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Abstract

This thesis, examining coherent-detection optical time-domain reflectometry
(C-OTDR) and its applications to optical fiber network monitoring, is based on the
author's research and development work at NIPPON TELEGRAPH and TELEPHONE
Corporation.

In the 2000s, the number of broadband service users in Japan has increased rapidly
and exceeded 28 million by the end of September 2007. This figure includes 10 million
fiber to the home (FTTH) service users. In order to deliver high-quality, cost-effective
FTTH services throughout Japan, it is important to construct and maintain such huge
optical fiber networks effectively. The demand for greater transmission capacity in
trunk line networks is growing rapidly, because of the increasing IP traffic of
broadband multimedia services via access networks. Optical transmission systems
operating at several hundred gigabits per second have been developed through
application of wavelength division multiplexing (WDM) technology. Moreover, the
span of long-haul fiber optic communication systems has been increased to several
hundred or several thousand kilometers. These spans are achieved, respectively, by
using a repeaterless optical transmission system with distributed Raman amplifiers
(DRASs) which use the installed optical fiber for Raman amplification, or by using a
system based on fiber submarine transmission using in-line optical amplifiers (FSA).
Ensuring the high quality and reliability of such high-capacity, long-haul fiber optic
communication systems require optical fiber monitoring technologies for optical fiber
network maintenance. In particular, we require the following measurement techniques:
(1) testing fiber loss to confirm the integrity of optical fiber after installation; (2)
finding fault locations in optical fiber for maintenance; and (3) evaluating the fiber
parameters of installed optical fibers in order to upgrade a transmission system.
Fiber-distributed strain measurement techniques are also important for evaluating the
reliability of optical fiber cables affected by major accidents, e.g., earthquakes.

Optical time-domain reflectometry (OTDR) is a useful technique for fault location
and characterization in optical fiber lines under construction or maintenance. The
Rayleigh backscattered light and reflections from the optical fiber are detected as a
function of the round-trip time corresponding to the fiber length. This approach can be
applied at one end of the optical fiber. Since enhancement of the dynamic range of
OTDR increases the measurable fiber length and reduces the measurement time, many

studies have sought to extend the dynamic range by using a high-power laser and a



high-sensitivity receiver, e.g., an avalanche photodiode (APD). Since Brillouin
scattering in the backscattering from an optical fiber has the characteristics of strain
and temperature dependence, the strain and temperature distributions can be measured
by using the relative tensile strain and the temperature dependence of the Brillouin
frequency shift in Brillouin backscattering. Brillouin optical time-domain
reflectometry using a coherent-detection technique (B-OTDR) has been proposed and
developed for predicting the reliability of optical fiber. There are two problems,
however, with B-OTDR: (1) the complexity of optical frequency control between the
probe light and local light; and (2) degradation of the strain measurement accuracy
because of environmental temperature changes.

This thesis first proposes high-performance OTDR for trunk line network
maintenance. The application of optical fiber amplifier technologies with the
characteristics of high gain and high saturation, together with a coherent-detection
technique with shot-noise-limited sensitivity, promises to enhance the single-way
dynamic range of OTDR. Since the high-power coherent pulsed light from OTDR is
confined to a small region in an optical fiber, with a mode field diameter of 10 pm,
nonlinear optical phenomena occur in the optical fiber and degrade the OTDR
performance. Therefore, the critical pulse powers at which these phenomena occur and
the performance limit of coherent detection OTDR (C-OTDR) with optical fiber
amplifiers are investigated theoretically and experimentally.

Next, the thesis examines the problem of amplitude fluctuations in C-OTDR traces,
which are caused by both fading noise and the heterodyne detection efficiency
fluctuation. These fluctuations must be reduced before C-OTDR can be practically
applied in optical fiber networks. A stochastic description of the amplitude fluctuation
is obtained using the probability density functions of the Rayleigh backscattering light
fluctuation and the heterodyne detection efficiency fluctuation, and the calculated
amplitude fluctuation is demonstrated. A sophisticated technique for effectively
reducing the amplitude fluctuation is also proposed, and its feasibility is confirmed
theoretically and experimentally.

Next, for monitoring long-haul optical transmission systems including optical fiber
amplifiers, the applications of a highly developed C-OTDR based on the above
enhancements are described. An application for measuring the fiber-distributed tensile
strain by upgrading C-OTDR to B-OTDR is proposed. A 1.55-/ 1.65- um B-OTDR
approach for measuring both the strain and optical fiber loss distributions is also
described. Furthermore, a novel fiber-distributed strain measurement technique is

proposed. This technique separates temperature fluctuation effects by using the strain
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and temperature cross-dependency of the Brillouin frequency shift and the Brillouin
scattering power.

Finally, the thesis describes the fundamental requirements and methods for
effectively maintaining optical access networks, and an advanced future system for

maintaining various types of optical networks is investigated.
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Chapter 1. Introduction

1.1. Background
1.1.1. Progress in OTDR technologies

Optical time-domain reflectometry (OTDR) is a commonly used technique for fault
location and characterization in fiber optic communication systems. In 1976, Barnoski
and Jensen demonstrated this technique for the first time [1-1]. Personick first
formulated the Rayleigh backscattered power together with a variety of experimental
data [1-2]. Theoretical analysis of OTDR applied to single-mode fibers was performed
by Brinkmeyer [1-3] in terms of wave optics. This technique can be used to evaluate
fiber parameter fluctuation and splice loss and to locate faults in an optical
transmission line composed of several optical fiber cables. The significant advantage is
that the technique can be applied nondestructively at one end face. Hence, this
technique has become a practical, helpful tool in manufacturing, testing, and installing
optical fiber cables. In the 1980s, many studies were undertaken to extend the dynamic
range of OTDR, in order to enlarge the measureable fiber length and reduce the
measurement time [ 1-4]-[1-6].

The required performance of OTDR has evolved drastically with the development of
fiber optic communication systems enhanced with various key technologies, as
described in the following section. Since the 1990s, erbium-doped fiber amplifier
(EDFA) and Raman fiber amplifier (RFA) technologies have expanded the repeater
span and capacity of these systems. The OTDR dynamic range must now cover a span
of over 100 km from the end of an optical fiber line.

This thesis mainly describes the developments in OTDR performance for monitoring
the optical fiber networks of fiber optic communications systems since the 1990s. The

related applications of highly developed OTDR are also demonstrated.

1.1.2. Development of key technologies for fiber optic communication
systems

Fiber optic communication systems have been developed since the invention of the
laser in 1960 [1-7]. The possibility of an optical fiber guiding light in a similar manner
to the guiding of electrons in copper wires was suggested in 1966 [1-8]. In 1970, a



20-dB/km optical fiber [1-9] and a GaAs semiconductor laser operating continuously
at room temperature were demonstrated [1-10]. Compact optical components based on
low-loss optical fiber technologies and semiconductor technologies accelerated the
development of fiber optic communication systems [1-11]. Figure 1.1(a) shows the
typical structure of a fiber optic communication system for trunk lines.
Line-terminating multiplexers (LT) are connected to each other by optical fibers and
repeaters. The repeaters, called 3R-repeaters, have three functions: reshaping, retiming,
and regenerating communication signals in the optical fibers. Commercially available
systems operating near 0.8 pum and using GaAs semiconductor lasers and multimode
fibers were deployed in 1980 [1-11]. The bit rate was 45 Mb/s, and the repeater span
was about 10 km. This span was ten times larger than that of a conventional coaxial
system, so construction and maintenance costs could be reduced. This is one of the
major advantages of fiber optic communication systems.

Operation at the 1.3-um wavelength was a promising way to extend the repeater
span, because of the characteristics of an optical fiber with low loss and minimum
dispersion in this wavelength region. The development of InGaAsP semiconductor
lasers and detectors operating near 1.3 pm and the use of single-mode fiber led to the
second generation of fiber-optic communication systems, available in the early 1980s.
A 2-Gb/s transmission system operating over 44 km of single-mode fiber was
demonstrated [1-12]. By 1985, commercially available systems with a bit rate of 400
Mb/s and a repeater span of 40 km were deployed in NTT trunk lines from Hokkaido
to Kyushu over 3400 km [1-13], [1-14].

Operation at the 1.55-um wavelength using silica fiber had great potential to extend
the repeater span, because silica fiber has its minimum loss around this wavelength
region [1-15]. The use of dispersion-shifted optical fiber (DSF), which is designed to
have minimum dispersion near 1.55 pum, and of distributed-feedback laser diodes
(DFB-LDs), which limit the laser spectrum to a single longitudinal mode, overcame
the dispersion limit in high-bit-rate transmission systems operating at 1.55 pm. In 1989,
commercially available systems operating at 2.4 Gb/s with a 3R-repeater span of about
80 km were deployed [1-13], [1-16]. Such 1.55-um systems are capable of operating at
a bit rate of up to 10 Gb/s [1-16].

The coherent detection technique was a promising way to improve the sensitivity of
the receiver in a fiber optic communication system, enabling the repeater span to be
increased [1-17]-[1-20]. Such coherent optical transmission systems were investigated
in the 1980s [1-21]-[1-23]. Since coherent detection has the major advantage of

improving the sensitivity of a receiver with narrow bandwidth, however, the advantage
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is reduced in optical transmission systems with higher bit rates [1-23].

Erbium-doped fiber amplifier (EDFA) has been investigated since the proposal of
fiber laser cavities [1-24]. Low-loss fiber fabrication technology and semiconductor
laser technology have improved the performance of EDFA [1-25]-[1-29]. In 1989, a
high-gain, low-noise EDFA pumped with a laser diode (LD) was demonstrated for
practical use [1-29]. The EDFA technology enabled the evolution of fiber optic
communication systems operating at 1.55 um [1-30], [1-31]. In 1994, commercially
available systems enhanced with an EDFA as a post-amplifier in the optical transmitter
(Tx) of an LT were deployed as trunk line systems in Japan. As shown in Fig. 1.1(b),
the span was increased up to 160 km, which was twice the span of previously deployed
systems [1-16]. Then, as shown in Fig. 1.1(c), optical repeaters including EDFAs were
introduced into terrestrial and submarine optical transmission systems to increase the
repeater span and reduce the number of 3R-repeaters. An optical repeater, called a
IR-repeater, has the capability to linearly amplify optical communication signals by
using an EDFA. In 1995, a submarine optical transmission system with in-line optical
fiber amplifiers as 1R-repeaters and a repeater span of 90 km was deployed on the
Kagoshima-Okinawa route, with a total length of 900 km [1-32]. The capacity of this
system was upgraded to 40 Gb/s by using the wavelength-division multiplexing
(WDM) technique [1-33]. Commercial transpacific cable systems with optical
repeaters also became available [1-34]. A large number of transoceanic submarine
systems have been deployed worldwide [1-11], [1-35]-[1-38].

In the 2000s, the number of broadband service users in Japan has increased rapidly
and exceeded 27 million by the end of September 2007, including over 10 million
Fiber To the Home (FTTH) service users [1-39]. The demand for greater transmission
capacity of trunk line networks is growing rapidly as a result of the increasing number
of broadband multimedia services available in access networks. WDM technology is a
promising way to meet this demand. Application of Raman fiber amplifier (RFA) in
WDM systems provided one way to extend the WDM channel wavelength range and
transmission span [1-40]-[1-45]. Moreover, the signal wavelength band of WDM
systems could be extended from the C-band (1530-1565 nm) to triple bands: the
S-band (1460-1530 nm), C-band, and L-band (1565-1625 nm), as defined by ITU-T
Supplement.39. The system capacity could be increased to 10.92 Tb/s (273 WDM
channels, each operating at 40 Gb/s) by using triple bands with WDM in combination
with optical fiber amplifiers and dispersion management [1-42]. 1000 channels WDM
optical transmission system was demonstrated [1-43], and by the end of 2000,

commercial WDM terrestrial systems were available [1-46]. In Japan, a WDM optical



transmission system with remotely pumped EDFAs and distributed Raman amplifiers
(DRAs), as shown in Fig. 1.1(d), was deployed on the route between the islands of
Okinawa and Miyako-jima, with a total length of 340 km in 2005 [1-47].

Since the 1990s, by using the above key technologies to enhance the repeater span in
commercially available fiber optic communication systems, the span was increased
from 80 to 160 km by using an EDFA as a post-amplifier, as shown in Fig. 1.1(b). The
use of 1R-repeaters enhanced the span to 90 km and reduced the number of
3R-repeaters, as shown in Fig. 1.1(c). Finally, the use of remotely pumped EDFAs and
DRAs greatly enlarged the span to 340 km, as shown in Fig. 1.1(d).

Consequently, this thesis focuses on the development of optical fiber monitoring
technologies that are applied for such long-haul fiber optic communication systems:

(1) A 160-km repeaterless optical transmission system using EDFAs as

post-amplifiers;

(2) A submarine optical transmission system with in-line optical fiber amplifiers as

1R-repeaters, giving a repeater span of 90 km; and

(3) A 340-km optical transmission system using remotely pumped EDFAs and

DRAs.

1.1.3. Fundamental required optical fiber monitoring technologies
for constructing and upgrading fiber optic communication
systems

In constructing the optical fiber networks of fiber optic communication systems, the
integrity of the optical fibers before and after installation of optical fiber cables must
be confirmed. The required fundamental items for monitoring optical fiber networks
are the following:

® Total optical loss of the optical fibers;

® [ oss distribution of the optical fibers; and

® Reflection in the optical fiber and at the connection points between optical fiber

cables.

The typical methods for measuring the above fundamental items are as follows:

v Cut-back method using an optical source and an optical power meter to measure

the total optical loss; and

v" OTDR to measure the total loss, loss distribution, and reflection in the optical

fiber.

OTDR is a useful method for evaluating the above items from one end of an optical



fiber. Therefore, the development of OTDR technologies has been required for
monitoring the three types of optical fiber networks described in section 1.1.2. This is
one of the main topics of this thesis.

In upgrading the capacity of an optical transmission system to over 10 Gb/s by
applying WDM [1-33],[1-45] and fiber dispersion management technologies [1-48],
the following additional parameters of the existing optical fibers also require
evaluation:

® Chromatic dispersion;

® Polarization mode dispersion; and

® Nonlinear coefficient.

Sophisticated measurement techniques have already been developed and standardized
in ITU-T recommendations [1-49], [1-50]. Hence, optical fiber network monitoring for

the above additional items is outside the scope of this thesis.

1.1.4. Fundamental required optical fiber monitoring technologies
for optical fiber network maintenance

Reliable optical fiber networks are designed and constructed by applying the key
technologies of optical fiber fabrication, optical fiber cabling, optical fiber splicing and
connection, optical fiber cable installation, and optical fiber cable termination
[1-51]-[1-64]. For trunk line networks, submarine optical transmission systems are
designed for 25 years of service life, with at most three failures during operation [1-46].
For optical access networks, optical fiber cables are typically designed with a failure
rate of less than 0.1 Fit/fiber/km for 20 years of use [1-65]. To ensure the reliability of
fiber optic communication systems, optical fiber maintenance technologies are

fundamentally important, as are outside plant technologies.

Outside plant technologies for reliable optical fiber networks

Since silica-based single-mode optical fiber is brittle, a few cracks on the surface of
such fiber can considerably reduce the optical fiber strength [1-66], through a failure
mechanism in accordance with fracture mechanics theory [1-67]. Proof testing assures
the mechanical reliability of optical fiber [1-54]-[1-56]. Optical fiber cable is designed
to protect the optical fibers from strain or stress during optical fiber installation and
operation [1-52],[1-53]. Hydrogen absorption of optical fiber, caused by water
penetration into optical fiber cables and joint boxes, leads to increased optical loss and
degrades the reliability of the fiber [1-68]. Therefore, water-blocking cables [1-57] and



water sensor systems [1-69] have been developed and deployed. In a joint box or
closure, optical fiber cables are connected to each other by using fusion splicing,
mechanical splicing, or MT connectors [1-53],[1-58]-[1-61]. The connected optical
fibers are accommodated in organizers that are designed by considering the optical loss
increase and the reliability of the bent optical fiber [1-62]. Outside optical fiber cables
are introduced into network building and terminated at an optical distribution frame
(ODF) [1-63],[1-70]. Finally, indoor optical fiber cables are connected between optical
transmission systems and the outside optical fiber cables. To manage the huge number
of optical fiber cables in a network building, optical fiber distribution and management
systems have been developed and deployed [1-70]. These systems optionally include a
sub-system for testing and monitoring the outside optical fiber cables, to support

optical fiber network maintenance.

Origins of optical fiber faults
Optical fiber faults are categorized with three types [1-71],[1-72]:
® Fiber failure, which is typically caused by tensile strain and bending strain in
the cable, bending strain and torsion strain in a joint box or closure, or lateral
stress in a crushed cable conduit;
® Fiber loss increase, which is typically caused by a micro-bending loss increase
due to fiber axial strain in the cable, a fiber bending loss increase in a cable
closure, or a hydrogen absorption loss increase in the cable, a cable closure, or a
joint box; and
® Fiber connection abnormality, which is caused by tensile strain and a change in
the fiber alignment [1-73].
The residual strain and bending of the optical fiber in the cable and the closure are
the major origins of optical fiber faults. Therefore, optical fiber monitoring
technologies for strain and bending in optical fiber cables are required for optical fiber

network maintenance before faults occur.

Fundamental optical fiber network maintenance

Table 1.1 summarizes the fundamental functions for optical fiber network
maintenance [1-72]. The maintenance is categorized into two types: post-fault
maintenance, and preventive maintenance. It consists of three activities: surveillance,
testing, and control of network elements (NEs).

- Surveillance, which monitors the conditions of NEs, has two functions:

Inform of NE degradation before trouble occurs, and



Table 1.1 Fundamental functions and suitable test methods

Category Activity Functions Methods
Surveillance Detection of fiber loss increase OTDR/loss testing
(e.g., Periodic testing) Detection of signal power loss increase |Power monitoring
Detection of water penetration OT DR/l osstesting
. Testing Measurement of fiber fault location OTDR testing
Preventative . . . . c e o .
maintenance (e.g., Fiber degradation testing) |[Measurement of fiber strain distribution |B-OTDR testing

Measurement of water penetration

OTDR/loss testing

Control

(e.g., Network element control)

Fiber identification
Fibre transfer

ID light detecting*1
Switching*2

After installation
before service,

or post-fault
maintenance

Surveillance

(e.g., Reception of transmission

system alarm or
customer trouble report)

Refer to alarm from path operation
Refer to alarm from customer service
operation system

On-line/External medium
On-line/External medium

Testing
(e.g, Fiber fault testing)

Confirmation of fiber condition
Fault distinction between transmission
equipment and fiber network

OTDR/loss testing
OTDR/loss testing

Measurement of fiber fault location OTDR testing
Control Fiberidentification ID light detecting*1
(e.g., Cable repair/removal) Fiber transfer Switching*2

Storage of outside plant database
Information on cable route

On-line/External medium
On-line/External medium

*') ID light means identification light, for example270-Hz, 1-kHz, or 2-kHz modulated light.

