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For high bit-rate optical transmission, such as 40 Gbit/s and beyond, polarization mode dispersion (PMD) becomes the last major
physical-plant issue for network carriers. In particular, legacy fibers installed at a time when PMD was not of concern for the prevalent
bit rates, often exhibit such high PMD values that they are not suitable for upgrade to the high bit rates of contemporary backbone
optical networks. The solution to this PMD problem is to either use PMD-tolerant transmission systems (e.g., using PMD compensators
or advanced modulation schemes) or to renew the fiber infrastructure by replacing those cable links, spans or sections whose PMD
values exceed the PMD limit for high-speed transmissions.

Replacement of the fiber of an entire link is extremely costly and time-consuming and, therefore, is not a viable solution. Fortunately,
the PMD of a link is generally localized in a few discrete cable sections [1l. Consequently, a much more cost-effective approach
is to identify and quantify these localized ‘bad’ PMD sections and, if necessary, to replace these sections. Hence, there is clearly
a need for a polarization optical time-domain reflectometer (POTDR)—capable of not only qualitatively identifying ‘bad’ PMD sections
but more importantly, also quantifying the PMD of such cable sections at the same time, measuring the cumulative PMD of the whole
link in a single cost-effective field operation.

This white paper introduces a novel measurement method using a tunable random-scrambling POTDR (RS-POTDR) [2-4], The test
method is based on the recently-developed theory of random scrambled state-of-polarization analysis (SSA) [5-10] and is implemented
in a compact, robust and economical design suitable for field applications: EXFO's FTB-5600 Distributed PMD Analyzer. Experimental
results demonstrate its capability for measuring distributed PMD along fibers. Field trial measurements have enabled to identify ‘bad’
PMD sections. Once identified, these ‘bad’ sections can then be replaced.

The tunable RS-POTDR is first comprised of a tunable pulsed laser, having a modulated output that is amplified by a semiconductor
optical amplifier (SOA) to produce a standard OTDR light pulse, e.g., from 5 ns to 20 us, with a spectral width of ~4 GHz (FWHM).
The light pulses are routed by a circulator to the input/output states of the polarization (I/O-SOP) scrambler (polarizer and polarization
scrambler), which randomly sets the pulse SOP before they are launched into the fiber under test (FUT) via a beam splitter (BS) and
a launch fiber (i.e., 500 m of low-PMD fiber).

The Rayleigh backscattered light from the FUT travels back along the fiber and is then split into two parts by the BS: one is sent back
through the same I/O-SOP scrambler and then is routed to the first photodetector and another one is directly sent to the second
photodetector. The setup ensures simultaneous signal detection and sampling as a function of time to obtain traces—as with any
conventional OTDR.
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Measurement Principle

Several OTDR traces, i.e., backreflected power as a function of distance (z), Pj(zn), are acquired for different combinations of the
optical-pulse wavelength, A, and 1/0-SOP (i.e., both launched-SOP and detected polarization components). The transmission of the
analyzed signal, Tj(zn), is computed from the traces measured from the two photodetectors. These traces, Rj(zn) are obtained from each
trace measured from the photodetectors—P, being divided by its correspondent trace P,, point by point. Then normalized transmissions

are obtained as follows:
R] (Zn)

T.(z,) =T, m

For the polarization beam splitter (PBS) design, the transmission is calculated directly from each Py trace divided by the sum of P4 and
P,, the two traces from the PD; and PD,.

In its simplest implementation, the OTDR traces are acquired in pairs. The wavelengths of the two traces in each pair are closely
spaced, and the mean wavelength of each pair is different than that of any other pair. Additionally, the I/O-SOP corresponding to traces
within each pair is the same, but it is different from pair to pair. The actual detected signal corresponds to the backreflected signal
transmitted through the analyzer. For each pair of OTDR traces, a corresponding local transmitted normalized power difference, AT, (z,,),
is calculated for each distance point z,,. Data is acquired from a large number of pairs, K> 50. K differences are obtained for a random
set of independent combinations of wavelengths and 1/0-SOPs. ‘Closely-spaced’ means PMD,,-dv < 0.1 to 0.15, where PMD_,, is the
largest value to be measured and dv is an optical-frequency difference for all pairs. For example, for a PMD value of 1 ps,
dv is approximately equal to 125 GHz, and for a PMD value of 10 ps, dv is 12.5 GHz.

