Such a test fiber could be used to calibrate, at least roughly, 
a threshold level for selecting out a fiber or a portion or 
portions of a fiber that has undesirably elevated PMD. 

EXAMPLE 2 

0054 An optical fiber test configuration as illustrated in 
FIG. 3 was utilized with the optical fiber described in 
Example 1. The angle of polarization of polarizer 60 was set 
to 30 degrees and a first POTDR trace was obtained. The 
angle of polarization of polarizer 60 was then set to 60 
degrees (for a difference in polarization angle of 30 degrees) 
and a second POTDR trace was obtained. The first POTDR 
trace was multiplied by a weighting factor of 1, and the 
second POTDR trace was multiplied by a weighting factor 
of -1, and each weighted trace was linearly combined, i.e. 
Summed, and thus an intensity level composite trace I(Z) 
corresponding to the portion of the length of optical fiber 
was generated, as seen in FIG. 8. The variation in the region 
of fiber with elevated PMD (10 to 14 km) can be seen in 
FIG. 8 in comparison to other regions of the fiber having 
significantly lower PMD. The variation of intensity level of 
the composite trace was further analyzed by determining the 
standard deviation of the composite trace I(Z) over a sliding 
window of data from the composite trace and moving the 
window of data lengthwise along the length of the fiber 
while continuing to analyze the variation of intensity. The 
resulting quantitative representation of the local variation of 
the composite trace is shown in FIG. 9 in dB plotted against 
position along the longitudinal axis of the fiber. The results 
are consistent with the results obtained in Example 1. 

EXAMPLE 3 

COMPARATIVE 

0055. The method utilized in Examples 1 and 2 can be 
distinguished from the case of using a single POTDR trace 
and calculating the local variation. The following inequality 
can be demonstrated: 

where I and I are intensity traces obtained at two distinct 
polarizer configurations (including polarizer alignment, or 
angle of polarization, and polarizer plus wave plate combi 
nations), and O is the moving standard deviation. To illus 
trate, the standard deviation (local deviation) of the first 
POTDR trace in Example 2 was calculated using a 500 
meter moving window, and the standard deviation (local 
deviation) of the second POTDR trace in Example 2 was 
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calculated using a 500 meter moving window. FIG. 10 
shows the difference between the calculated standard devia 
tions from the first and second POTDR traces. The resulting 
local variation with respect to fiber length hovers around 
Zero, and no clear signature is captured with respect to the 
location of the fiber section with elevated PMD. 

EXAMPLE 4 

0056. An optical fiber test configuration as illustrated in 
FIG. 3 was utilized with a POTDR. Corning Incorporated 
LEAF optical fiber, which was spun at draw, was supplied 
with a 2 km long optical fiber section having PMD of around 
0.14 ps/sqrt(km) which was embedded in the middle of more 
typical LEAF optical fiber having lower PMD values. The 
location of the defect (defectively high PMD) was approxi 
mately between 11 km and 13 km. The angle of polarization 
of polarizer 60 was fixed for all measurements, while the 
orientation of the polarizer 60 was altered with a known 
angle so that different POTDR traces can be obtained. For 
example, the angle of polarization of polarizer 60 was set to 
15 degrees and a first POTDR trace was obtained. The angle 
of polarization of polarizer 60 was then set to 75 degrees (for 
a difference in polarization angle of 60 degrees) and a 
Second POTDR trace was obtained. The first POTDR trace 
was multiplied by a weighting factor of 1, and the second 
POTDR trace was multiplied by a weighting factor of -1. 
and each weighted trace was linearly combined, i.e. 
Summed, and thus an intensity level composite trace I(Z) 
corresponding to the portion of the length of optical fiber 
was generated, as seen in FIG. 11. The variation in the region 
of fiber with elevated PMD (11 to 13 km) can be seen in FIG. 
11 in comparison to other regions of the fiber having 
significantly lower PMD. The variation of intensity level of 
the composite trace was further analyzed by determining the 
standard deviation of the composite trace I(Z) over a sliding 
window (500 m width) of data from the composite trace and 
moving the window of data lengthwise along the length of 
the fiber while continuing to analyze the variation of inten 
sity. The resulting quantitative representation of the local 
variation of the composite trace is shown in FIG. 12 in dB 
plotted against position along the longitudinal axis of the 
fiber. 