*) Switching includes mechanical and manual switching.




Inform of NE abnormality when trouble occurs.
- Testing measures NE characteristics and checks whether they satisfy required
levels.

- Control restores NEs to normal status or takes action to maintain service quality.

Requirements of optical fiber monitoring technologies for optical fiber network
maintenance

Maintenance of optical fiber networks after a fault occurs, i.e., post-fault
maintenance, requires quick repair of optical fibers. Therefore, optical fiber monitoring
technologies require the following functions:

® Distinguish fault between transmission equipment and optical fiber networks;

and

® Find fault locations in optical fibers.

Maintenance of optical fiber networks before a fault occurs, i.e., preventive
maintenance, requires periodic testing and fiber degradation testing by monitoring the
following items:

® Optical fiber loss increase;

® Water penetration location; and

® Fiber strain distribution.

Monitoring these items enables diagnosis and prediction of optical fiber cable
degradation [1-71], [1-72]. In particular, fiber strain distribution measurement is very
important for evaluating the reliability of optical fiber cables affected by a major
earthquake.

The typical methods for measuring the above items are the following:

v" OTDR for measuring the loss distribution in an optical fiber;

v" Long-wavelength OTDR for locating the bending loss caused by the water

sensor [1-69]; and

v' Brillouin optical time-domain reflectometry (B-OTDR) for measuring the fiber

strain distribution by using Brillouin backscattering in single-mode optical
fibers, which relies on the relative tensile strain and temperature dependence of
the Brillouin frequency shift [1-74],[1-75].

All of the above methods are performed by using OTDR technologies with the
following characteristics:

- High dynamic range for measuring long-haul optical fibers or reducing the
measurement time;

- Long-wavelength operation, which is sensitive to bending loss; and



- A high-sensitivity receiver for detecting weak Brillouin backscattered light.
Consequently, highly developed monitoring techniques based on OTDR are required

for optical fiber network maintenance. This is the major scope of this thesis.

1.1.5. Review of high-performance OTDR technologies up to early
1990s

As mentioned in section 1.1.4, high-performance OTDR technologies are required
for optical fiber network maintenance. OTDR yields a high dynamic range with
high-power sources, such as Nd:YAG lasers [1-76] or Er’":glass lasers [1-77]. These
power sources, however, are impractical for field use because of the size of the
equipment and consideration of the eye safety of network operators.

The coherent detection technique is one of the most promising approaches for
extending the dynamic range of OTDR [1-78]. J. P. King et al. developed
coherent-detection OTDR (C-OTDR) with a single-way dynamic range (SWDR) of 28
dB with a 5-us pulse [1-79]. By applying coherent detection and EDFAs, Y. Koyamada
et al. constructed a high-performance OTDR with an SWDR of 33 dB with 1-us launch
pulses [1-80]. There have also been a few studies on enhancing direct-detection OTDR
(D-OTDR) with EDFAs [1-81]. There is still the possibility of further extending the
SWDR, however, by optimizing the application of EDFAs. C-OTDR has the problem
of amplitude fluctuation of as much as 0.2 dB in the OTDR trace [1-79], which is
caused by the fading phenomenon of the Rayleigh scattering signal [1-82]. Therefore,
my colleagues and I began to investigate the development of C-OTDR since 1989 in
NTT labs. A highly developed C-OTDR can also be applied with B-OTDR to measure

the strain distribution in an optical fiber [1-75].

1.1.6. Requirements of optical fiber maintenance support,
monitoring, and testing system

High-speed FTTH services have already become available [1-39]. Several thousands
of optical fibers in access networks are accommodated into a central office [1-70].
Cost-effective maintenance of such a huge number of optical fibers requires an optical
fiber maintenance support, monitoring, and testing system operating automatically and
remotely [1-83],[1-84]. Table 1.1 lists the fundamental functions and suitable methods
of such a system. This system can be adapted for a single-star network. Adapting the

system to various network structures, such as a passive optical network (PON) or a
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ring network [1-85], as well as trunk networks, however, requires modifying the
system’s functions and methods. The fundamental requirements and advanced optical
fiber monitoring technologies for maintaining PON and ring networks, as well as trunk
networks carrying high-power signals, such as an optical transmission system
employing a remotely pumped EDFA and a DRA as shown in Fig. 1.1(d) must be
clarified.

In-service line monitoring is also required for preventive maintenance. The test light
wavelength should be allocated in the U-band because it does not interfere with the
communication signals from the O-band to the L-band [1-86]. Optical fiber
maintenance support, monitoring, and testing systems using the 1650-nm wavelength
band have been developed and deployed [1-87]. The criteria for in-service line
monitoring must also be clarified. Therefore, this thesis deals with the above

considerations.

1.2. Objectives of this thesis

This thesis first proposes enhancement of OTDR by using optical fiber amplifier
technologies and a coherent detection technique for maintaining trunk line networks.
Coherent-detection OTDR (C-OTDR) with EDFAs is a promising approach for
enlarging the SWDR. To maximize the SWDR of C-OTDR, this thesis theoretically
and experimentally investigates the following:

(1) The optimum configuration of C-OTDR with EDFAs.

(2) The limit of the incident optical pulse power of C-OTDR because of the effect of

optical nonlinear phenomena in a single-mode optical fiber.

Next, the thesis focuses on the problem of amplitude fluctuation in a C-OTDR trace
caused by fading noise and the heterodyne detection efficiency fluctuation [1-88]. This
fluctuation must be reduced before C-OTDR can be practically applied in optical fiber
networks. Effective reduction techniques for amplitude fluctuations are theoretically
and experimentally investigated.

The applications of a highly developed C-OTDR are then investigated for long-haul
fiber optic communication systems, including the following:

(1) A repeaterless optical transmission system using EDFAs as post-amplifiers.

(2) A submarine optical transmission system with in-line optical fiber amplifiers as

IR-repeaters.
(3) An optical transmission system employing a remotely pumped EDFA and DRA.

The fiber-distributed tensile strain measurement technique is investigated as the next
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application of C-OTDR. Measurement of the fiber-distributed strain is very important
in terms of preventive maintenance in optical fiber networks. Many approaches have
been proposed for measuring the fiber-distributed strain and temperature by using
Brillouin scattering in single-mode optical fibers. These approaches rely on the relative
tensile strain and temperature dependence of the Brillouin frequency shift. Brillouin
optical time-domain reflectometry employing a coherent detection technique
(B-OTDR) is a useful method for measuring the fiber-distributed strain and
temperature from one end of an optical fiber. Despite this, however, there are two
problems with this approach [1-89]:

(1) The complexity of optical frequency control between the probe light and local

light.

(2) Degradation of the strain measurement accuracy because of environmental

temperature change.

Given these problems, this thesis investigates the upgrade C-OTDR to B-OTDR by
using a sideband generation technique and a simultaneous measurement technique for
separating the strain and temperature. The U-band wavelength used in B-OTDR for
measuring both the strain and the optical fiber loss of an in-service line is also
investigated.

Finally, the fundamental requirements and methods for maintaining optical fiber
networks for PON and ring networks and trunk networks carrying high-power signals
are clarified. An advanced future system for maintaining various types of networks is

also discussed.

1.3. Outline of this thesis

Figure 1.2 illustrates the organization of this thesis, which consists of eight chapters.

After this introduction, chapter 2 discusses the enhancement of optical time-domain
reflectometry (OTDR) by using optical fiber amplifier technologies and a coherent
detection technique, which with compact optical components suited for integration into
a robust, portable instrument. First, the basic principles of direct-detection OTDR
(D-OTDR) and coherent-detection OTDR (C-OTDR) are reviewed, and the dynamic
range enhancement of OTDR with EDFAs is numerically evaluated. Then, the
feasibilities of D-OTDR and C-OTDR enhanced with EDFAs are demonstrated
[1-90]-[1-92]. The observation of nonlinear phenomena in an optical fiber, which
degrades the SWDR of C-OTDR, is also presented [1-93]. This leads to the motivation
of chapter 3.
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Chapter 1
Introduction

Chapter 2
Enhancement of OTDR performance with coherent detection technique and optical fiber
amplifiers
2.1-2.4: Conventional principles for D-OTDR and C-OTDR (conventional study)
2.5-2.7: Feasibility studies for D-OTDR and C-OTDR (original study)

Chapter 3 Chapter 4
The performance limit of C-OTDR Amplitude fluctuation in C-OTDR
with optical fiber amplifiers due to and its reduction technique
optical nonlinear phenomena

Chapter 5
Applications: Enhanced C-OTDR for long-span optical transmission lines containing
optical fiber amplifiers

Chapter 6
Applications: Fiber-distributed strain measurement techniques

using upgraded C-OTDR enhanced with sideband generation technique
or wideband coherent receiver

Chapter 7
Applications: Optical fiber maintenance support, monitoring and testing system with
advanced functions using highly developed OTDR technologies

Chapter 8 Conventional study
Conclusions

Original study

Figure 1.2 Thesis organization
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Chapter 3 describes theoretical and experimental studies on clarifying the limit of
the incident optical pulse power in C-OTDR enhanced with optical fiber amplifiers.
The critical pulse power, at which the performance of C-OTDR is degraded by the
effects of optical nonlinear phenomena in a single-mode optical fiber, depends on the
amplified optical pulse waveform and the pulse width [1-93]-[1-95]. Under the critical
condition of such nonlinear phenomena, the highest C-OTDR performance is
demonstrated by using EDFAs as post-amplifiers and inline amplifiers [1-94]-[1-95].

Chapter 4 focuses on the problem of amplitude fluctuation in a C-OTDR trace,
which is caused by fading noise and the heterodyne detection efficiency fluctuation
[1-88]. This fluctuation must be reduced before C-OTDR can be practically applied in
optical fiber networks. This thesis provides a stochastic description of the amplitude
fluctuation using probability density functions and the calculated amplitude fluctuation
[1-96] and proposes a synchronous optical frequency hopping technique [1-97]. In this
technique, an RF current pulse is induced in the drive current of the laser diode (LD)
during an LD temperature change. This effectively reduces the amplitude fluctuation.

The above research enables a highly developed C-OTDR with a high dynamic range
and low fading noise. The following chapters describe applications of this advanced
C-OTDR.

Chapter 5 describes the application of C-OTDR for monitoring long-haul optical
transmission lines containing (a) in-line amplifiers as 1R-repeaters and (b) distributed
Raman amplifier (DRA) [1-98]-[1-100].

Chapter 6 describes the application of the highly developed C-OTDR to the
distributed strain measurement in an optical fiber, in order to evaluate the reliability of
the fiber [1-101]-[1-105]. C-OTDR can be upgraded to B-OTDR by using a side-band
generation technique with a high-speed LiNbO; (LN) phase modulator [1-101],
[1-102] or a wideband coherent receiver [1-104]. A 1.55- / 1.65- um B-OTDR for
measuring both the strain and optical fiber loss distributions [1-103] is also described,
and a simultaneous measurement technique for separating strain and temperature
[1-105] is discussed.

Chapter 7 describes the application of an optical fiber maintenance support,
monitoring, and testing system using highly developed OTDR technologies. It clarifies
the fundamental requirements, methods, and criteria for maintaining various access
networks (i.e., PONs, and ring networks) and trunk networks carrying high-power
signals [1-106]-[1-111]. The future target technologies for this system are also
presented.

The final chapter concludes this thesis. It summarizes the results obtained
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throughout the course of this research on enhancing OTDR with a coherent detection
technique and optical fiber amplifiers, and the applications of this research in optical

fiber network monitoring.
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Chapter 2. Enhancement of OTDR performance with
coherent detection technique and optical fiber amplifiers

The performance of optical time-domain reflectometry (OTDR) is significantly
improved by applying a coherent detection technique and optical fiber amplification.
This chapter discusses theoretical and experimental studies of both direct-detection and
coherent-detection OTDR enhanced with erbium-doped fiber amplifiers (EDFAs).

2.1. Introduction

The EDFA has attracted much attention in fiber optic communication systems, since
it offers the potential of operation with high gain, high saturation output power, and
high bandwidth [2-1], [2-2]. Moreover, transmission systems using EDFAs can
upgrade their signal bit rates and accommodate wavelength-division multiplexing
(WDM) signals through exchanges of terminal equipment [2-3], [2-4]. These
advantages have resulted in very rapid development of EDFAs. For example, the
commercial systems, with a span of 160 km, enhanced with an EDFA as a
post-amplifier and an InGaAsP- avalanche photodiode (APD) are deployed in NTT
trunk line network [2-5]. Furthermore, long-haul submarine optical transmission
systems with EDFAs as 1R optical repeaters have also been deployed [2-6].

OTDR is an important method for fault location and characterization of optical fiber
transmission lines. Many studies have been made into extending the dynamic range of
the OTDR [2-7], [2-8] in accordance with the development of advanced optical
transmission systems. OTDR yields its highest dynamic range with high-power sources,
such as Nd:YAG lasers [2-9] or Er*": glass lasers [2-10]. These power sources, however,
are impractical for field use, because they are not suitable for robust, portable
instruments. In addition, the safety of network operator must be considered [2-11],
[2-12].

The coherent detection technique is one of the most promising approaches for
extending the dynamic range of OTDR. J. P. King et al. developed a coherent
-detection OTDR (C-OTDR) with a single-way dynamic range (SWDR) of 28 dB with
a 5-ps pulse width (i.e., a 500-m spatial resolution) and 10° integrations [2-13]. By
applying a coherent detection technique and EDFAs, Y. Koyamada et al. constructed a
high-performance OTDR having an SWDR of 33 dB with 1-us launch pulses (100-m
spatial resolution) and 10 integrations [2-14]. There have also been a few
investigations of enhancing direct-detection OTDR (D-OTDR) with EDFAs [2-15].
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There is still the possibility of further extending the SWDR, however, by optimizing
the application of EDFAs. In addition, the C-OTDR has the problem of amplitude
fluctuation of as much as 0.2 dB in the backscattered trace [2-13], caused by the fading
phenomenon of the Rayleigh scattering signal [2-16].

This chapter describes the optimized design of a C-OTDR enhanced with EDFAs.
This C-OTDR has the potential of a very high dynamic range, achieved using compact
optical components suited for integration into a robust, portable instrument. Sections
2.2 and 2.3 describe the basic principles of OTDR and define key parameters, and
describe the basic principles of C-OTDR, respectively. Section 2.4 gives a numerical
evaluation of the dynamic range enhancement with EDFAs. Sections 2.5 and 2.6
describe the feasibility of enhancing D-OTDR and C-OTDR, respectively, with
EDFAs. Finally, section 2.7 discusses the nonlinear phenomena occurring in an optical
fiber, which can degrade the SWDR of C-OTDR.

2.2. Basic principles of OTDR
2.2.1. Basic configuration and typical trace

Figure 2.1 shows the basic OTDR configuration and a typical OTDR trace for a
single-mode optical fiber. The main components of a conventional OTDR are a laser
diode (LD), an APD an analog-digital (A-D) converter, a digital processor, and a
computer [2-18].

The LD launches pulse light with low repetition into the test fiber. Backscattered
light is generated by Rayleigh scattering and Fresnel reflection in the test fiber. The
backscattered signals are introduced into the APD via a directional fiber coupler and
averaged to improve the signal-to-noise ratio (SNR). The backscattered signals as a
function of the round-trip time indicate the attenuation of the test fiber, or the
reflectance in the test fiber. After logarithmic transformation, the resultant signals are
displayed as an OTDR trace on the computer monitor.

When pulse light with peak power py and pulse width 7 is launched into a
single-mode optical fiber, the Rayleigh backscattered power py observed at the input
fiber end face at time ¢ is given by [2-8],[2-18],[2-19]

Pr = DoS0y (%) eXP[— 2a[%ﬂ , 2.1

where S is the recapture ratio of the Rayleigh backscattered power into the fiber, o is

the attenuation coefficient of Rayleigh scattering, c is the light velocity in vacuum, 7 is
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the refractive index of the test fiber core, and a(c#/2n) is the cumulative attenuation up
to a distance ct/2n, in nepers. The time ¢ corresponds to the location z (= c¢#/2n) in the
fiber. For simplicity, the detected backscattered signal power given by Eq. (2.1) is
logarithmically transformed and multiplexed by a factor of 1/2. Then, the backscattered
signal distribution indicates the single-way loss of the test fiber. The backscattered
signal power P(z) in the OTDR trace is given by

P, +R,

P(z) = — oz, (dBm) (2.2)

R, zlolog[a’RSﬁ} , (dB) 2.3)
2n

where Py is the pulse power of py (in dBm), Ry is the Rayleigh backscattering factor,
and agp (= 10alogio(e)) is the attenuation coefficient of the fiber (in dB/km). Therefore,
we can see that the fiber loss distribution in the OTDR trace in Fig. 2.1 is a linear
function of distance in the fiber, z. In conventional OTDR measurement of a test fiber
with a large loss, the pulse power P, is changed under certain conditions to avoid
electrical and optical saturation of the OTDR receiver. Hence, the vertical axis in the
OTDR trace, i.e., the “Backscattered power (dB),” usually represents the relative
backscattered signal power. This conventional description is adopted in this thesis.

The OTDR technique, which can be applied nondestructively at one end face, can be
used to evaluate fiber parameter fluctuations and splice loss and to locate faults in an
optical transmission line composed of several optical fiber cables. Hence, OTDR has
become a practical, helpful tool in manufacturing, testing, and installing optical fiber
cables.

2.2.2. Dynamic range

The dynamic range of OTDR is an important parameter for evaluating performance.
The dynamic range provides information on both the maximum measurement range
and the measurement time required for a given fiber loss. An IEC standard gives
detailed definitions [2-17]. The SWDR of OTDR, illustrated in Fig. 2.1, is defined as
the difference between the initial Rayleigh backscattered signal level, P(0) in Eq. (2.2),
and the peak level of the OTDR receiver noise, expressed in decibels for the

single-way fiber loss. The SWDR is thus given by
SNIR . }

min

[PO +R,—L,—P, +
SWDR =

. — M, (dB). (2.4)
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Py: Incident pulse power (dBm).

L¢: Directional coupler loss (dB).

P,.in: Minimum detectable power of receiver with SNR = 1 (dBm).

SNIR 4y Electrical signal-to-noise improvement ratio by signal averaging (dB).
In addition, Mp is the margin (in dB) for defining the noise level as 99.7% of the peak
noise level, not as an SNR of 1. Assuming a Gaussian noise distribution, 99.7% of all
noise samples are included within three standard deviations. This corresponds to Mp =
2.4 dB.

Equation (2.4) indicates that increasing the SWDR requires the following:

(1) increasing the incident pulse power,

(2) improving the OTDR receiver sensitivity, and

(3) increasing the amount of averaging to improve the SNR.

The Rayleigh backscattering factor depends on the pulse width. The next subsection
discusses the relationship between the pulse width, i.e., the spatial resolution, and

dynamic range improvement.