In practice, each of the two traces in each pair is acquired twice consecutively in time, in order to produce a repeated pair having
a difference AT ' (z,), which differs from AT,(z,,). In this way, any change in the local difference between repeated pairs, which would
be caused only by noise, can be eliminated.

Experimental Results

The method used in the tunable RS-POTDR for measuring cumulative PMD along installed fibers has been first demonstrated using
laboratory experiments. The setup shown in Figure 1 is a concatenation of single-mode fiber (SMF) sections of different types with two
PMD emulators inserted at 6.7 km and 13.7 km.
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Figure 1. Experimental setup for laboratory demonstration of the tunable RS-POTDR
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Figure 2. Result of cumulative PMD (white line), knots (¢) are end-points of sections
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The PMD values agree well within the experimental uncertainty on the two = -
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Figure 3. (a) FUT has ~2 km high PMD section at link location
of along 14 km. (b) The identified high PMD section is replaced
by a low PMD fiber.

In order to transform a “bad” link into one with low-PMD, the detected high PMD fiber sections may be replaced by low PMD fibers.
Figure 3(a) shows a fiber link of ~23.5 km having a total PMD of 4.5 ps. This link contains a concatenation of four SMF sections where
a ~2-km fiber section between 13 km and 15 km has high PMD of about 4.45 ps. This ‘bad’ PMD section is made from a ~2 km SMF
and a PMD emulator. A low PMD fiber link with a total PMD of ~0.5 ps can be obtained by simply replacing the ‘bad’ PMD section
by a similar length of low PMD fiber with PMD <0.1 ps (see Figure 3(b)).

Field Trials

Field tests were also performed on many legacy fibers located at various network operator sites during the last two to three years 11,
Two typical examples are illustrated herein. The tested links have lengths of ~31 km and ~38 km for link 1 and link 2, respectively. Each
cable contains 16 SMFs, although not all of them are accessible. PMD of both links was measured first with an EXFO FTB-5500B
PMD Analyzer using the GINTY-based interferometric method [11-16]. OTDR traces were retrieved with an EXFO FTB-7400 Metro
OTDR test set. PMD ranged from 3.8 ps to 14.7 ps for link 1 and from 2.3 ps to 6.7 ps for link 2. The results show that link 1 is typically
not suitable for 40 Gbit/s transmission. The distributed PMD of each tested fiber was measured afterwards with the tunable RS-POTDR.
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Figure 4. (a1 and a2) link 1: Cumulative PMD and splice locations (a1), PMD of the
selected sections (a2). (b1 and b2) link 2: Two-sided result. Cumulative PMD and
splice locations (b1), PMD of the selected sections (b2).

To illustrate the measurement of the links' distributed PMD, the measured cumulative PMD was obtained in the forward and backward
directions. The results obtained are shown in Figure 4 (a1) and (b1). The PMD of each individual section, computed from the square-
PMD curve, is also shown in Figure 4 (b1) and (b2). The sections which contribute the most to the overall link PMD are clearly identified
(see Figure 4 (b1) or (b2), with high ‘square-type peaks’ in (b2). The estimated link 1 PMD is 11.8 ps using the tunable
RS-POTDR, while in the case of link 2, the link PMD is found as 5.9 ps.
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Conclusion

The RS-POTDR meets the need for a field-suitable instrument that can accurately measure cumulative PMD along an installed fiber link.
Two key aspects of the method are:

Relatively long pulses used to achieve a practical dynamic range
Single I/0-SOP used for each independent wavelength-pair, reducing the time interval during which the fiber must be stable

It was also demonstrated that the tunable RS-POTDR provides results that are in agreement with the conventional one-way PMD
measurements at different points, despite the fundamental roundtrip uncertainty and old fibers in the field. Results obtained in the field
by the tunable RS-POTDR demonstrate that ‘bad’ PMD sections can be clearly and quantitatively identified, thereby providing the
opportunity to replace these sections with close to 100% confidence level. Thus, this new cumulative PMD measurement method
based on tunable RS-POTDR is well suited for the quantitative characterization of problematic sections in a field-installed optical link.
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