0057 The inline fiber polarizers 60 and 62 employed in 
the apparatus disclosed in FIG. 3 serves two main purposes. 
First, inline fiber polarizer 62 assures that light going into 
the fiber under test 30 is polarized, although this could also 
be achieved without the inline fiber polarizer (e.g. by using 
an OTDR that already emits polarized light). More impor 
tantly, inline fiber polarizer 60 serves as an analyzer for light 
which is backscattered back from the fiber under test to the 
OTDR, which light provides information on the state of 
polarization of the optical fiber under test 30. Without the 
polarizer 60 in place to analyze the backscattered light from 
the fiber 30, the OTDR would only detect total intensity of 
the light pulse. However, by incorporating the fiberpolarizer 
60, information related to the state of polarization along the 
fiber can also be obtained. This is because, due to geometric 
asymmetry and strain, optical waveguide fibers carry bire 
fringence. As a result, the state of polarization of a light 
pulse traveling in the fiber evolves continuously in both the 
forward propagating direction and backward propagating 
direction when the light has been backreflected. The inser 
tion of the polarizer 60, which serves as a polarization 
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analyzer before the detector in the OTDR, ensures that the 
polarization information from different locations of the fiber 
is captured. 

0.058 While the standard deviation may be calculated in 
linear scale, preferably it is calculated in log scale. The 
preferred size for the sliding data window is 500 to 2000 
meters. By sliding the data window along the length of the 
fiber and continuously calculating standard deviation along 
the length of the fiber, we generate a new set of data, which 
we call variation of signals (VOS). The window size indi 
cates the width of the data that is used to calculate one VOS 
data point. Wider window size gives less variability in the 
results of VOS. 

(c) nondegenerately modifying the polarization of the 
optical path; then 

(d) sending a second polarized input light pulse into the 
length of the optical fiber via the optical path, thereby 
causing a second backscattered light signal to exit the 
optical fiber and to enter the optical path; then 

(e) effecting a polarization sensitive measurement of the 
second backscattered light signal, thereby obtaining a 
second backscatter intensity trace corresponding to the 
portion of the length of optical fiber; then 

(f) generating an intensity level composite trace corre 
sponding to the portion of the length of optical fiber by 
Summing (i) the first backscatter intensity trace, mul 
tiplied by a weighting coefficient A, and (ii) the second 
backscatter intensity trace, multiplied by a weighting 
coefficient B, wherein A and B have opposite signs; 

(a) sending a plurality of polarized input light pulses into then 
a first end of the length of the optical fiber via an optical 
path, each polarized input light pulse thereby causing a 

1. A method for measuring polarization mode dispersion 
in an optical fiber having a longitudinal axis and a length 
along the longitudinal axis, the method comprising: 

(g) analyzing the variation of intensity level of the com 
respective backscattered light signal to exit the first end 
of the optical fiber and to enter the optical path, 
whereby a plurality of pulse-signal pairs are generated 
from the input light pulses and respective backscattered 
light signals: 

(b) effecting a polarization sensitive measurement of the 
backscattered light signals, thereby obtaining backscat 
ter intensity traces corresponding to a portion of the 
length of optical fiber; 

posite trace, wherein the analyzing step comprises 
analyzing the variation of intensity over a sliding 
window of data from the composite trace and moving 
the window of data lengthwise along the portion of the 
length of the fiber while continuing to analyze the 
variation of intensity to thereby produce information 
related to the local variation in intensity along the 
portion of the length of the fiber, and relating the level 
of variation of intensity level to the polarization mode 
dispersion (PMD) distribution in the fiber. 

3. The method of claim 2 wherein the polarization sen 
sitive measurement comprises passing the backscattered 
light signals through a polarizer and into a detector. 

4. The method of claim 2 wherein the window of data 
comprises a width between about 0.5 and 2.0 km. 

5. The method of claim 2 wherein the optical fiber is 
wound around a spool. 

6. The method of claim 5 wherein the spool has a barrel 
diameter between about 7 and 20 cm. 

7. The method of claim 2 wherein the optical fiber is spun 
optical fiber. 

8. The method of claim 2 wherein the optical fiber is 
unspun optical fiber. 

9. The method of claim 2 wherein the optical fiber is 
disposed within a cable. 

10. The method of claim 2 wherein the launched pulses 
comprise a pulse width between about 10 and 500 ns, more 
preferably between about 50 and 200 ns. 