2.2.3. Tradeoff between spatial resolution (bandwidth) and dynamic
range

The spatial resolution of OTDR, 4z, with pulse width 7 is given by [2-17]
Az =<5 (m). (2.5)
2n

Then, the required bandwidth of the OTDR receiver, B, is 1/7 (in Hz). From Egs. (2.3)
and (2.5), the Rayleigh backscattering factor is derived as

R, =10logfer,SAz]=101og aRSL] 2.6)
2nB

If the pulse width 7 is narrowed by a factor of 1/10, e.g., from 1 ps to 100 ns, the
spatial resolution 4z is improved from 100 m to 10 m, but the Rayleigh backscattering
factor Ry is decreased by 10 dB, and the required bandwidth B is increased by 10 dB.
The minimum detectable power of the OTDR receiver for direct detection is inversely
proportional to the square root of the bandwidth B. For coherent detection, the
minimum detectable power is inversely proportional to the bandwidth B. Consequently,
from Eq. (2.4), the SWDRs for D-OTDR and C-OTDR decrease by 7.5 and 10 dB,
respectively. Conversely, if the spatial resolution 4z is changed from 10 to 100 m by
increasing the pulse width, the SWDR increases by 7.5 and 10 dB for D-OTDR and
C-OTDR, respectively.
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2.3. Coherent detection OTDR (C-OTDR)

Coherent detection is an attractive technique for improving the receiver sensitivity
up to the quantum limit, which is advantageous for direct detection [2-13], [2-14]. This
section describes the basic principle of C-OTDR and the requirements for constructing
a compact, high-performance C-OTDR. The advanced performance of C-OTDR is also
compared with that of D-OTDR.

2.3.1. Basic principle

Figure 2.2 shows the basic C-OTDR configuration. Continuous wave (CW) light
from a narrow-linewidth light source with optical frequency v is divided by a 3-dB
fused-fiber directional coupler (FCI1) into two paths: a signal path, and a local
oscillator (LO) path. The signal pulse is produced by an acousto-optic (AO) switch
(AO-SW1), consisting of an acousto-optic modulator (AOM) made of PbMoO, and
operated in a pulsed mode. The optical frequency of the signal pulse is shifted by the
modulation frequency of AO-SW1 and amplified by an EDFA. A second AO switch
(AO-SW2) is operated in pulsed mode and synchronized with AO-SW1 to eliminate
amplified spontaneous emission (ASE) noise from the EDFA. For a 100-ns or shorter
pulse width, an optical waveguide switch made of LiNbO; (EO-SW) is used instead of
AO-SW2 in order to reshape the signal pulse. Finally, the amplified signal pulse is
launched into a test fiber.

When a signal pulse with unit pulse power is launched into the test fiber and passes
through FC2 at time ¢ = 0, the Rayleigh backscattered signal, Ep(f)exp(j2z(v+v4)f) at
time ¢, is mixed with the LO light, E;pexp(j2zvt), by FC3 and then detected by a
double-balanced p-i-n field-effect transistor (FET) receiver. The detected signal current

Isc() s proportional to the square of the total signal field and is given by
I ()= (Z—ij[sz + E32 +2E,,-E (1) cos(j27szt)]. (2.7)

The intermediate-frequency- (IF-) band signal of Eq. (2.7) is converted to the baseband
signal by a mixer, an electrical LO, and a low-pass filter (LPF). The baseband signals

are squared and averaged after analog-digital conversion. The resultant signal is given
by

1.2 = 2[ﬁj E,,  E (1) (2.8)
hv
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Here, Ej(f)* corresponds to the backscattered signal power pg in Eq. (2.1).
Consequently, a signal detected by C-OTDR can be displayed as a conventional OTDR

trace.
2.3.2. Requirements for optical components

Constructing C-OTDR requires optical components with special characteristics. To
achieve coherent detection and improve the sensitivity up to the shot noise limit, the
light source should have a narrow linewidth, which is sufficiently narrower than the
bandwidth B of the receiver. Since the linewidth of a conventional distributed-feedback
laser diode (DFB-LD) is several megahertz, an external cavity is needed. A 1-km
single-mode optical fiber with an optical isolator embedded at the far end can be
connected to the DFB-LD to reduce the line width [2-20]. For the advanced C-OTDR
described in this thesis, the resultant linewidth was less than 10 kHz. Extension of
C-OTDR to Brillouin optical time-domain reflectometry (B-OTDR), as described in
chapter 6, uses a LiNbO3; phase modulator (LN-PM) whose operation depends on the
state of polarization (SOP), thus requiring polarization stability for the CW light used
in C-OTDR. Therefore, for the external cavity, a 250-m polarization-maintaining fiber
is used in this case, instead of a 1-km single-mode optical fiber. The LO light power
from the above-mentioned light source with a narrow linewidth should be sufficiently
large. For the C-OTDR described in this thesis, the typical power was about -3 dBm.
Recently, a high-power laser can be implemented as an InGaAsP multiple quantum
well (MQW) DFB-LD. The output power is over 10 dBm, which is sufficiently large to
achieve ideal coherent detection.

For the coherent receiver, a double-balanced p-i-n FET receiver is used to reduce the
intensity noise. For the C-OTDR described here, the typical common mode rejection
ratio (CMRR) was about 20 dB with a 1-MHz bandwith over the IF band.

2.3.3. Fading noise in C-OTDR trace

The coherent detection technique is a promising approach for improving the receiver
sensitivity up to the shot noise limit. This leads to problems, however, with the OTDR
trace: (1) measurement accuracy degradation due to fading noise, and (2) fluctuation of
the detection efficiency because of SOP mismatch between the backscattered signals
and the LO light [2-16].

Figure 2.3 shows typical C-OTDR traces with (a) N=1 integration and (b) N=1000

32



5dB/div.

20us/div.

i 1

Figure 2.3 C-OTDR traces (a) with N=1 integration and (b) with N=1000 integrations

33



integrations, measured using the experimental setup shown in Fig. 2.2. For (a), a large
amplitude fluctuation appears in the C-OTDR trace. For (b), the SWDR increased by
about 7.5 dB, which agrees with the calculated value, since the SNR improvement by
averaging is proportional to the square root of the number of integrations, N. The large
amplitude fluctuation, however, was not reduced. Therefore, a reduction technique for
this is still required. The amplitude fluctuation of the OTDR trace decreases in
proportion to the square root of the number of integrations of independent
backscattered signals [2-13]. Changing the optical frequency of the source produces
independent backscattered signals, thus reducing the amplitude fluctuation by
integration over the optical frequency range [2-21]. Chapter 4 proposes a powerful

reduction technique and discusses its feasibility.

2.4. Numerical evaluation of dynamic range enhancement with
EDFAs

An EDFA has the characteristics of high gain and high saturation output power, so
the SWDR of OTDR can be increased by incorporating EDFAs [2-14], [2-15]. When
an EDFA amplifies the incident pulse or a backscattered signal in OTDR, the ASE
from the EDFA increases the noise at the receiver. The effective configuration of
OTDR with EDFAs is thus clarified through numerical evaluation of the SNR
enhancement achieved by applying EDFAs in both D-OTDR and C-OTDR as (a) a

post-amplifier, (b) an inline amplifier, and (c) a pre-amplifier.
2.4.1. SNR improvement of D-OTDR with EDFAs

Figure 2.4 shows three possible arrangements by which EDFAs can be incorporated

into D-OTDR: as (a) a post-amplifier, (b) an inline amplifier, and (c) a pre-amplifier.

SNR of conventional D-OTDR
Let Ps be the backscattered signal light power measured at the D-OTDR receiver.
The SNR at the output of the receiver is given by

[Sd2
SNR, =-S5, (2.9)
Nd

where Igd2 and / Ndz are the mean square signal current and noise current, respectively,

and are defined as the following:

34



o Test fiber
Directional coupler

(b)
EDFA

e m APD Backscattered light

- A-D
|
Digital
processor
I

Computer

Conventional OTDR

LD: Laser diode

APD: Avalanche photodiode

A-D: Analog-digital converter
EDFA: Erbium-doped fiber amplifier

Figure 2.4 Arrangements for incorporating EDFAs into D-OTDR

35



1,0 = {PS (Z—ijM} , (2.10)

1= {‘”;ﬂ T 2eM {id P, [Z—ejHB . @.11)

L 14

n: Photodiode quantum efficiency.
e: Electron charge.

h: Planck's constant.

v: Optical frequency.

M: Multiplication factor of APD.
F: Receiver noise figure.

kg: Boltzmann's constant.

T: Temperature.

R;: Receiver load resistance.

v: Excess noise factor of APD.
iq: Photodiode dark current.

B: Receiver bandwidth.

The first, second, and last terms of INd2 represent the thermal noise, the shot noise of
the dark current, and the shot noise of the backscattered signal, respectively. Since the
mean square noise Iy, is proportional to the bandwidth B, the minimum detectable
power of D-OTDR is derived from Eq. (2.9) by assuming SNRy = 1. If the
multiplication factor of APD, M, is sufficiently large and the excess noise factor, y, is
negligibly small, then the dark current shot noise dominates the mean square noise.
Assuming that the photodiode dark current, receiver bandwidth, optical frequency of
the OTDR pulse, and photodiode quantum efficiency are set to typical values of 7, = 30
nA, B =1 MHz, v = 194 THz (1.55 pm), and = 0.8, respectively, the calculated

minimum detectable power is about -70 dBm.

SNR of D-OTDR with EDFA as post-amplifier

When an EDFA is used as a post-amplifier, as shown in Fig. 2.4(a), the signal pulse
is amplified by a factor of g and sent into the test fiber; the backscattered signal light
power at the receiver becomes gPs. The backscattered ASE originating from the ASE
and transmitted into the test fiber is introduced to the receiver via the directional
coupler. The ASE power density per unit bandwidth radiated from the EDFA is given
by 2(g - 1)uhv [2-22], where p is the population inversion factor of the amplifier. The
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factor of two is included to account for the two orthogonal polarization modes. The

ASE power density per unit bandwidth at the receiver is given by
2P0 =21 Ty (g ~V)pihv, (2.12)

where 7) is the transmission coefficient of the coupler, and 75 is the reflection
coefficient of the test fiber.
The SNR in this case is given by
2

I
SNR o = —124 (2.13)

2
[NPO,d

where Ispos and Iypo,s are the mean square signal current and noise current,

respectively, and are defined as the following:

Lo =815’ (2.14)
e e 2 e 2
T [M 2+y{4ePAPOA V(Z—Vj +4P,,, P, (Z—Vj +4P,, A V(Z—Vj HB,
(2.15)

where Av is the linewidth of the received ASE including that from the optical filter in
the EDFA. The second through fourth terms in INpad2 correspond to the shot noise
produced by the ASE current, the ASE-signal beat noise, and the ASE-ASE beat noise
[2-23].

SNR of D-OTDR with EDFA as inline amplifier

When an EDFA is used as an inline amplifier, as shown in Fig. 2.4(b), it amplifies
both the pulsed signal light and the backscattered signal light by a factor of g.
Consequently, the backscattered signal light power at the receiver is g°Ps. The ASE
radiated toward the receiver reaches it through the coupler. The ASE radiated toward
the test fiber, on the other hand, is reflected by it, amplified by the EDFA, and then
transmitted to the receiver through the coupler. The total ASE power density at the
receiver is thus given by

2P, = 2T,(1+ gT,)(g ~Duthv . (2.16)
The SNR is given by

2

1
SNR,, =~

2 b
NI,d

(2.17)
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2 2 . . .
where Is;; and Iy;; are the mean square signal current and noise current, respectively,

and are defined as the following:

ISI,d2 :g41&12: (2.18)

2 2
Lyt =1y + {M 24y {4@PA,A V(Z—ij +4P, P, (Z—ij +4P,°A v(Z—iJ HB .

(2.19)

SNR of D-OTDR with EDFA as pre-amplifier
When an EDFA is used as a pre-amplifier, as shown in Fig. 2.4(c), it amplifies the
backscattered signal light by a factor of g. The ASE radiated toward the receiver
reaches it directly. The ASE power density at the receiver is then given by
2P, =2(g—Dyhv. (2.20)
The SNR is given by

2

1
SNR e = SPR.d

2

(2.21)

1 NPR.d

2 2 . )
where Isprs and Iypr,s are the mean square signal current and noise current,

respectively, and are defined as the following:

ISPR,d2 = g215d2 ) (2.22)
e e 2 e 2
Lnd =1 +| M {4ePAPRAv(Z—Vj +4P,, P, (Z—V) +4P,, A V(Z—VJ HB .
(2.23)

SNR improvement ratio (SNIR)

The SNR improvement ratios (SNIRs) in the post-, inline-, and pre-amplifier cases
are obtained by using Egs.(2.9), (2.13), (2.17), and (2.21). The SWDR improvements
for these three cases are obtained by logarithmic transformation of the SNIRs, adapting
the SWDR description commonly used for OTDR:
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SNIR. ... =51 SNRuro . d 2.24
aro = dlog —o = (dB), (2.24)

d

SNIR,, =51 SIVR,, . (dB) (2.25)
=5log ——— , .
o % SR

d

)}
SNIR, »x = SIOg{%}A (dB). (2.20)
’ SNR,

The SWDR improvements for these three cases are obtained by logarithmic
transformation of the SNIRs, adapting the SWDR description commonly used for
OTDR. Figure 2.5 shows the calculated SWDR improvements achieved by using an
EDFA as (a) a post-amplifier and (b) an inline amplifier, for typical parameter values
of Ty, T, ig, n, 1, and Av, as a function of the gain g (in dB).

For the post-amplifier case, the SWDR improvement increases almost linearly with
g when g is less than 25 dB. In the region over 25 dB, the SWDR improvement
gradually saturates and then depends on the population inversion factor u of the EDFA
and the bandwidth Av of the optical filter.

For the inline-amplifier case, the SWDR improvement increases almost linearly with
g when g is less than 25 dB, which is similar to the characteristics for the
post-amplifier case. The EDFA population inversion factor x4 and the optical filter
bandwidth Av, however, influence the SWDR improvement throughout the whole
range of g. Therefore, a narrow-bandwidth optical filter is required.

For the pre-amplifier case, Eqs. (2-12) and (2-20) indicate that P,pg is very much
larger than P4po, because 7 and 7, are usually smaller than 1. Therefore, the SWDR
improvement is smaller than that for the post-amplifier case.

Figure 2.6 shows the SWDR improvements for the post- and inline-amplifier cases
as a function of the gain g. When g is less than 25 dB, the SWDR improvement is
greater with the inline amplifier than with the post-amplifier. This is because the inline
amplifier amplifies both the signal pulse and the backscattered signal. If there is a large
Fresnel reflection at the end face of the test fiber, i.e., if 7> = 0.1, the SWDR
improvement in both cases saturates when g is larger than 15 dB.

With an EDFA post-amplifier, an optical switch synchronously pulse-driven with
the signal pulse can eliminate the residual ASE in the time domain [2-14], [2-15].
Therefore, the SWDR improvement can be increased. With an inline amplifier, such

optical switch technology cannot be applied, thus limiting the SWDR improvement.
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Figure 2.5 Calculated SWDR improvement achieved with EDFAs
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2.4.2. SNR improvement of C-OTDR with EDFAs

Y. Koyamada et al. previously reported a numerical evaluation of the dynamic range
enhancement of C-OTDR with EDFAs [2-24]. Therefore, this subsection simply
reviews those results.

Figure 2.7 shows three possible arrangements by which EDFAs can be incorporated
into C-OTDR: as (a) a post-amplifier, (b) an inline amplifier, and (c) a pre-amplifier.
Since the sensitivity of C-OTDR is limited by the shot noise, the use of an EDFA as a
pre-amplifier is ineffective for improving the SWDR. Here, only the first two cases are
considered.

Let Ps and P be the backscattered signal light power and the local oscillator light
power, respectively, measured at the receiver of C-OTDR without EDFAs. The SNR at

the output of the receiver is given by

2

I
SNR, =5 (2.27)

2

NC

) ) . . .
where Isc” and Iy~ are the mean square signal current and noise current, respectively,

and are defined as the following:

ISC2 = |:2PSPL0 (Z_ej} > (2.28)
14

J [42‘BT + Ze{id +(P,, + P )(Z—BJHB (2.29)

L \%

The advantage of coherent detection is that, by increasing Pro, SNRc is increased
until Iyc* is dominated by the last term in Eq. (2.29). When this condition is satisfied,
the SNR is given by

SNR, = ZI:; : (2.30)
which corresponds to the quantum limit of detection. In the case of
heterodyne-detection OTDR, the bandwidth B replaces 2B. Assuming SNRc =1, B =1
MHz, v =194 THz (1.55 um), and # = 0.8, the calculated minimum detectable power is

-98 dBm. After averaging the polarization-dependent fluctuation and the heterodyne
detection efficiency due to phase mismatch between the backscattered signal and the
LO, the sensitivity is reduced by 6 dB. Thus, the minimum detectable power is -92
dBm. Compared with D-OTDR, as described in section 2.4.1, the minimum detectable
power of C-OTDR is improved by over 20 dB with a bandwidth of 1 MHz, i.e., a

100-m spatial resolution.
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43



SNR of C-OTDR with EDFA as post-amplifier
When an EDFA is used as a post-amplifier, as shown in Fig. 2.7(a), the signal pulses
are amplified by a factor of g and sent into the test fiber, and the backscattered signal
light power at the receiver becomes gPs. In a manner similar to the D-OTDR
numerical evaluation discussed in section 2.4.1, the SNR can be derived as
2

I
SNR o = —25, (2.31)

2
]NPO,C

where Ispoc” and Iypo ™ are the mean square signal current and noise current,

respectively, and are defined as the following:

ISPO,CZ = glscza (2.32)

2 2 2
ne ne ne ne
Lyoe’ =1’ + {4ePAP0A v(—h Vj +4P,,, P, (—h Vj +4P, P, (ﬁj +4P,, A v(ﬁj :IB

) (2.33)
where 2P po is defined by Eq. (2.12). The second through fifth terms in INPO,CZ
correspond to the shot noise produced by the ASE current, the ASE-signal beat noise,
the ASE-LO beat noise, and the ASE-ASE beat noise [2-23].

SNR of C-OTDR with EDFA as inline amplifier
When an EDFA is used as an inline amplifier, as shown in Fig. 2.7(b), it amplifies
both the pulsed signal light and the backscattered signal light by a factor of g. The
backscattered signal light power at the receiver is then gzPS. The total ASE power
density at the receiver, 2P, is given by Eq. (2.16), and the SNR is given by
2

I
SNR., =—"%

2
NI,C

(2.34)

) 2 . . .
where Is;; and Iy;; are the mean square signal current and noise current, respectively,

and are defined as the following:

151,02 = gzlsc2 ) (2.35)
e e 2 e ? e ?
L, =10+ 4ePA,Av(’7—j+4PA,PS(’7—J +4PA1PLO(77—j +4PA12AV(77—j B.
’ hv hv hv hv
(2.36)
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SNR improvement ratio (SNIR)

The SNIRs in the post- and inline-amplifier cases are obtained by using Eqgs. (2.27),
(2.31), and (2.34). The SWDR improvements for these cases are given by logarithmic
transformation of the SNIRs, adapting the SWDR description commonly used for
OTDR:

SNIR..... =51 SR .o dB 2.37
c,pO = OgSN—R (dB), (2.37)

C

SNR,
SNIR.., = SIOg{ SNRC’ } (dB). (2.38)

For the post-amplifier case, from Eq. (2.33), INPO,Cz is dominated by In¢® and
4P poPro (ne/hv)zB (the ASE-LO beat noise). Therefore, SNRcpo, hardly changes,
even if Av is reduced by using an optical filter. The SWDR improvement, SNIRc po,
defined by Eq. (2.37), increases almost linearly with g up to about 15 dB when g is less
than 30 dB; in this region, INPO,Cz is dominated by INCZ. Next, SNIRcpo saturates at
around g = 50 dB; in this region, INPQC2 is dominated by 4P ,poPro (ne/hv)zB. SWDR
improvement of more than 15 dB is thus possible by applying an EDFA as a
post-amplifier, without using any devices to suppress ASE. As mentioned in section
2.4.1, further improvement is possible by using optical switches to reduce the residual
ASE [2-14], [2-15].

For the inline-amplifier case, the SNR improvement, SNIRc, defined by Eq. (2.38),
increases almost linearly with g when g is less than 25 dB; in this region, Iy;¢* is
dominated by 4P,; P,o (ne/hv)’B (the ASE-LO beat noise). It reaches a maximum at
around g = 30-33 dB and then decreases as g increases above 35 dB; in this region,
Ini ¢ is dominated by 4P, Av (ne/hv)*B (the ASE-ASE beat noise).

Comparing these two cases and considering the possibility of further SWDR
improvement, it can be concluded that application of EDFAs as post-amplifiers in
C-OTDR is the more effective technique.

Furthermore, comparing the SWDR improvement achieved by applying EDFAs in
both D-OTDR and C-OTDR, the results show that the post-amplifier is the most
effective application for both forms of OTDR. Further improvement in the
inline-amplifier application requires an EDFA with a narrow-band optical filter. In the
low-gain region, the inline amplifier is still useful for increasing the SWDR. Therefore,
chapter 3 considers the feasibility of combining both EDFA applications in C-OTDR.
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2.5. Feasibility of D-OTDR with EDFAs as post-amplifier

The feasibility of enhancing D-OTDR by applying an EDFA as a post-amplifier is

examined experimentally.
2.5.1. Optical pulse enhancement with EDFAs

Figure 2.8 show the experimental setup for measuring the characteristics of optical
pulse amplification. The EDFA consisted of a 90-ppm erbium-doped single-mode fiber
(EDF) with a length of 150 m, two optical isolators embedded at each end of the EDF
to achieve stable operation, a 1.48-um FP-LD for EDFA pumping, and a
1.55-/1.48-um WDM coupler. A 1.55-pum FP-LD and a DFB-LD were used to provide
the pulsed light source. These sources were driven in a pulsed mode, and optical pulses
with low repetition were launched into the EDFA. An acousto-optic switch (AO-SW)
in a pulsed mode was driven synchronously with the pulsed light source. This could
reduce the residual ASE from the EDFA. The resultant optical pulse power was
measured by an optical power meter (OPM).

Here, two type of pulsed light source were used. One was the FP-LD, with a
wavelength of 1.554 pm and a linewidth of 14 nm. The pulse power was 10 dBm. The
other was the DFB-LD, with an external cavity having a linewidth of less than 3 kHz.
The CW light from the DFB-LD was introduced into the AO-SW driven in a pulsed
mode, and optical pulses were produced. In this case, the optical pulse power was -10
dBm.

Figure 2.9 shows the optical spectra of the FP-LD (a) with and (b) without the
AO-SW, as measured with an optical spectrum analyzer instead of by the OPM shown
in Fig. 2.8. The pulse width was 1 ps, and the pulse period was 0.41 ms, giving a duty
of -26 dB. With the AO-SW, the 1.48-um pump light was reduced by about 20 dB as
compared with the spectrum for the case without the AO-SW. This indicates the
feasibility of the time-domain filtering of the AO-SW.

Figure 2.10 shows the measured pulsed signal gain characteristics of the EDFA as a
function of the pump light power of the 1.48-um LD. For the FP-LD, the pulse gain
linearly increased when the pump power was 10-40 mW. In the region of pump power
over 40 mW, the gain gradually saturated. For the DFB-LD, the pulse gain linearly
increased.

To increase the pulse power amplified by the EDFA, two EDFAs were concatenated.
The first EDFA had a 70-ppm EDF with a length of 300 m. A 23-dB gain was obtained
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with a pump power of 71 mW. The second EDFA was the one described above, with
the gain characteristics shown in Fig. 2.10.

Figure 2.11 shows the pulse gain characteristics of the two concatenated EDFAs as a
function of the output power of the pulsed signal. The pulsed light source was the
FP-LD. For a 10-ps pulse width, the gain decreased in the region over an output power
of 15 dBm, and the output power saturated at 22 dBm. For a 1-ps pulse width, the gain
began to slightly saturate over an output power of around 24 dBm. Finally, a 31-dB
gain and 30-dBm output power were obtained.

Figure 2.12 shows the pulse shapes amplified by the two concatenated EDFAs for
pulse widths of 1 ps, 10 ps, 50 ns, and 200 ns. The results show that the peak powers
of each pulse had approximately the same value, and that the powers within the pulses

decreased exponentially.

2.5.2. High performance of D-OTDR with two concatenated EDFAs

To the examine the feasibility of enhancing D-OTDR with two concatenated EDFAs
and AO-SW filtering technology, a conventional OTDR was modified by adding the
two concatenated EDFAs, as described in section 2.5.1.

Figure 2.13 shows the experimental setup for D-OTDR with the concatenated
EDFAs. The pulsed light from the 1.55-um FP-LD was amplified by the two EDFAs.
The AO switches, AO-SW1 and AO-SW2, were driven synchronously with the pulsed
FP-LD to eliminate the residual ASE in the time domain. The fundamental port of
AO-SW?2 introduced the backscattered signals from the test fiber into the APD receiver.
The test fiber consisted of three single-mode optical fibers wound around a bobbin, and
each fiber was spliced with directional couplers with a loss of several decibels.

Figure 2.14 shows OTDR traces, measured with the setup shown in Fig. 2.13, for
pulse widths of (a) 50 ns, (b) 200 ns, and (c) 1 ps with 2'® integrations. The pulse
period was 0.41 ms, and the pump power of the 1.48-um LD was 71 mW. The pulse
power with a pulse width of 1 pus was 27 dBm.

Table 2.1 summarizes the SWDR improvements achieved for D-OTDR. The
measured SWDR is defined by the difference between the initial Rayleigh
backscattered signal level and the peak level of the OTDR receiver noise, as described
in section 2.2.2. The measured value here was the difference between the SWDR with
EDFAs and the SWDR without EDFAs. The predicted value was half of the measured
pulse gain. For a 1-ps pulse width, the SWDR was 30.5 dB and the improvement was
8.5 dB, which agrees with the predicted value. This means that the effect of ASE was
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Table 2.1 SWDR improvements for D-OTDR enhanced with EDFAs

SWDR (dB) SWDR improvement (dB)
Pulse width : ) .
with EDFA | without EDFA | Measured value | Predicted value
(S1) (S0) (S1-S0) (g/2)
50 ns 249 14.8 10.1 9.1
200 ns 28.6 18.8 9.8 9.3
I us 30.5 22.0 8.5 8.6
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negligible. For shorter pulse widths, the SWDR improvement was larger than that for a
1-us pulse width. This was because the waveform distortion for a short pulse width is

smaller than that for a 1-ps pulse width, and the resulting pulse gain is larger.

2.6. Feasibility of C-OTDR with EDFAs as post-amplifier

Figure 2.15 shows an experimental setup for C-OTDR with two EDFAs used as a
post-amplifier. A DFB-LD coupled to a 1-km length of fiber to narrow the linewidth
was used as a signal and local oscillator. The linewidth was less than 3 kHz, the output
power was about 1 dBm, and the wavelength was changed to around 1.55 pm by
changing the temperature of the DFB-LD with an LD temperature controller. The CW
light from the DFB-LD was divided by a 3-dB fused fiber directional coupler (FCl)
into two paths: the signal path, and the LO path. The signal pulses were produced by
an AO switch (AO-SW1) operating in a pulsed mode. They were amplified by the two
EDFAs joined by AO-SW2 and then launched into the test fiber through an optical
bandpass filter (OBPF) and FC2. The returned backscattered signal light was mixed
with the optical LO signal by FC3 and detected by a double balanced p-i-n FET
receiver. The detected backscattered signals were electrically amplified and mixed
with the electrical LO signal, and their high frequency parts were eliminated by an LPF
and introduced to the A-D converter. The digitized backscattered signals were squared
and integrated to improve the SNR and finally displayed on the computer monitor as
an OTDR trace after logarithmic transformation. A polarization controller was inserted
between FC1 and the first EDFA to change the SOP of the signal pulse. The minimum
detectable power was -92 dBm for a receiver bandwidth of | MHz

Each amplifier consisted of a 90-ppm EDF with a length of 150 m, pumped by an
FP-LD at 1.48 um. The gains of amplifiers | and 2 were 28 dB and 25 dB, respectively,
for an output pump power of 100 mW. The gain of the second amplifier was smaller
than that of the first because of the gain saturation induced by the large input signal.
AO-SW2, which operated in a pulsed mode synchronized with the signal pulses
passing through it, was placed between the EDFAs to suppress the ASE from the first
EDFA [2-14]. Also, a 1-nm-bandwidth BPF was placed next to the second EDFA to
eliminate its ASE and the 1.48-um pump lights. The launch power was -14 dBm
without the EDFAs. A launch power of approximately 26 dBm was achieved with the
EDFAs, indicating amplification by 40 dB, where the gross gain of the two EDFAs
was 53 dB, as mentioned above. The losses of AO-SW2 and the BPF and the

connection loss were 8 dB, 4 dB, and 1 dB, respectively. Figure 2.16 shows the pulse
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Figure 2.16 Amplified pulse shape from the second EDFA
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shape of the output signal from the second EDFA. The shape of the 1-ps-width pulse
was distorted by the gain saturation of the second EDFA.

The optical frequency was up-converted by 120 MHz by AO-SWI1 at 1.55 pm.
AO-SW2 was designed to down-convert the optical frequency by 115 MHz. The
resulting beat frequency generated by the backscattered signal and the optical LO
signal was 5 MHz. This low frequency made it easy to design the coherent receiver and
the electrical amplifier.

Figure 2.17 show the backscattered traces from the C-OTDR setup without and with
the EDFAs. The measurements were performed on a 40-km-long single-mode fiber
consisting of seven sections joined using 3-dB FCs with a loss of about 3.5 dB. The
launched pulse width was 1 ps, and the frequency bandwidth was 1 MHz, both of
which allowed a 100-m spatial resolution. The number of integrations was 2'*(=4 x
10%), and the temperature of the DFB-LD and the signal pulses SOP were fixed during
the experiment. The SWDR without the EDFAs, measured from the initial
backscattering level to the noise floor level, was found to be 16 dB, as shown in Fig.
2.17(a). The SWDR with the EDFAs was 36 dB, as shown in Fig. 2.17(b), for an
improvement of 20 dB. Consequently, the results confirmed that the whole 40-dB
increase in the launched power with the EDFAs contributed to improving the dynamic
range of C-OTDR. Furthermore, the use of EDFAs did not increase the noise level of
the backscattered signals. If the integrations number increases from 2'2 to 2'%, the
SWDR could be improved by 4.5 dB. This suggests the possibility of an SWDR over
40 dB.
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Figure 2.17 Backscattered C-OTDR traces (a) without EDFAs, and (b) with EDFAs
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2.7. Nonlinear phenomena in optical fiber and pulse power limit

In section 2.2.2, the SWDR of OTDR was defined by Eq. (2.4). The SWDR
increases with the incident pulse power. As mentioned in sections 2.5 and 2.6, a
high-power signal pulse could be obtained using EDFAs. The pulse power could
possibly reach about 30 dBm. Very high power in a small fiber core, however, can
cause significant nonlinear effects, such as stimulated Raman scattering (SRS) and
stimulated Brillouin scattering (SBS) [2-25], [2-26]. These phenomena limit the
allowable launched pulse power in the test fiber. Both the forward SRS and the
backward SBS must be considered for coherent light pulses sent from C-OTDR,
though only the former must be considered for incoherent light pulses sent from
D-OTDR.

Y. Koyamada et al. predicted the critical power theoretically. The critical power of
SBS occurring in a conventional single-mode fiber is about 28 dBm for a 1-us pulse
width [2-24].

Figure 2.18 shows the beat signals measured by the double-balanced FET receiver in
the C-OTDR described above for a 1-us pulse width with a pulse power of (a) 15 dBm,
(b) 21 dBm, (c) 24 dBm, and (d) 28 dBm. For case (c), the beat signals decreased, even
though the incident pulse power theoretically increases under the condition that the
SBS did not occur. Since the test fiber consisted of about 100 km of dispersion-shifted
fiber (DSF), the interaction length was sufficiently long. Therefore, other nonlinear
phenomena are predicted to have occurred in the DSF, rather than SBS or SRS.

Figure 2.19 shows the beat signals measured by the double-balanced FET receiver in
the C-OTDR for a 100-ns pulse width with a pulse power of (a) 24 dBm and (b) 25
dBm. These results also support the above prediction.

Clarification of the SWDR limit of C-OTDR required a detail investigation of the
occurrence of nonlinear phenomena in a DSF is required. Chapter 3 gives the results of
investigating the performance limits of C-OTDR, including these nonlinear

phenomena.
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Figure 2.18 Beat signals measured by C-OTDR with a 1-us pulse width
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Figure 2.19 Beat signals measured by C-OTDR with a 100-ns pulse width
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2.8. Conclusions

The results of theoretical and experimental studies have been described for D-OTDR
and C-OTDR enhanced with EDFAs.

(1) The use of EDFAs as post-amplifiers is the most effective technique of
incorporating EDFAs for both D-OTDR and C-OTDR.

(2) It was confirmed experimentally that the two concatenated EDFAs with a
synchronously driven AO-SW could produce a 30-dBm high-power signal
pulse light with low ASE.

(3) Distortion of the amplified signal pulse in the saturation regime was found
experimentally. The power within the pulse decreased exponentially, and the
leading edge of the pulse peak intensity was independent of the pulse width.

(4) For D-OTDR with a 1-ps pulse width and 2'° integrations, the SWDR and its
improvement were 30.5 and 8.5 dB, respectively, with two concatenated
EDFAs and an AO-SW. With a narrower pulse width, the improvement
increased.

(5) The C-OTDR with a 36-dB SWDR has been constructed using two
concatenated EDFAs and an AO-SW to reduce the ASE noise. This suggests the
possibility of an SWDR over 40 dB.

(6) Although it has been theoretically predicted that the critical powers of SBS and
SRS limit the incident pulse power in C-OTDR, the critical power at which
such nonlinear phenomena occurred in a DSF was found experimentally to be
lower that these critical powers. This result provides new criteria for the SWDR
limit of C-OTDR enhanced with EDFAs.
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Chapter 3. The performance limit of C-OTDR with optical
fiber amplifiers due to optical nonlinear phenomena

This chapter describes theoretical and experimental studies on optical nonlinear
phenomena stimulated by a high-power coherent pulse launched into a single-mode
optical fiber. It also clarifies the critical power for degradation in the performance of

C-OTDR as a result of these phenomena.

3.1. Introduction

Optical time-domain reflectometry (OTDR) is a commonly used technique for
characterization and fault location in optical fiber transmission systems. Many studies
have been undertaken to extend the dynamic range of OTDR [3-1]. Its performance is
significantly improved by using coherent detection [3-2] and optical fiber amplifiers
[3-3]. Coherent detection is a promising technique for improving the receiver
sensitivity up to the quantum limit, which is a big advantage for direct detection.
Erbium-doped fiber amplifiers (EDFAs) have the potential for high gain and high
saturation output power. Coherent-detection OTDR (C-OTDR) with EDFAs has
demonstrated a single-way dynamic range (SWDR) of over 30 dB [3-4]-[3-6].

An optical pulse can be amplified to more than 1 W by using EDFAs. The
high-power optical pulse with a narrow linewidth required for coherent detection
stimulates optical nonlinear phenomena in a single-mode optical fiber [3-7]. These
phenomena significantly degrade the performance of C-OTDR. It is important to
clarify the critical power inducing these phenomena, which are the origin of the SWDR
limit of C-OTDR with EDFAs.

This chapter describes theoretical and experimental studies on the optical nonlinear
phenomena stimulated by launching a high-power coherent pulse into a single-mode
optical fiber. The chapter also clarifies the critical power for degradation in the
performance of C-OTDR as a result of these phenomena. Section 3.2 shows
theoretically that the performance of C-OTDR is degraded by the effects of optical
nonlinear phenomena, such as self-phase modulation (SPM), four-wave mixing
(FWM), stimulated Brillouin scattering (SBS), and stimulated Raman scattering (SRS).
Section 3.3 confirms experimentally that these phenomena degrade the performance of
C-OTDR, and that the critical powers for SPM and FWM are lower than those for SBS
and SRS. This section also considers these critical powers theoretically. Section 3.4
demonstrates high performance of C-OTDR with EDFAs for pulse widths of 10 ps, 4

us, 1 us, and 100 ns, limited by the effects of the nonlinear phenomena.
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3.2. Degradation of the performance of C-OTDR by optical nonlinear
phenomena

3.2.1. Self-phase modulation

Self-phase modulation (SPM) occurs due to the power dependence of the refractive
index of a single-mode optical fiber [3-8]. When an optical pulse with a power gradient
within the pulse width is incident to the optical fiber, the optical frequency of the
transmitted optical pulse passing through the optical fiber is shifted by SPM. The
optical frequency shift dv is [3-8]

sy = Mk () (3.1)

AA Ot

L, = l_eX};(_ aL)’ (3.2)
where A4 is the effective cross section area, which is approximated by A=ra,’, ay is the
mode-field radius, p(?) is the optical pulse power at time ¢, n; is the nonlinear refractive
index of the optical fiber, 4 is the wavelength of the incident optical pulse, L.y is the
effective length, L is the length of the optical fiber, and a is its attenuation coefficient.
Equation (3.1) shows that the optical frequency shift increases in proportion to the
power gradient of the optical pulse and the effective length.

The Rayleigh backscattered signals from the optical fiber have the same optical
frequency shift as the optical pulse propagating in the optical fiber. Since a stable
frequency difference between the Rayleigh backscattered signal and the local oscillator
is needed for coherent detection, the optical frequency shift of the Rayleigh
backscattered light caused by SPM degrades the sensitivity of C-OTDR.