11. A method for measuring polarization mode dispersion 
in an optical fiber having a longitudinal axis and a length 
along the longitudinal axis, the method comprising: 

(c) nondegenerately modifying the polarization of the 
optical path between the passage of at least two pulse 
signal pairs; 

(d) generating an intensity level composite trace corre 
sponding to the portion of the length of optical fiber by 
Summing (i) at least one of the backscatter intensity 
traces, multiplied by a first weighting coefficient, and 
(ii) at least one other backscatter intensity trace, mul 
tiplied by another weighting coefficient of opposite sign 
to the first weighting coefficient; 

(e) analyzing the variation of intensity level of the com 
posite trace, wherein the analyzing step comprises 
analyzing the variation of intensity over a sliding 
window of data from the composite trace and moving 
the window of data lengthwise along the portion of the 
length of the fiber while continuing to analyze the 
variation of intensity to thereby produce information 
related to the local variation in intensity along the 
portion of the length of the fiber, and relating the level 
of variation of intensity level to the polarization mode 
dispersion (PMD) distribution in the fiber. 

2. A method for measuring polarization mode dispersion 
in an optical fiber having a longitudinal axis and a length 
along the longitudinal axis, the method comprising: 

(a) sending a first polarized input light pulse into the 
length of the optical fiber via an optical path, thereby 
causing a first backscattered light signal to exit the 
optical fiber and to enter the optical path; then 

(a) sending a first polarized input light pulse into the 
length of the optical fiber via an optical path, thereby 
causing a first backscattered light signal to exit the 
optical fiber and to enter the optical path; then 

(b) polarizing the first backscattered light signal; 
(c) detecting the polarized first backscattered light signal, 

thereby obtaining a first backscatter intensity trace 
corresponding to a portion of the length of optical fiber; (b) effecting a polarization sensitive measurement of the then 

first backscattered light signal, thereby obtaining a first 
backscatter intensity trace corresponding to a portion of 
the length of optical fiber; then 

(d) nondegenerately modifying the polarization of the 
optical path; then 
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(e) sending a second polarized input light pulse into the 
length of the optical fiber via the optical path, thereby 
causing a second backscattered light signal to exit the 
optical fiber and to enter the optical path; 

(f) polarizing the second backscattered light signal; 
(g) detecting the polarized second backscattered light 

signal, thereby obtaining a second backscatter intensity 
trace corresponding to the portion of the length of 
optical fiber; then 

(h) generating an intensity level composite trace corre 
sponding to the portion of the length of optical fiber by 
Summing (i) the first backscatter intensity trace, mul 
tiplied by a weighting coefficient A, and (ii) the second 
backscatter intensity trace, multiplied by a weighting 
coefficient B, wherein A and B have opposite signs; 
then 

(i) analyzing the variation of intensity level of the com 
posite trace, wherein the analyzing step comprises 
analyzing the variation of intensity over a sliding 
window of data from the composite trace and moving 
the window of data lengthwise along the portion of the 
length of the fiber while continuing to analyze the 
variation of intensity to thereby produce information 
related to the local variation in intensity along the 

Jan. 4, 2007 

portion of the length of the fiber, and relating the level 
of variation of intensity level to the polarization mode 
dispersion (PMD) distribution in the fiber. 

12. The method of claim 11 wherein the optical path 
comprises at least one polarizing component. 

13. The method of claim 12 wherein the at least one 
polarizer component is a polarizer. 

14. The method of claim 12 wherein step (d) comprises 
nondegenerately modifying the polarization of the at least 
one polarizing component. 

15. The method of claim 12 wherein the at least one 
polarizing component is disposed within an OTDR. 

16. The method of claim 11 wherein step (d) comprises 
inserting an additional polarizing component into the optical 
path. 

17. The method of claim 11 wherein the optical path 
comprises an input path portion and a return path portion. 

18. The method of claim 17 wherein the input path portion 
comprises at least one polarizing component. 

19. The method of claim 17 wherein the return path 
portion comprises at least one polarizing component. 

20. The method of claim 17 wherein the return path 
portion comprises a polarization analyzer. 

k k k k k 