The Rayleigh backscattered signals in the receiver bandwidth are proportional to the
integral of the instantaneous power spectrum over the frequency. The instantaneous
power spectrum of the Rayleigh backscattered signals in the frequency domain is the
square of a SINC function with a period of the inverse of the incident optical pulse
width (1/7) [3-9]. In C-OTDR, the receiver bandwidth B is usually set to 1/z. When the
optical frequency of the Rayleigh backscattered signal is shifted by dv, the detected

signal power decreases in proportion to the function:

%l sin(z(v-6v)/B) ’
S(5v)—Ji Y }dv, (3.3)

where v is the frequency. Let the detection coupling coefficient for the optical
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frequency shift be 7(ov). It is derived as S(dv) normalized by S(0).
n(év)=%”)) (3.4)
Equation (3.4) shows the sensitivity degradation of C-OTDR due to the optical
frequency
Figure 3.1 shows the calculated sensitivity degradation as a function of the optical
frequency shift Jv normalized by the receiver bandwidth B. When the critical
frequency shift ov. is defined to make the sensitivity degradation less than 0.05 dB,
ov/B 1s 0.4. Therefore, the critical power gradient of the incident optical pulse is
derived from Eq.(3.1) as
op(t)| _ M Sv = A
Ot n,L,, n,L,;

Equation (3.5) shows that the critical power gradient is proportional to the receiver

0.4B. (3.5)

c

bandwidth, so the condition is much more severe for a narrow bandwidth receiver (i.e.,
an incident optical pulse with a long pulse width). For example, for a receiver
bandwidth B of 1 MHz (i.e., 1 pus pulse width), the critical power gradient is 4.7x10*
W/s, assuming that an optical pulse with a wavelength = 1.551 pum is incident to a
standard single-mode optical fiber with an effective cross section area 4 = 50 umz,
optical fiber length L = 100 km, and nonlinear index n, = 3.2x10%° m*/W [3-7]. For a
100 ns pulse width, however, the critical power gradient is 10 times that for the 1 ps

pulse width.

3.2.2. Four-wave mixing

Four-wave mixing (FWM) is a parametric interaction which generates new
frequencies on both sides of the pump frequency [3-10]. The energy from a pump light
wave at frequency vy is transformed into two side-bands located symmetrically at
frequencies vp-vs and vp+v,. The low frequency side-band at vy-v; and the high
frequency one at vytv, are referred to as the Stokes and anti-Stokes bands,
respectively.

When phase matching is achieved by the nonlinear phenomena of SPM, the FWM
frequency shift v, [3-10],[3-11] is

1 29P,

vV, :E |ﬂ2 , (36)
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Figure 3.1 Calculated sensitivity degradation as a function of
the optical frequency shift ov.
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_ 2m,

= , 3.7
Y (3.7)
42
B =- 5 D, (3.8)
e
and the bandwidth (FWHM) 4v,[3-10],[3-11] is approximately
1%
Av, =—, 3.9
v = (3.9)

where P;is the incident optical power, c is the velocity of light in vacuum, and D is the
dispersion of the optical fiber.

When the Stokes light and the anti-Stokes light are generated as a result of FWM,
which is a parametric interaction between the incident optical pulse and amplified
spontaneous emission (ASE), the power of the Rayleigh backscattered signal detected

in the receiver bandwidth decreases and the performance of C-OTDR is degraded.

3.2.3. Stimulated Raman scattering and stimulated Brillouin
scattering

Once stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS)
occur in the optical fiber, the energy of the incident optical pulse is transferred to the
Stokes light [3-12]. The critical incident pulse power in C-OTDR enhanced with
EDFAs is theoretically given by that for SRS or SBS [3-13].

The critical power for SRS for a non-polarization-maintaining single-mode fiber has
been derived as [3-12]

P =216Aa’ (3.10)
8,
where g, is the Raman gain coefficient for SRS. The critical power is independent of

the incident pulse width. If we assume a standard single-mode optical fiber with an
effective cross section area 4 = 50 pm? (mode-field radius a,, = 4 um), an attenuation
coefficient o = 4.8x10° m™ (0.21 dB/km) at 1.55 pm, and a Raman gain coefficient g,
= 6.5x10""* m/W [3-7], then the critical power for SRS is calculated to be 1.18 W (30.7
dBm). The critical power for SBS for a non-polarization-maintaining single-mode fiber
for a pulse with a pulse width 7 has been derived as [3-13]

214

5
& 0

where g, is the Brillouin gain coefficient for SBS. Equation (3.11) shows that the

P, =2 (3.11)
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critical power for SBS depends on the pulse width. Assuming a standard single-mode
fiber with a Brillouin gain coefficient g, = 4.5x10"" m/W [3-12] and a core refractive
index n = 1.45 at 1.55 um, the critical power of SBS for pulse widths =1 ps and 7 =
100 ns was calculated to be 451 mW (26.5 dBm) and 45.1 mW (36.5 dBm),

respectively.

3.3. Experiments

Experiments were performed in order to clarify the critical conditions of the incident
optical pulse for degrading the performance of C-OTDR due to the nonlinear

phenomena in the optical fiber.

3.3.1. Experimental set-up

Figure 3.2 shows the experimental set-up for C-OTDR with EDFAs. A DFB-LD was
coupled to a 1 km long fiber to reduce the linewidth [3-14] and, as a result, the
linewidth was less than 10 kHz. The CW light from the DFB-LD was divided by a
3-dB fused fiber directional coupler (FC1) into two paths: a signal path and a local
oscillator (LO) path. The signal pulses were produced by an optical waveguide switch
made of LiNbO; (EO-SW) operating in a pulsed mode. The pulse period was 2 ms.
The signal pulses were amplified by two post-amplifiers (EDFA1 and EDFA2) and an
in-line amplifier (EDFA3). An acousto-optic switch (AO-SW), operating in a pulse
mode synchronized with the EO-SW, eliminated the amplified spontaneous emission
(ASE) from EDFA1. The optical frequency of the signal pulses was shifted by 120
MHz at the AO-SW. The amplified signal pulses were launched into a 100 km long test
fiber.

The Rayleigh backscattered signals from the test fiber were mixed with the local
oscillator by FC2 and detected with a double balanced p-i-n-FET receiver. The
detected signals were mixed with the 120-MHz electrical local oscillator. A
low-frequency-pass filter (LPF) eliminated their high frequency parts and the resulting
signals were introduced into an analog to digital (A-D) converter. The digitized signals
were squared and integrated, and finally displayed on a computer monitor as a

conventional OTDR trace.
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EO-SW: Optical waveguide switch made of LiNbO,
AO-SW: Accousto-optic switch

EDFA: Erbium-doped fiber amplifier

FC: 3-dB optical fiber coupler

LPF: Low-pass filter

A-D: Analog-digital converter

Figure 3.2 Experimental set-up for C-OTDR enhanced with EDFAs.
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3.3.2. Experimental results

For a 1-us pulse width

Figure 3.3 shows the C-OTDR traces measured for a 1-pus pulse width. In trace (a),
the incident pulse power was 21 dBm. The total loss of the test fiber was found to be
22 dB from the C-OTDR trace, which agreed with the total loss measured with the
optical power meter. The single-way dynamic range (SWDR) was about 39 dB after
2'® integrations. There is a little amplitude fluctuation in the C-OTDR trace due to the
fading noise [3-9]. In trace (b), the incident pulse power was 24 dBm. Compared with
trace (a), the attenuation curve of the optical fiber on the C-OTDR trace gradually
became distorted from 10 km to 100 km. The total measured loss of the optical fiber
was 24 dB, which was 2 dB larger than that of (a). This was because the Rayleigh
backscattered signal power in the receiver bandwidth was decreased by the effect of
the nonlinear phenomena.

Figure 3.4(1) shows the incident optical pulse waveforms with a pulse width of 1 ps
and averaged pulse power over the pulse width of (a) 21 dBm, (b) 24 dBm, and (c) 28
dBm. The power of the optical pulse amplified by EDFAs in the saturation regime
gradually decreased from the head of the pulse to its tail, due to a reduction in the
inversion population in the erbium-doped fiber. The power gradient within the pulse
width increased in proportion to the pulse power. In these experiments, the power
gradient within the pulse width was approximately constant, and the power gradient k&
with the pulse width of T was determined as

= 2O =P@ (3.12)
T

From Fig. 3.4(1), the measured power gradient  for (a) was 2.91x10* W/s, which is
less than the theoretical critical power gradient calculated in section 3.2.1. The
measured power gradients for (b) and (c) were 6.64x10* W/s and 3.46x10° W/s,
respectively, which are larger than the theoretical critical power gradient.

Figure 3.4(2) shows the transmitted optical pulse waveforms passing through the test
fiber. In (a), the distortion of the pulse waveform was small in comparison with the
incident optical pulse waveform shown in Fig. 3.4(1). In (b), the tail of the pulse was
slightly rounded due to SBS. In (c), the pulse waveform was significantly distorted.
The power of the head of the incident pulse was about 30 dBm from Fig. 3.4(1) and
reached the calculated critical power for SRS. So the power of the head of the pulse
was converted into Stokes light in the 1.65 pm wavelength band as shown in Fig.
3.4(4). The power of the tail of the incident pulse was about 26 dBm and reached the
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Figure 3.3 C-OTDR trace with 1-us pulse width for incident
pulse power of (a) 21 dBm, and (b) 24 dBm.
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calculated critical power for SBS for a 1 ps pulse width. So the power of the tail was
reduced by the backward SBS.

Figure 3.4(3) shows the optical spectra in the frequency domain of the transmitted
optical pulse. These spectra were measured using the set-up shown in Fig. 3.5. In (a),
the optical spectrum was in the form of the square of a SINC function with center
frequency of 120.4 MHz and period of 1 MHz. The center optical frequency was
shifted by 0.4 MHz in comparison with the optical frequency shift of 120 MHz at the
AO-SW, which was caused by the effect of SPM. In (b), the center optical frequency
was shifted by 1 MHz. In (c), the optical frequency shift was even greater.

Figure 3.4(4) shows the optical spectrum in the wavelength domain of the
transmitted optical pulse. In (a), the center wavelength of the transmitted pulse was
1.5513 pm. No Stokes or anti-Stokes light was generated. In (b), two side-bands were
generated, one on either side of the center wavelength, as a result of FWM. In (c),
Stokes light with a center wavelength of 1.65 um was generated by SRS.

The test fiber in this experiment had a length L = 100 km, the attenuation coefficient
o =4.8x10° m™', and effective cross section 4 = 50 um? (the mode-field radius a,, = 4
um) at the wavelength of 4 = 1.5513 um. Assuming the test fiber to be a standard
single-mode fiber with nonlinear refractive index n, = 3.2x107%° m¥/W [3-7], the optical
frequency shift ov was calculated using Egs. (3.1) and (3.2), as a function of the power
gradient k (Figure 3.6). The measured optical frequency shift is also plotted. The
calculated result roughly agrees with the experimental values. The reasons for the
discrepancy between the measured and the calculated values plotted in Figure 3.6
were: (1) the measured power gradient k, which was approximated as shown in Eq.
(3.12) for simplicity, was smaller than the exact one because the power of the
amplified optical pulse exponentially decreased from the head of the pulse to its tail,
and (2) the nonlinear refractive index n, of the Ge-doped core fiber (in this experiment)
was different from that of a pure Si core fiber (in Ref. [3-7]), which was used in the
calculation.

These experiments clarify that the critical condition for degrading the performance
of C-OTDR combined with EDFAs is given by the optical frequency shift of the
Rayleigh backscattered signals caused by the effect of SPM. The critical power
gradient of the incident pulse amplified using the EDFAs in this experiment was
2.91x10* W/s and the pulse power for this critical condition was lower than the critical

power for the other nonlinear phenomena.

76



FC

Transmitted signal pulse ——» Electrical
> ----|Spectrum
LO

> analyzer

Double-balanced
p-i-n FET receiver

Figure 3.5 Experimental set-up for measuring optical spectrum in
the frequency domain.

Measured values

Optical frequency shift (MHz)

0.0 2.0 4.0 6.0 8.0

Pulse power gradient & ( x 10" W/s)

Figure 3.6 Optical frequency shift as a function of pulse power gradient.
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For a 100-ns pulse width

Experiments were also performed for a 100 ns pulse width. Figure 3.7 shows the
C-OTDR traces after 2'® integrations. In trace (a), the incident pulse power was 24
dBm. The total loss of the test fiber was found to be 22 dB, which agreed with the
previous experimental results shown in Fig. 3.3(a). The SWDR was about 29 dB. In
trace (b), the incident pulse power was 25 dBm. The C-OTDR trace was distorted and
at 20 km shifted down by about 2 dB. The total measured loss of the test fiber was 2.5
dB greater than that of (a). The reason for this is that the detected signal power was
decreased by the nonlinear phenomena.

Figure 3.8(1) shows the incident optical pulse waveforms. The power gradient of the
pulse was negligible in both (a) and (b). Figure 3.8(2) shows the transmitted optical
pulse waveforms. The transmitted pulse waveform was unchanged from the incident
optical pulse in both cases. Figure 3.8(3) shows the optical spectra in the frequency
domain. They had the form of the square of a SINC function with center frequency of
120 MHz and period of 10 MHz. The optical frequency shift of the transmitted optical
pulse was also negligible in both cases. Figure 3.8(4) shows the optical spectra in the
optical wavelength domain. In (a), the side-bands were very small. In (b), Stokes and
anti-Stokes lights were generated on either side of the center wavelength as a result of
FWM, which causes the incident optical pulse to interact parametrically with the ASE.
The power levels of the Stokes and anti-Stokes lights were 15 dB higher than the ASE
level. The optical wavelength shift (the optical frequency shift) between the signal and
the Stokes or anti-Stokes light was about 0.5 nm (62 GHz) and the Stokes bandwidth
was about 0.25 nm (32 GHz).

The test fiber was composed of several 5-20 km dispersion-shifted single-mode
fibers with typical dispersion D = -1.50 ps/(km-nm). From Egs. (3.6) and (3.9), the
calculated frequency shift and the Stokes bandwidth at the incident pulse power of P; =
316 mW (25dBm) were 147 GHz and 74 GHz, respectively. The reasons for the
difference between the measured value and the calculated one were: (1) the coefficient
ny of the Ge-doped core fiber (in this experiment) was different from that of a pure Si
core fiber, (2) there was some fluctuation of the dispersion in the test fiber, and (3) the
parametric gain of FWM was suppressed by polarization mismatch between the signal
pulse and the ASE.

These experiments show that the critical condition for a 100 ns pulse width is given
by FWM, which leads to the generation of the Stokes and anti-Stokes light. The FWM
critical power for the incident pulse amplified with the EDFAs in this experiment was

lower than the critical power for the other nonlinear phenomena.
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(a) 24 dBm, and (b) 25 dBm.
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3.4. Performance limit of C-OTDR enhanced with EDFAs due to
nonlinear phenomena

3.4.1. Critical incident pulse power for pulse widths of longer than 1ps

The previous experimental results showed that the critical incident pulse power for a
1-us pulse width (i.e., 1-MHz receiver bandwidth) was about 21 dBm, limited by the
effect of SPM. The measured critical power gradient was 2.9x10* W/s. Since the
critical condition for the effect of SPM is more severe for a narrow bandwidth (i.e., a
long pulse width), the critical conditions for pulse widths of 4 ps and 10 pus were
measured. For a 4-ps pulse width (i.e., 250-kHz receiver bandwidth), the measured
critical power gradient k. was 4.4x10° W/s, for which the optical frequency shift
normalized by the receiver bandwidth (6v/B) was less than 0.4. The pulse power of the
critical incident pulse amplified with EDFAs in this experiment was 18.1 dBm. For a
10-us pulse width (i.e., 100-kHz receiver bandwidth), the measured critical power
gradient k. was 2.1x10° W/s and the pulse power of the critical incident pulse
amplified with EDFAs in this experiment was 16.7 dBm.

Figure 3.9 shows the calculated critical power for SBS, that for SRS, and plots of
experimental critical pulse powers for SPM and FWM as a function of the receiver
bandwidth. For a 1-us or longer pulse width (i.e., a 1-MHz or narrower receiver
bandwidth), the critical pulse power for SPM was lower than those of SBS or SRS. For
a 100 ns (i.e., a 10-MHz bandwidth), the critical pulse power for FWM was also lower
than those for SBS or SRS.

3.4.2. Performance of C-OTDR at critical incident pulse power

Figure 3.10 shows the C-OTDR traces for a 1-ps pulse width after 2'® integrations.
The SWDR was found to be 39 dB and the attenuation curve in the C-OTDR trace
indicates the characteristics of the test fiber. The incident pulse had pulse power of
20.7 dBm and a power gradient of 2.9x10* W/s, which was the critical condition for
the effect of SPM. The minimum power detectable by the receiver was about -85 dBm
for 1-MHz bandwidth.

Figure 3.11 shows the C-OTDR trace for a 4-us pulse width. The critical power
gradient of the incident pulse was 4.4x10° W/s, for which the optical frequency shift
normalized by the bandwidth (6v/B) was less than 0.4, and the incident pulse power
was 18.1 dBm. The SWDR was found to be 44 dB. The degradation by SPM was
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Figure 3.9 Critical pulse power of nonlinear phenomena as a function of
bandwidth (i.e., inverse of pulse width: 1/7).
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Figure 3.11 C-OTDR trace with pulse width of 4-us.
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negligible.

Figure 3.12 shows the C-OTDR trace for a 10-us pulse width. The critical power
gradient of the incident pulse was 2.1x10° W/s at which the incident pulse power was
16.7 dBm in this experiment. The SWDR was found to be 48 dB and the degradation
by SPM was also negligible.

Figure 3.13 shows the C-OTDR trace for a 100 ns pulse width. The incident pulse
power was 24 dBm, which was limited by the effect of FWM according to the previous
results. The minimum power detectable by the receiver for 10 MHz bandwidth was
about -72 dBm. The SWDR was found to be about 29 dB.

For 10-ps, 4-ps, 1-us and 100-ns pulse widths, we have demonstrated the critical
pulse power and the performance limit of C-OTDR enhanced with EDFAs due to the
effect of SPM and FWM.

84



Backscattered power (dB)

Backscattered power (dB)

_
o

-60

20 f

30 F

50 |

50

100

150
Fiber length (km)

o E===d

Figure 3.12 C-OTDR trace with pulse width of 10-ps.

-10

50

100
Fiber length (km)

150

200

Figure 3.13 C-OTDR trace with pulse width of 100-ns.

85



3.5. Conclusions

This chapter has clarified theoretically and experimentally that the critical conditions
at which the performance of C-OTDR with EDFAs is degraded by the effects of
optical nonlinear phenomena in a single-mode optical fiber are given by the effects of
SPM and FWM. For a 1-ps pulse width, the incident pulse power was limited by the
effect of SPM. When an optical pulse with a power gradient within the pulse width was
incident into a single-mode fiber, the optical frequency of the backscattered signal was
shifted by SPM, and the center frequency of the signal moved outside the receiver
band, thus degrading the sensitivity of C-OTDR. The effect of SPM on sensitivity was
greater for a narrow bandwidth (i.e., a long pulse width). For a 100-ns pulse width, the
incident pulse power was limited by FWM, which caused the incident optical pulse to
interact with the amplified spontaneous emission and be converted to Stokes and
anti-Stokes light. The critical powers for SPM and FWM were lower than those for
SBS and SRS.

Through this chapter, the high performance of C-OTDR enhanced with EDFAs has
been demonstrated. The SWDRs of C-OTDR for pulse widths of 10 us, 4 us, 1 ps, and
100 ns after 2'® integrations were 48 dB, 44 dB, 39 dB, and 29 dB, respectively, which
are believed to represent the highest performance of any C-OTDR with EDFAs.

The above 48-dB-SWDR C-OTDR with a pulse width of 10 ps can be applied to
monitor the 160-km repeaterless optical transmission systems deployed in NTT trunk

lines in Japan.
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Chapter 4. Amplitude fluctuation in C-OTDR and its
reduction technique

This chapter provides a stochastic description of the amplitude fluctuation and
estimates it theoretically. An effective reduction technique, in which an RF current
pulse is induced in the drive current of the laser diode (LD) C-OTDR source while
changing the LD temperature, is proposed, and reduction of the amplitude fluctuation

is experimentally demonstrated.

4.1. Introduction

Optical time-domain reflectometry (OTDR) is a commonly used technique for fault
location and characterization in optical fiber transmission systems. Many studies have
been undertaken to extend the dynamic range of OTDR [4-1]. Coherent detection is a
promising technique for improving the receiver sensitivity up to the quantum limit,
which is advantageous for direct detection [4-2]-[4-7]. Coherent-detection OTDR
(C-OTDR) enhanced with erbium-doped fiber amplifiers (EDFAs) has been
demonstrated to achieve a single-way dynamic range (SWDR) of over 40 dB
[4-6],[4-7].

A problem with C-OTDR is the occurrence of amplitude fluctuation, which leads to
a reduction in measurement accuracy. This fluctuation is caused by the following
factors: (1) fading noise resulting from the interference of Rayleigh backscattered light
[4-8]; (2) the polarization-dependent fluctuation caused by the state of polarization
(SOP) mismatch between the Rayleigh backscattered light and the local oscillator (LO)
light; and (3) the fluctuation of the heterodyne detection efficiency, caused by the
relative phase change between the Rayleigh backscattered signal and the LO. The
amplitude fluctuation in C-OTDR has been reported to be about 0.2—0.3 dB [4-3],[4-9].
This fluctuation must be reduced before C-OTDR can be practically applied in optical
fiber networks.

This chapter provides a stochastic description of the amplitude fluctuation and
estimates it theoretically. It also proposes an effective reduction technique, in which an
RF current pulse is induced in the drive current of the laser diode (LD) C-OTDR
source while changing the LD temperature. Furthermore, the chapter experimentally
demonstrates reduction of the amplitude fluctuation. Section 4.2 derives a stochastic
formula for amplitude fluctuation in the C-OTDR trace, by using the probability

density functions for each factor, and it evaluates the amplitude fluctuation
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theoretically. Section 4.3 describes techniques for reducing the effects of each factor
and calculates the amplitude fluctuation with integrations. Section 4.4 theoretically
investigates asynchronous optical frequency hopping, which increases the inclination
of the C-OTDR trace and reduces the measurement accuracy. This section also
proposes a new technique for reducing the amplitude fluctuation by stimulating
synchronous optical frequency hopping with no inclination increase. Finally, section
4.5 reports experiments which demonstrate a reduction in the amplitude fluctuation in
C-OTDR.

4.2. Stochastic description of the amplitude fluctuation in the
C-OTDR trace

4.2.1. Amplitude fluctuation in the C-OTDR trace

Figure 4.1 shows the C-OTDR configuration. A CW light from a narrow linewidth
source with an optical frequency of vis divided by a 3-dB fused-fiber directional
coupler (FC1) into two paths; a signal path and a local oscillator (LO) path. The signal
pulse is produced by an acousto-optic switch (AO-SW) which is an acousto-optic
modulator (AOM) made of PbMoOs operated in a pulsed mode. The optical frequency
of the signal pulse is shifted by the modulation frequency va of the AO-SW. The beam
waist and the rise-time of the AOM used in the experiment were about 0.5 mm and 60
ns, respectively. The rise-time can be improved by employing a smaller beam waist.
However, the deflection efficiency is degraded and the resulting insertion loss
increases. For a 100 ns or shorter pulse width, we used an optical waveguide switch
made of LiNbOs3 (EO-SW) operating in a pulsed mode synchronized with the AO-SW
in order to reshape the signal pulse. The rise-time and insertion loss of the EO-SW
were 4 ns and 3.5 dB, respectively.

When a signal pulse with a unit pulse power is launched into the test fiber and
passes through FC2 at time ¢ = 0, the Rayleigh backscattered signal,
Ey(f)-exp(j2rn(vtvi)tte(t)), at time ¢ is mixed with the LO light, E;o-exp(j2zvt), by FC3
and is detected with a double balanced p-i-n FET receiver. The detected signal current

i(¢) is proportional to the square of the total signal field and is shown as,
i) = (Z—e}[sz +E, (1) +2E,,E, (1) cos (1) cosQav 1 + p(1)) ], (4.1)
1%

where 6(¢) and ¢(f) are the relative polarization angle and the relative phase between

the backscattered signal and the LO light, respectively. The ac signal of the last term in
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Eq. (4.1) is converted to a baseband signal by mixing it with the electrical LO with a
frequency of v4. A low frequency pass filter (LPF) eliminates its high frequency part.
The baseband signal, E; o Ex(t)-cosé(f)-cosp(t), is introduced into an analog to digital
(A-D) converter. The square of the baseband signal is integrated to improve the
signal-to-noise ratio (SNR). Finally the squared signal, ELoz-Eb(t)z-coszﬁ(t)-cosz(p(t), is
displayed on a computer CRT as a conventional OTDR trace. The C-OTDR trace S(¢)

in dB is shown as
S(t) = 5log(E,,  E, ()" cos® 6(t)cos” p(1)). (dB) (4.2)

When the test fiber attenuation is taken into account, the Rayleigh backscattered
signal power Ej(f)* observed at the input fiber end at time ¢ is shown as [4-1]
E,(6) = E, (1)’ exp(— 2a(c—tn, (4.3)
2n
where Eg(?) is the amplitude of the Rayleigh backscattered signal from the scattering
volume at the location z (=c#/(2n)) in the test fiber, c is the light velocity in a vacuum, n
is the refractive index of the test fiber and a (m™) is the attenuation coefficient of the
test fiber. Therefore, the C-OTDR trace S(¢) is derived from Egs. (4.2) and (4.3), and is
given as
S(1) = —(10a log e)(%] +5log(E, (1)* cos® O(t)cos” p(1)), (dB)  (4.4)
where the LO light power is E;o> = 1 for simplicity. The first term in Eq. (4.4) implies
the attenuation characteristics of the test fiber, and time t corresponds to the location z
(=ct/(2n)) in the test fiber. The second term involves three variables; Ex(f), cosé(t), and
cosg(?). The stochastic nature of this term is the origin of the amplitude fluctuation in
the C-OTDR trace.

4.2.2. Stochastic formulas for the amplitude fluctuation

The amplitude fluctuation must be described stochastically before it can be
estimated theoretically. The second term in Eq. (4.4) includes three variables and the
fluctuation of this term causes the amplitude fluctuation in the C-OTDR trace. In this
thesis, the amplitude fluctuation is regarded as the square root of the variance of
ER(t)z-coszﬁ(t)-coszgo(t) in the second term of Eq. (4.4). Therefore, the amplitude

fluctuation A in dB is shown as

A = 5log(m + &) — 5log(m) = 5 log(l + Ej . (dB) (4.5)
m
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where m is the mean of ER(t)z-coszﬁ(t)-coszgo(t) (=X, o is the square root of the
variance of X* and the amplitude X is

X =E,(t)cosO(t)cosp(t) . (4.6)

Since the variables Egr(f)(=u), cosO(f)(=v), cosp(t)(=w) vary independently, the

probability density function P(X) can be described as the joint probability density
function [4-10],

P(X) = p(u)p,(V)ps (W), (4.7)
where pi(u), p2(v) and ps3(w) are the probability density functions for the variables u, v

and w, respectively. Then, the mean m of X is
m=(X*) = [ X2P(X)AX = [u2v*w* p, (v)p; () py (widvdudw, — (4.8)

and the square root o of the variance of X* is

o=(x")={x?)", (4.9)
<X4> = jX“P(X)dX = ju‘*v“w“ P,V p, () ps(W)dvdudw . (4.10)

If the probability density functions pi(u), p.(v) and p3(w) are determined, the
amplitude fluctuation (A) can be calculated by Egs. (4.5), and (4.8) - (4.10).

4.2.3. Calculation of the amplitude fluctuation

The amplitude fluctuation is calculated under the following conditions: (a) without
using an amplitude fluctuation reduction technique, (b) with a reduction technique (e.g.
the polarization-diversity detection technique described in section 4.3.2) to reduce the
fluctuation in the optical detection efficiency caused by a change in the polarization
mismatch, (¢) with a reduction technique (e.g. the phase-diversity detection technique
described in section 4.3.3) to reduce the fluctuation in the heterodyne detection
efficiency caused by the relative phase change and (d) with both techniques to reduce
the detection efficiency fluctuation caused by the polarization mismatch change and
the relative phase change.

With (a), since the Rayleigh backscattered signal, Er(f), from a single-mode optical
fiber has Rayleigh statistics [4-8], the probability density function p;(u) is derived as

u u2
P (u) =a—zexp[— ST ] (4.11)

where a is constant. The SOP mismatch 6(¢) described in Eq. (4.6) is changed by the
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birefringence and mechanical vibration in the test fiber. Hence the probability density

function py(v) is derived as,
1

Py(V)=—F—,

’ aN1=v?
while 6(¢) is uniformly distributed with the interval (-m,m) [4-10],[4-11]. Since the
relative phase ¢(¢) described in Eq. (4.6) is randomized by the phase noise in the test

(4.12)

fiber, the probability density function p3(w) is, simultaneously, derived as,
p;(w) =%, (4.13)
aNl=w
while ¢(f) is uniformly distributed with the interval (-, 7) [4-10],[4-11]. Therefore, the
amplitude fluctuation 4, which depends on o/m, is derived from Egs. (4.5), (4.8) and
(4.9) after calculating <X>> and <X*> by inserting Egs. (4.11) - (4.13) into Egs. (4.8)
and (4.10). Thus, the calculated o/m and 4 values are 1.9 and 2.3 dB, respectively.

For (b), the optical detection efficiency, which depends on the change in the SOP
mismatch, is stabilized and cosé(¢) (= v) in Eq. (4.4) can be regarded as a constant c;.
The second term of Eq. (4.4) is rewritten as Slog(Ex(f)*-cos’p(f))+5log(ci?). The
amplitude fluctuation in this case is caused by the first term of 510g(ER(t)2-coszgo(t)).
Therefore, in calculating the amplitude fluctuation, the variable cosé(¢) (= v) and the
probability density function p,(v) must be omitted from Egs. (4.6)-(4.10). The o/m and
A values are simultaneously determined as with (a), and they are 1.4 and 1.9 dB,
respectively.

For (c), the heterodyne detection efficiency, which depends on the relative phase, is
stabilized and cosg(?) (= w) in Eq. (4.4) can be regarded as a constant c,. The second
term of Eq. (4.4) is rewritten as 5log(ER(t)2-coszﬁ(t))JrSlog(czz). The amplitude
fluctuation in this case is caused by the first term of Slog (£ #(£)*-cos?0(¢)). Therefore, in
calculating the amplitude fluctuation, the variable cosg(?) (= w) and the probability
density function ps3(w) must be omitted from Egs. (4.6) - (4.10) as with (b). The o/m
and 4 values are calculated simultaneously and are 1.4 and 1.9 dB, respectively.

For (d), the detection efficiency fluctuation caused by the SOP mismatch and the
relative phase change is reduced. cosé(f) (= v) and cosp(?) (= w) in Eq. (4.4) can be
regarded as a constant c3. The second term of Eq. (4.4) is rewritten as 5log(Ex(7)?) +
510g(C32). The amplitude fluctuation in this case is caused by the first term of
5log(Ex(t)*). Therefore, in calculating the amplitude fluctuation, the variables cosé(?)
(= v) and cosg(?) (= w) and the probability density functions p,(v) and p3(w) must be
omitted from Egs. (4.6) - (4.10). The o/m and 4 values are calculated simultaneously

and are 1 and 1.5 dB, respectively.
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The calculated o/m values for (a)-(d) indicate the amplitude fluctuation in the
C-OTDR trace with only one measurement and are the fundamental values for

calculating the amplitude fluctuation with N integrations.

4.3. Techniques for reducing amplitude fluctuation in C-OTDR with
N integrations

4.3.1. Optical frequency domain integration technique for reducing
the amplitude fluctuation caused by interference between
Rayleigh backscattered lights

The amplitude fluctuation in the C-OTDR trace, caused by interference between the
Rayleigh backscattered lights, decreases in proportion to the square root of the number
of independent Rayleigh backscattered signals [4-8],[4-9]. For a signal pulse with a
pulse width of z, the optical frequency change by 1/7 in Hz produces an independent
Rayleigh backscattered signal [4-12]. Therefore, it can be reduced by changing the
optical frequency of the signal pulse during the integration of the Rayleigh
backscattered signals [4-13]. This technique corresponds to the integration of the
Rayleigh backscattered signals over the optical frequency domain, and we call it the
optical frequency domain integration technique. In order to reduce the amplitude
fluctuation effectively, an optical frequency change is required every time a signal

pulse is launched.

4.3.2. Polarization dependent fluctuation reduction techniques

The state of polarization (SOP) mismatch between Rayleigh backscattered light and
LO light changes the optical heterodyne detection efficiency. Since the SOP of
Rayleigh backscattered light is changed by a small birefringence and mechanical
vibration in the test fiber, the polarization dependent fluctuation is distributed along the
test fiber and can not be reduced by temporal averaging.

A polarization scrambler randomizes the SOP of the Rayleigh backscattered signals
[4-14]. Therefore, the relative SOP angle 6(f) described in Eq. (4.6) is uniformly
distributed with the interval (-m,m) and the probability density function is shown as
Eq.(4.12). This corresponds to condition (a) in section 4.2.3. Averaging the signals
with the randomized SOP can reduce the polarization dependent fluctuation. We call

this the scrambling SOP technique.
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When the polarization dependent fluctuation distributed along the test fiber is stable
during the measurement period, it can be reduced by averaging the orthogonal SOP of
the Rayleigh backscattered signals [4-13] (which we call the orthogonal SOP averaging
technique). The polarization-diversity detection technique can also effectively reduce
the polarization dependent fluctuation and improve the sensitivity [4-15]. The
application of the orthogonal SOP averaging technique or the polarization-diversity
detection technique stabilizes the optical heterodyne detection efficiency and the
variable v described in Eq.(4.6) is constant. This corresponds to condition (b) in section
4.2.3.

4.3.3. Relative phase dependent fluctuation reduction techniques

The relative phase between the Rayleigh backscattered signal and the LO changes
the heterodyne detection efficiency. The phase-diversity detection technique stabilizes
the heterodyne detection efficiency and reduces the relative phase dependent
fluctuation [4-16]. Therefore, the variable w described in Eq. (4.6) is constant. This
corresponds to condition (c¢) in section 4.2.3. However, the relative phase dependent
fluctuation is reduced by temporal averaging because the relative phase is randomized
by the phase noise in the test fiber. Thus, the relative phase ¢(¢) described in Eq. (4.6)
is uniformly distributed with the interval (-m,m) and the probability density function is

shown as Eq. (4.13). This corresponds to condition (a) in section 4.2.3.

4.3.4. Amplitude fluctuation with /V integrations

When the independent random variables of Xi (i=1,2,3,...,N) are averaged with a
constant variance o°, the variance of the averaged variables is ¢/N [4-10],[4-11].
Therefore, the amplitude fluctuation decreases in proportion to the inverse of the
square root of the averaging number N of independent Rayleigh backscattered signals
and the amplitude fluctuation with N integrations is derived from Eq. (4.5),

o/m

A= SIOg[l i j (dB) (4.14)

Table 4.1 shows the calculated amplitude fluctuation with N integrations when the
above reduction techniques are applied. For (a), when optical frequency domain
integration is applied with the scrambling SOP technique and temporal averaging, the
amplitude fluctuation with N integrations is as shown by Eq. (4.14) at o/m of 1.9. For

(b), when optical frequency domain integration is applied with the
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Table 4.1 The amplitude fluctuation with N integrations and its reduction techniques

Technique for Technique for Technique for Calculated Condition
reducing amplitude reducing polarization | reducing relative amplitude in section
fluctuation due to dependent phase dependent fluctuation with | 4.2.3
interference between fluctuation fluctuation N integrations
Rayleigh lights (dB)
Optical frequency Scrambling SOP Temporal averaging | o/m=1.9
domain integration technique for randomized
v=cos &) relative phase 1.9 (a)
B 1 w=cos¢(?) A=5 log[l + —J
p,(v)= ? 1 JN
NITY p;(w) = >
> aNl-w
(u) = 2 exp| - —
P =3O 75 5 Phase-diversity olm=1.4
detection technique
_ A=5log 14+ -4 ©
w=const. W
Polarization - Temporal averaging | o/m=1.4
diversity detection for randomized
technique relative phase (b)
or w=cos¢(t) A= 510g(1+ 1.4 j
Orthogonal SOP - 1 N
. . ps(w)
averaging technique Al —w?
v=const. Phase-diversity o/m=1
detection technique (d)
w=const. A=5 log(l + JN j
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polarization-diversity detection technique or the orthogonal SOP averaging technique,
the amplitude fluctuation is as shown by Eq. (4.14) at o/m of 1.4. For (c), when optical
frequency domain integration is used with the scrambling SOP technique and the
phase-diversity detection technique, the amplitude fluctuation is as shown by Eq.
(4.14) at o/m of 1.4. For (d), when optical frequency domain integration is used with
the polarization-diversity detection technique (or the orthogonal SOP averaging
technique) and the phase-diversity detection technique, the amplitude fluctuation is as
shown by Eq. (4.14) at o/m of 1.

4.4. A new technique for reducing amplitude fluctuation

4.4.1. Reduction in amplitude fluctuation limited by the inclination
increase caused by asynchronous optical frequency hopping

The optical frequency of a conventional DFB-LD with a narrow linewidth hops to a
different frequency when the LD temperature is changed [4-13]. Therefore, the
amplitude fluctuation can be reduced by changing the LD temperature during the
integration of Rayleigh backscattered signals. However, this optical frequency hopping
does not occur synchronously with the launch of the signal pulse. The optical
frequency hopping rate r (s") is defined as the number of optical frequency hops in a
unit of time. The number N of independent backscattered signals can then be derived
from Eq. (A3) in Appendix A, as follows,

N = N,(1-exp(-rT)), (4.15)
where T is the signal pulse period and N is the averaging number. Equation (4.15)
shows that the independent backscattered signal number increases when the optical
frequency hopping rate is increased. The amplitude fluctuation 4 is derived from Egs.
(4.14) and (4.15) as,

A=5log| 1 olm . .
Og( ’ JN(1- exp(—rT))} (4.16)

Equation (4.16) shows that the amplitude fluctuation can be reduced effectively by
increasing the optical frequency hopping rate.

Coherent detection also requires optical frequency stability while the test fiber is
being measured. If the optical frequency of the DFB-LD hops to a different frequency
during the round-trip of the Rayleigh backscattered signals returning from the far end
of the test fiber, the beat signal between the Rayleigh backscattered signal and the LO
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light moves out of the receiver bandwidth after the optical frequency hopping occurs,
and the resulting signal power decreases. Since the probability of optical frequency
hopping becomes higher as a function of the round-trip time, the signal power of the
C-OTDR trace decreases gradually from the input end of the test fiber to the other end.
Therefore, the inclination of the C-OTDR trace increases, which reduces the accuracy
of the attenuation coefficient measurement for the test fiber. The inclination increase
Ak of the C-OTDR trace is derived from Eq. (B2) in Appendix B,

Ak =5r2loge , (dB/m) (4.17)
C

which only depends on the optical frequency hopping rate ». Figure 4.2 shows the
calculated inclination increase Ak as a function of the optical frequency hopping rate.
When we define the upper limit of the optical frequency hopping 7. so that the
inclination increase is less than 0.001 dB/km, 7. = 92 (s™). This limits the reduction in
the amplitude fluctuation.

The reason for the inclination increase is that the optical frequency hopping is
asynchronous with the launch of the signal pulse. In order to reduce the amplitude
fluctuation effectively without an inclination increase, the optical frequency hopping
must be synchronized with the launch and the optical frequency hopping rate must be

increased.

4.4.2. A new source setup for stimulating synchronous optical
frequency hopping

This section proposes a new technique for reducing the amplitude fluctuation in a
C-OTDR trace by stimulating synchronous optical frequency hopping during an LD
temperature change. Figure 4.3 shows a new source setup for stimulating the optical
frequency hopping which is synchronized with the timing of the signal pulse launch by
inducing an RF current pulse in the LD drive current. An RF signal of 1 MHz from a
synthesizer is introduced into a gate switch driven in a pulsed mode. The RF current
pulse with a pulse width of 10 ps is produced by the gate switch synchronized with a
timing signal and is induced in a LD drive current by a bias-T. The 1.55 ym DFB-LD
is coupled to a 1 km long optical fiber to reduce the linewidth [4-17] which, as a result,
is less than 10 kHz. The LD temperature can be changed by the temperature controller.
Figure 4.4 shows the optical frequency shift of the DFB-LD measured with a
conventional optical spectrum analyzer as a function of the LD temperature. The
optical frequency shift was about 147 GHz with an LD temperature change from 27 °C
to 14 °C.
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4.4.3. Measurement of the optical frequency hopping rate

Optical frequency hopping without induced RF current pulse

Figure 4.5 shows an experimental setup for measuring the optical frequency hopping
of the C-OTDR source. The CW light from the source, as shown in Fig. 4.3, is divided
by FCI1 into two paths: a signal path and a local oscillator (LO) path. The optical
frequency of the signal light is shifted by f, = 120 MHz at an acousto-optic modulator
(AOM). The signal light is launched into a delay-line consisting of a 100-km long
optical fiber. The transmitted signal light is mixed with the LO light by FC2 and
detected with a double balanced p-i-n FET receiver. The detected signal is mixed with
the f; = 119.985-MHz electrical LO. A low-frequency-pass filter (LPF) with a
bandwidth B of 1 MHz eliminates its high frequency part. The resulting signal with a f;,
(= fa - f1 =15 kHz) sine waveform is detected using a conventional digital sampling
oscilloscope (DSO).

Figure 4.6 shows the beat signal waveforms with (a) the LD temperature stabilized
at 27 °C and (b) an LD temperature change from 27 °C to 14 °C in 66 seconds without
inducing RF current pulses. For (a), there was a break in the continuous beat signal
waveform in the measuring period of 100 ms. The distortion of the beat signal
waveform was caused by the phase noise of the signal light passing through the
delay-line. For (b), when the LD temperature was changed from 27 °C to 14 °C, the
optical frequency shifted by about 147 GHz. If the optical frequency shift is
continuously swept in proportion to the LD temperature change, the frequency shift is
2.2 MHz/ms in this experiment and the frequency of the beat signal between the
transmitted signal light and the LO light is 121.9 MHz. This means that the resulting
baseband signal with a frequency of 1.9 MHz is eliminated by the LPF with a
bandwidth of 1 MHz. However, in Fig. 4.6(b), three breaks were measured in the
baseband beat signal. This means that the optical frequency did not change
continuously and hopped to a different frequency as a result of changing the LD
temperature. Simultaneous measurements were performed 100 times. The optical
frequency hopping rate is defined as the mean value of the number of the optical
frequency hops per unit of time. The measured optical frequency hopping rates for (a)
and (b) were 10 s and 27 s™', respectively, and these values are less than the calculated
upper limit of the optical frequency hopping. Therefore, the inclination increase of the
C-OTDR trace under conditions (a) and (b) is negligible.
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Optical frequency hopping with induced RF current pulse

Figure 4.7 shows a timing chart for (a) the transmitted signal, (b) the LO light and
(c) the beat signal between the transmitted signal and the LO light. The RF current
pulse is induced in the LD drive current with a period of 7= 1 ms. The transmitted
signal (a) has a 500-ps time-delay (=0.5T) from the LO light (b). f; (i=0,1,2,...) denotes
the optical frequency from time (i-1)7 to time i7. If we assume that the optical
frequency f; is sequentially changed to a different frequency every time the RF current
pulse is induced and is stabilized until the next RF current pulse is induced, the
frequency of the beat signal f, changes with a period of T/2 as shown in Fig. 4.7(c). For
odd numbered segments, the frequency f; is (f.1-fi+f,). If the optical frequency change
(fi-1-f;) 1s greater than the bandwidth B, the baseband beat signal moves outside the
bandwidth and the signal does not appear. Therefore, the disappearance of the
baseband beat signal means that optical frequency hopping occurs. For even numbered
segments, the frequency of the baseband beat signal is f,. If the optical frequency of the
source is unchanged until the next RF current pulse is induced, the baseband beat
signal appears. Otherwise, the optical frequency of the source is unstable.

Figure 4.8 shows the measured baseband beat signal with a bandwidth of B =1 MHz.
The amplitude, pulse width and frequency of the induced RF current pulse were 27.5
mA, 10 ps and 1 MHz, respectively. The DC bias Ipc was 50 mA and the DFB-LD
threshold current /,;, was 20 mA.

The 15 kHz beat signals with a beat length of 450 ps appeared in the 2nd and 4th
segments, which means that the optical frequency was unchanged until the next RF
current pulse was induced. The beat length was found to be less than the delay-time by
about 50 ps because the induced RF current pulse generated unstable regions. The beat
signal did not appear for the 1st, 3rd and 5th segments. This means that the optical
frequency hopped to a different frequency by more than the bandwidth of 1 MHz every
time an RF current pulse was induced with a pulse period of 1 ms.

In order to clarify the dependence of the optical frequency hopping on the amplitude
of the RF current pulse, the experiment shown in Fig. 4.8 was performed 100 times and
we measured the probability of the optical frequency hopping in odd numbered
segments. Figure 4.9 shows the measured probability of the optical frequency hopping
as a function of the RF modulation degree of m, where m is Izs/(Ipc-In), Irr is the
amplitude of the RF current pulse, Ipc is the DC bias and [y is the threshold current of
the DFB-LD. For (a) where the LD temperature is stabilized at 27 °C and (b) where the
LD temperature change is from 27 °C to 14 °C, the probability of optical frequency
hopping in the expected region (odd numbered segments) gradually saturated at 0.4
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around the RF modulation degree of m =1. The optical frequency hopping in the
unexpected region (even numbered segments) increased slightly. However, it is
negligible for an RF modulation degree of m < 1. The probability 0.4 in 1 ms at m =
0.92 corresponds to an optical frequency hopping rate of 511 s from Eq. (4.15), which
was more than 20 times greater than that when no RF current pulse was induced as
shown in the previous subsection. This experiment revealed that inducing an RF
current pulse is effective for stimulating optical frequency hopping synchronized with

the timing of a signal pulse launch.

4.4.4. Unstable optical frequency region caused by induced RF
current pulse

Measurements were performed using the C-OTDR with the source shown in Fig. 4.3,
and by inducing an RF current pulse synchronized with the timing signal and changing
the LD temperature. Figure 4.10 shows the C-OTDR trace for a 10 km test fiber with
2'" integrations. The RF modulation degree was m = 0.92 and the LD temperature was
changed from 27 °C to 14 °C. Ghost signals were found at (a) and (b). The (a) region
was produced by the RF modulation. The signals in region (b) are believed to be
chirped LO light multi-reflected within the receiver or between the receiver and the
FCs. The existence of the unstable region agreed with the fact that the beat length was
shortened by about 50 ps as shown in Fig. 4.8. In order to avoid this unstable region,
the signal pulse was produced by an AO-SW driven with a delay of 200 ps in relation
to the timing of the induced RF current pulse. Therefore, a conventional C-OTDR trace

can be found in the time region with a 200 ps delay in relation to the unstable region.
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4.5. Measurements of the amplitude fluctuation in the C-OTDR trace

In order to estimate the reduction in the amplitude fluctuation with C-OTDR
employing the source as shown in Fig. 4.3 for signal pulse widths of 1 ps, 100 ns and
30 ns, we undertook measurements under the following conditions, (a) with the LD
temperature stabilized at 27 °C, (b) with the LD temperature changed from 27 °C to
14 °C, (c) with the LD temperature stabilized at 27 °C and an induced RF current pulse
and (d) with the LD temperature changed from 27 °C to 14 °C and an induced RF
current pulse. The pulse width of the RF current pulse was 10 pus and the RF
modulation degree was 0.92. The signal pulse period 7"was 1 ms. The averaging times
Ny was 2'°. The test fiber was a 10 km long dispersion-shifted optical fiber with an
attenuation coefficient of 0.21 dB/km. In this experiment, the amplitude fluctuation of
the C-OTDR trace was defined as the root mean square (rms) of the difference between
the linear regression line and the measured data.

Figure 4.11 shows the measured C-OTDR traces for a 1-pus pulse width. For (a), the
optical frequency hopping rate was 10 s” and the amplitude fluctuation was 0.20 dB.
For (b), the optical frequency hopping rate was 27 s and the amplitude fluctuation
was 0.08 dB. For (c) and (d), the probability of the optical frequency hopping was 0.4.
This corresponds to an optical frequency hopping rate of 511 s, which is over the
optical frequency hopping rate limit of 92 s”'. However, the increase in the inclination
of the C-OTDR trace due to the optical frequency hopping was negligible because the
hopping was synchronized with the timing of the signal pulse launch and the optical
frequency was stable until the next signal pulse was launched. The amplitude
fluctuations for (c) and (d) were 0.12 dB and 0.03 dB, respectively. Although the
probability of the optical frequency hopping for (c) was the same as that for (d), the
amplitude fluctuation for (c¢) was not reduced to be as much as that for (d). This is
believed to be because the optical frequency hopping occurs within a narrow frequency
range and the number of the independent backscattered signals does not increase. For
(d), however, the optical frequency of the signal pulse hops more than 1 MHz when an
RF current pulse is induced during the LD temperature change and the number of
independent backscattered signals increased. Therefore, the amplitude fluctuation in
the C-OTDR trace was reduced effectively by the synchronous optical frequency
hopping technique.

Figure 4.12 shows C-OTDR traces for a 100-ns pulse width. The measured
amplitude fluctuations for (a) - (d) were 0.43 dB, 0.09 dB, 0.24 dB and 0.04 dB,
respectively. For (d), the probability of the optical frequency hopping by more than 10
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induced RF current pulse
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MHz was about 0.3 measured with the measurement setup shown in Fig. 4.5 with an
LPF bandwidth of 10 MHz. This corresponds to an optical frequency hopping rate of
357 s™. The measured inclination increases for (a) - (d) were negligible.

Figure 4.13 shows C-OTDR traces for a 30-ns pulse width. The measured amplitude
fluctuations for (a) - (d) were 0.59 dB, 0.09 dB, 0.44 dB and 0.05 dB, respectively. For
(d), the measured probability of the optical frequency hopping by more than 33 MHz
was about 0.2. This corresponds to an optical frequency hopping rate of 223 s™'. The
measured inclination increases for (a) - (d) were also negligible.

Figure 4.14 shows the calculated amplitude fluctuation with 7=1 ms and N, = 2'° as
a function of the optical frequency hopping rate. Since the test fiber was wound around
a bobbin with a radius of 30 cm, the polarization-dependent fluctuation was averaged
for the pulse width in this experiment and was negligible. Therefore, in the calculation,
a/m was set at 1.4 as described in section 4.3.2. The measured amplitude fluctuations
with a pulse width of 1 ps, 100 ns and 30 ns were also plotted.

For (a), the measured amplitude fluctuations were larger than the calculated values.
This was because the averaging number of the independent backscattered signal is
small since the optical frequency hopping occurred in a narrow frequency range.
Optical frequency hopping over a wide frequency range is required in order to reduce
the amplitude fluctuation by averaging the independent Rayleigh backscattered signals.
This requirement is more severe when the pulse width is shorter. For (b), the amplitude
fluctuations for pulse widths of 1 ps, 100 ns and 30 ns were reduced and were good
agreement with the calculated values. For (c) and (d), the probability of optical
frequency hopping is defined by N/N, and the optical frequency hopping rate is
calculated by using Eq. (4.15) , with 7= 1 ms. The amplitude fluctuation for (c) was
not reduced due to the narrow-range optical frequency hopping such as that for (a). For
(d), the calculated optical frequency hopping increased 20 times more than that for (a).
The measured amplitude fluctuation for a 1-us pulse width was reduced to 1/7 that for
(a). With a pulse width of 100 ns and 30 ns, it was reduced to 1/11 of that for (a).

This section has demonstrated experimentally that the proposed technique of
inducing an RF current pulse during an LD temperature change stimulates optical
frequency hopping synchronized with the timing of the signal pulse launch and reduces
amplitude fluctuation effectively without any inclination increase which reduces the

accuracy when measuring the attenuation in a test fiber.
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Figure 4.13 C-OTDR traces for 30 ns pulse width

(a) with LD temperature stabilized at 27 °C

(b) with LD temperature changed from 27 °C to 14 °C

(c) with stabilized LD temperature and induced RF current pulse
(d) with LD temperature changed from 27 °C to 14 °C and

induced RF current pulse
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(a) with LD temperature stabilized at 27 °C

(b) with LD temperature changed from 27 °C to 14 °C

(¢) with stabilized LD temperature and induced RF current pulse

(d) with LD temperature changed from 27 °C to 14 °C and
induced RF current pulse
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4.6. Conclusions

The amplitude fluctuation in a C-OTDR trace has been described with the
probability density functions for each of the factors which cause the fluctuation and
was estimated theoretically when reduction techniques were applied. It was thus found
theoretically that an optical frequency domain integration technique which uses the
asynchronous optical frequency hopping of the source can reduce the amplitude
fluctuation but leads to an increase in the inclination of the C-OTDR trace, which
reduces the measurement accuracy.

Therefore, this chapter proposed a new reduction technique in which an RF current
pulse is induced in the drive current of an LD during an LD temperature change. This
stimulates the optical frequency hopping synchronized with the timing of the launch of
the signal pulse and increases the number of independent Rayleigh backscattered
signals. The technique was found experimentally to reduce the amplitude fluctuation
without increasing the inclination of the C-OTDR trace. The amplitude fluctuation for
a 1-us pulse width was reduced to 0.03 dB, which was about 1/7 of that with the LD
temperature stabilized. For 100-ns and 30-ns pulse widths, the fluctuations were
reduced to 0.04 dB and 0.05 dB, respectively, which were about 1/11 of those with the

LD temperature stabilized.
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Appendices

A. Relationship between optical frequency hopping rate and number
of independent Rayleigh backscattered signals

It is assumed that optical frequency hopping changes the optical frequency by more
than the receiver bandwidth and gives rise to independent Rayleigh backscattered
signals before and after the optical frequency hopping. The optical frequency hopping
rate 7 (s') is defined as the mean value of the number of optical frequency hops per
unit of time, obtained from a sufficiently large number of measurements.

The optical frequency of the source must be stabilized during the round-trip of the
signal pulse when measuring a test fiber by C-OTDR. P,(¢) is the probability function
where the optical frequency is stabilized during the delay time ¢ after launching the
signal pulse into the test fiber. Then, the number N of independent Rayleigh
backscattered signals is derived as,

N=N,(1-P(D)), (A1)
where N, is the averaging number of the Rayleigh backscattered signals and 7 is the
signal pulse period.

Next, the probability P,.(7) is determined. The probability at an incremental interval
dt passed time ¢ is P(t+df) and decreases by rP,(f)-dt due to the optical frequency
hopping during the interval dt. Hence, the probability P,.(¢+df) at time ¢+dt is shown as

P(t+dt)y=P.(t)—rP.(t)dt.

Therefore, the differential equation is derived as

L0 o),
dt
The solution with the initial condition P,(0)=1 is shown as
P (t) =exp(—rt). (A2)
From Egs. (A1) and (A2), the number of independent Rayleigh backscattered signals is
N = N,(1-exp(-rT)). (A3)
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B. Inclination increase in C-OTDR trace as a function of the optical
frequency hopping rate

When there is no optical frequency hopping during the delay time ¢, corresponding
to the round-trip time of the Rayleigh backscattered signal returning from the far end
of the test fiber, the probability, by which the Rayleigh backscattered signal is detected
in C-OTDR, is described by P.(t.,) which is derived in Appendix A. Let the test fiber
length to be L, then the delay time ¢, is 2nL/c, where n is the refractive index of the test
fiber and c is the velocity of light in a vacuum.

When the Rayleigh backscattered signals are averaged, the signal-to-noise ratio of

the C-OTDR is improved by 5log./N, in dB where N, is the number of averaged

Rayleigh backscattered signals. If the optical frequency hopping occurs during the
delay time, the Rayleigh backscattered signal after the hopping can not be detected and
the signal power decreases. Therefore, the signal-to-noise ratio improvement ratio
(SNIR) at the far end of the test fiber in the C-OTDR trace decreases by the amount

5log+/ N, —5log,/N,P.(t,) in dB. The decrease in the SNIR causes to an inclination

increase in the C-OTDR trace. This increase Ak is shown by

Ak = stogly£.)) VL””) (dB/m) . (B1)

From Egs. (A2) and (B1), the inclination increase 4k is derived as
Nk =5r"loge (dB/m), (B2)
c

which is proportional to the optical frequency hopping rate 7.
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Chapter 5. Applications: Enhanced C-OTDR for long span
optical transmission lines containing optical fiber amplifiers

High performance coherent-detection optical time-domain reflectometry (C-OTDR),
described in chapters 3 and 4, can be applied to monitor long-haul optical transmission
lines containing (a) in-line amplifiers as 1R repeaters and (b) a distributed Raman
amplifier (DRA). This chapter describes implementation of C-OTDR, which is based
on delayed self-heterodyne detection using acousto-optic (AO) switches, for use in
testing optical fiber cable spans in transmission lines containing optical fiber

amplifiers.

5.1. Introduction

Optical transmission systems containing erbium-doped fiber amplifiers (EDFA)
have been developed for use in long-haul submarine cable transmission systems
[5-1]-[5-5]. A fault location technique using optical time-domain reflectometry
(OTDR) was investigated for use in these systems in which an optical backscattering
path is employed between optical pair lines in a repeater in order to detect
backscattered light beyond the repeaters [5-6]-[5-7]. This was performed with
coherent-detection OTDR (C-OTDR) using frequency-shift-keying (FSK) probe light
generated by a distributed Bragg reflector (DBR) laser diode with a line width of 5
MHz [5-6]-[5-7] and conventional OTDR [5-8]. Since these OTDR had small dynamic
ranges, the maximum measurable fiber span was only about 40 km. To measure a fiber
span of 100 km, it is necessary to increase the dynamic range of the OTDR.

As described in chapters 3 and 4, the advanced C-OTDR employing delayed
self-heterodyne detection using acousto-optic (AO) switches and EDFAs had a
single-way dynamic range (SWDR) of 48 dB with a pulse width of 10 us, and the
fading noise on the C-OTDR trace was greatly reduced. These results make C-OTDR
an attractive way to monitor optical transmission systems containing optical fiber
amplifiers as 1R repeaters. When launching an OTDR pulse with low pulse repetition
into an optical transmission line containing EDFAs optimized in continuous wave
(CW) gain mode, the leading edge intensity of the OTDR pulse increases with every
pass through a repeater. This optical surge, caused by the accumulated difference
between the pulse gain and CW gain of the EDFAs, breaks the feedback circuits in the
repeaters. To keep the probe power from the C-OTDR as uniform as possible and to

avoid any optical surges, C-OTDR multiplexing of dummy light is proposed in section
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5.2. This section also describes the performance and feasibility of enhanced C-OTDR
for application to monitoring optical fiber cable spans in transmission systems
containing repeaters based on EDFAs.

In the 2000s, the number of broadband services users in Japan has increased rapidly
[5-9] and exceeded 28 million by the end of September, 2007, including over 10
million fiber to the home (FTTH) service users [5-10]. The demand for trunk line
communications will rapidly increase. Using a WDM repeaterless transmission system
with a distributed Raman amplifier (DRA) and remotely pumped EDFAs is a cost
effective way of meeting this demand [5-11]-[5-13]. In order to design the WDM
transmission system and support long-haul fiber lines through preventive maintenance,
we will require high performance fiber measurement techniques. The C-OTDR with
EDFAs is a promising approach for increasing the SWDR, as described in chapter 3.
This C-OTDR has narrowband filtering characteristics and eliminates amplified
spontaneous emission (ASE) noise from the DRA and EDFA, which would otherwise
reduce the dynamic range.

Section 5.3 describes a highly developed C-OTDR with low fading noise and
demonstrates measurement, from the end of a test fiber, of a 340-km optical fiber line
with a remotely pumped EDFA and a DRA.

5.2. Monitoring long-haul optical transmission lines containing in-line
amplifiers as 1R repeaters

5.2.1. Requirements and configuration of C-OTDR for optical
transmission lines containing EDFAs

Figure 5.1 shows the measurement setup for using enhanced C-OTDR with fiber
spans in a transmission system containing optical fiber amplifiers as 1R repeaters. The
downstream line and upstream line are accommodated in a repeater, which uses
EDFAs for compensating the loss of the fiber span. The EDFAs in the repeater contain
optical isolators and auto-level control (ALC) circuits to stabilize the gain
characteristics of the communication signal light passing through the repeater.

A probe light launched from the C-OTDR into the first fiber span of the downstream
line is amplified at the EDFA in the first repeater. The amplified probe light propagates
further along the downstream line. Since the optical isolator in the EDFA rejects any
backscattered light from the second and subsequent spans of the transmission line, the

repeater requires a backscattered path. Thus, the backscattered path incorporated in the
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Figure 5.1 Measurement setup for using enhanced C-OTDR for optical fiber spans in an
optical transmission system containing optical fiber amplifiers as 1R repeaters
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repeater connects the downstream and upstream lines via a bidirectional fused fiber
coupler with a typical coupling ratio of 1:10. The backscattered light generated in the
second and subsequent spans of the downstream line propagates back along the
upstream line via the backscattering paths. The resultant backscattered light is
introduced into the backscattered light port of the C-OTDR receiver. To avoid
interference noise, an optical isolator is embedded in this port (as shown in Fig. 5.2).
To test fiber spans along the upstream line, another C-OTDR is placed at the other end
of the optical transmission system, as shown by the broken lines in Fig. 5.1.

When launching OTDR pulses with low pulse repetition into an optical transmission
line containing EDFAs optimized in CW gain mode, the leading edge intensity of the
OTDR pulses increases with every pass through a repeater. This optical surge, caused
by the accumulated difference between the gain of the pulsed light and the gain of the
CW light in the EDFA, breaks the ALC circuit after passing through several repeaters.
Therefore, it is necessary to keep the probe power from the C-OTDR as uniform as
possible to avoid any optical surges.

Figure 5.2 shows the configuration of the enhanced C-OTDR for optical
transmission lines with EDFAs. A distributed feedback laser diode (DFB-LD) with an
external cavity generates 1552-nm CW laser light, whose linewidth is narrowed to less
than 10 kHz. This CW laser light is used as the signal and local oscillator (LO) light
for heterodyne detection. An AO switch (AO-SW1) is driven in pulse mode to produce
signal pulses. These signal pulses are introduced into a second AO switch (AO-SW2)
operated synchronously with AO-SW1. The optical frequency shift of the signal pulse
is 35 MHz, because AO-SW1 provides an upshift of 120 MHz and AO-SW?2 provides
a downshift of 85 MHz. CW dummy light generated by another DFB-LD operating at
a wavelength of 1554 nm is added to the signal pulses via the fundamental port of
AO-SW2. A 1-nm optical band pass filter (OBPF) with a center wavelength of 1554
nm reduces the sideband of the dummy light by about 20 dB. This enables keeping the
optical probe power from the OTDR as uniform as possible and reduces the beat noise
between the LO light and backscattered light generated by the sideband light of the
dummy light source. A polarization controller (PC) is incorporated to reduce
polarization fluctuation in the C-OTDR trace, described in chapter 4. The resultant
probe light is amplified by an EDFA and launched into the downstream line through a
3-dB optical fiber coupler (FC2). An optical isolator is connected to the other side of
FC2 to avoid sending probe light into the upstream line. Otherwise, the probe light
propagating along the downstream and upstream lines is mixed at the second and

subsequent fiber spans via the backscattered paths, causing interference noise.
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The backscattered signal light from the downstream and upstream lines is then
mixed with the LO light by FC3 and detected by a double-balanced p-i-n FET receiver.
The beat signals are down-converted to a baseband signal by an electrical local
oscillator and a mixer. The high frequency components are eliminated by a low-pass
filter (LPF), digitized by an analog-to-digital (A-D) converter, and finally squared,
integrated, transformed logarithmically, and displayed as an OTDR trace. Since the
backscattered light from the dummy light source has a different wavelength from that
of the signal pulses, the frequency of the beat signals between the LO light and
backscattered light from the dummy lights is so extremely high that the beat signals'
effect on the OTDR trace is negligible. The beat noise between the LO light and the
ASE from the EDFAs in the repeaters significantly degrades the receiver sensitivity, as

discussed in chapter 2.

5.2.2. Required dynamic range and performance evaluation of
C-OTDR for optical transmission lines containing EDFAs

If the EDFA in a repeater compensates for the loss of the fiber span, the probe light
power at the output port of the repeater remains at the initial launching power. The
backscattered light from the fiber span via the backscattered path in the n-th repeater
propagates along the upstream line and pass through n - 1 repeaters. The EDFAs also
compensate for the loss of the fiber spans from the (n - 1)-th repeater to the second
repeater in the upstream line. Consequently, taking into account both the loss of the
first fiber span and the loss of the backscattering path in the n-th repeater, the SWDR
required for the C-OTDR, SWDRreq, is given by

SWDRreq = oLsp + (adsp + Lgp)/2 + Dy, (5.1)
where ayis the average fiber loss (in dB/km), Lgp is the fiber span length, Lgp is the loss
of the backscattering path, and D, is the decrease in dynamic range caused by the
accumulation of ASE noise from the EDFAs in the upstream line. The first term in Eq.
(5.1) indicates the single-way loss of the n-th fiber span. The second term corresponds
to the loss of the first fiber span and the loss of the backscattering path in the n-th
repeater. From Eq. (5.1), when C-OTDR is applied to transmission lines where oy =
0.21 dB/km, Lsp = 80 km, Lgp = 20 dB, and the dynamic range decrease is assumed to
be zero (i.e., D;= 0 dB), an SWDR of 35.2 dB is required.

To evaluate the SWDR of the proposed C-OTDR as shown in Fig. 5.2, experiments
using a 180-km dispersion-shifted fiber were performed. Figure 5.3 shows the
waveform of the probe light with a 10-us signal pulse from AO-SW2. The signal pulse
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repetition rate was 4 ms. The difference between the power levels of the signal pulse
and the dummy light was negligible. The probe light was introduced into the EDFA in
the C-OTDR. The gain of the EDFA was about 23 dB, and the power of the probe light
launched into the test fiber was about 6 dBm.

The SWDR of the C-OTDR was experimentally measured by connecting the test
fiber at the port of the downstream line. Figure 5.4 shows the resulting C-OTDR trace
for 2'® integrations. With a 10-ps pulse width and a receiver bandwidth of 100 kHz, an
SWDR of about 38 dB was achieved. This value is slightly lower than that calculated
by assuming the quantum limit of the receiver sensitivity [5-17].

For C-OTDR applied to transmission lines with EDFAs, the dynamic range of the
upstream line with a 10-ps pulse width was assumed as 37 dB, because of the 2-dB
loss of the optical isolator at the input port from the upstream line. These results
confirm that the proposed C-OTDR has the required SWDR for testing optical fiber

lines containing repeaters with a fiber span of 80 km.

5.2.3. Feasibility of applying C-OTDR to test optical transmission
lines with optical repeaters containing EDFAs

Figure 5.5 shows the experimental setup for monitoring the downstream line in
second section (i.e., section #2) of an optical transmission line with optical repeaters
containing EDFAs. The optical transmission line in the first section (i.e., section #1)
was composed of two dispersion-shifted optical fibers and optical attenuators. The total
fiber length was 25 km. The loss of both the downstream line and the upstream line in
section #1 was 18.5 dB after adjusting the attenuation of the optical attenuators. The
gain of EDFALI in the repeater was about 18 dB. Probe light from the C-OTDR
launched with a power of about 6 dBm, propagated further along the downstream line
as a result of EDFA amplification. The downstream line in section #2 was composed
of an 80-km dispersion-shifted optical fiber with a loss of 21 dB. The backscattered
light generated from the fiber in section #2 was introduced into the upstream line in
section #1 via the backscattered path in the repeater. The loss of the backscattering
path, including the two directional fused fiber couplers, was 20 dB. To reject the
backscattered light from the downstream line in section #1, the fiber end of the
upstream line was directly connected to the signal input port of FC3 in the C-OTDR as
shown in Fig. 5.2.

Figure 5.6 shows a C-OTDR trace with a 10-us pulse width and 2'® integrations for
the cases of (a) having EDFA2 off and (b) having EDFA2 on. For case (a), the
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backscattered light from the 80-km fiber of the downstream line in section #2 was
clearly observed. For case (b), the noise level increased by about 2 dB in comparison
with the C-OTDR trace for case (a). This was because the beat noise between the
optical LO light and the ASE noise from the EDFA2 became larger than the shot noise
of the optical LO light in the receiver.

When the dynamic range decrease due to the EDFAs is assumed to be zero, the
measurable portion of each fiber span is estimated as about 90 km, which is longer
than the value obtained in the experiment. Although the measurable portion of the fiber
span was less than 100 km, in practice there is no problem with locating a cable fault in
a whole span of 100 km. Since the measurable portion using the C-OTDR is over 80
km, another C-OTDR located at the other end of the transmission system can be used
to test the last 20 km of a span. Consequently, the results confirm the feasibility of
applying the proposed C-OTDR to monitor an optical transmission line with repeaters
containing EDFAs and a span of 100 km.

After further investigation based on this study [5-18]-[5-20], the highly developed
C-OTDR was deployed for testing the commercial optical amplifier submarine
transmission system that connected Kagoshima and Okinawa in Japan in 1995. This
890-km optical transmission line had nine repeaters and ten fiber spans with an
average fiber length of 90 km [5-21].

130



5.3. Measurement of 340 km optical fiber line with a remotely
pumped EDFA and DRA by C-OTDR

5.3.1. High dynamic range C-OTDR with low fading noise

Figure 5.7 shows the configuration of an enhanced C-OTDR with low fading noise.
CW laser light at 1554 nm is generated by an InGaAsP multiple quantum well (MQW)
DFB-LD with an external cavity and has its linewidth reduced to less than 10 kHz. An
AO switch (AO-SW1) is used to divide this light into two paths: the signal path, and
the LO path. At the same time, AO-SW1 produces signal pulses, whose optical
frequency is shifted up by 80 MHz. The pulses are then transmitted to the test fiber
through AO-SW2, which is designed to down-convert the optical frequency by 120
MHz. As a result, the optical frequency shift of the signal pulses is 40 MHz. An EDFA
located between AO-SW1 and AO-SW2 amplifies the optical power of the signal
pulses along the signal path. The backscattered signal light is mixed with the optical
LO by a double balanced p-i-n FET receiver.

The 40-MHz beat signals are down-converted to a baseband signal by mixing them
with an electrical LO signal, and the high-frequency components are eliminated by a
100-kHz LPF. The filtered signal is then introduced into an analog-to-digital (A-D)
converter. The digitized backscattered signals are squared, integrated, and finally
displayed on a computer CRT as an OTDR trace after logarithmic transformation.

Figure 5.8 shows the measured C-OTDR trace for a test fiber with a pulse width of
10 ps and 2'® integrations. The launched power of the signal pulses was about 18 dBm.
The test fiber was a 300-km pure silica core fiber (PSCF) with a fiber loss coefficient
of about 0.178 dB/km at a wavelength of 1550 nm. The dispersion of the fiber was
about 18.7 ps/nm/km. In fact, the C-OTDR had a high sensitivity of -99 dBm with a
bandwidth of 100 kHz when the LO light power was about 3 dBm. It achieved an
SWDR of about 46 dB and a distributed fiber loss over approximately 260 km of fiber.

This C-OTDR has a function for reducing fading noise. A polarization controller
(PC) is inserted into the LO path to change the state of polarization (SOP). The
randomized SOP reduces the polarization-dependent fluctuation, and the fading noise
can be reduced by applying the synchronous optical frequency hopping method
described in chapter 4.

Figure 5.9 shows the amplitude fluctuation in the C-OTDR trace with 2'°
integrations for the region of 4-14 km. The measured root mean square (RMS) of the

fading noise fluctuation was 0.04 dB.
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These results demonstrate that this C-OTDR, with high dynamic range and low
fading noise and enhanced with an EDFA post-amplifier, can be applied to monitor

long-haul optical fiber cables.

5.3.2. Measurement of 340-km test fiber with a remotely pumped
EDFA and a DRA

Figure 5.10 shows the experimental setup for measuring a 340-km long-haul test
fiber with a remotely pumped EDFA and a DRA. The test fiber line consisted of an
82.1-km PSCF and a 258.2-km PSCF with the remotely pumped EDFA placed between
them. The PSCF loss coefficient was about 0.195 dB/km at a wavelength of 1480 nm.
Pump light at a wavelength of 1480 nm was introduced into the 82.1-km PSCF.

Figure 5.11 shows the resulting C-OTDR trace with a 10-us pulse width for
operating pump light with an optical power of 24 dBm. The number of integrations
was N = 2'°. We clearly obtained fiber loss distribution for the 340-km test fiber with a
remotely pumped EDFA. The Rayleigh backscattered signals were amplified by the
DRA in the region of 258-340 km. The measured EDFA gain of G1 and DRA gain of
G2 were about 18.9 and 5.9 dB, respectively. These values match the original gain
characteristics of the remotely pumped EDFA and the DRA with 1.48-um pump light
and a power of 24 dBm.

The highly developed C-OTDR was employed in the monitoring a 340-km
repeaterless optical transmission system with a remotely pumped EDFA and a DRA,
which connected the islands of Okinawa and Miyako-jima in Japan in 2005 [5-22].

134



C-OTDR

258.2 km-PSCF 82.1 km-PSCF

@ EDFA @ 1480-nm

<4=—=| Raman fiber laser

Figure 5.10 Experimental setup for measuring the 340-km test fiber

with remotely pumped EDFA and DRA

O T T T T T T T
| | | | IO-MS pulse Width
N2
2 10 | e
5 i i i i i
o
I ; ‘ :
8 s s s s s
< Remote EDFA A
s 40r  |eainofG1 DRA gain of G2
50 s s s s | s '
B ||
0 50 100 150 200 250 300 350 400

Fiber length (km)

Figure 5.11 C-OTDR trace for the 340-km test fiber

135



5.4. Conclusions

This chapter described the application of coherent-detection optical time-domain
reflectometry (C-OTDR) for monitoring long-haul optical transmission lines
containing (1) in-line amplifiers as 1R-repeaters and (2) distributed Raman amplifier
(DRA).

(1) An enhanced C-OTDR with high dynamic range, for use in optical transmission
lines containing optical fiber amplifiers, was implemented and evaluated. The
C-OTDR was constructed by applying conventional acousto-optic (AO)
modulation for heterodyne detection and an erbium-doped fiber amplifier (EDFA)
to increase the probe power. Optical dummy light was added between signal pulses
to keep the optical probe power as uniform as possible. The single-way dynamic
range (SWDR) of the C-OTDR was quite large, 37 dB, with a probe power of 6
dBm. By applying the C-OTDR to optical transmission lines with fiber spans of 80
km and backscattering paths with loss of about 20 dB, the C-OTDR was confirmed
capable of testing fiber spans with distances of 90 km, which is twice the
previously reported value. Since the measurable portion using the C-OTDR is over
80 km, another C-OTDR located at the other end of the transmission system can be
used to test the last 20 km of a span. Consequently, the proposed C-OTDR can
monitor an optical transmission line with repeaters containing EDFAs and a span
of 100 km.

(2) The C-OTDR was further developed to achieve a 46-dB SWDR and low fading
noise, and measurement of a 340-km long optical fiber line containing a remotely
pumped EDFA and a DRA was demonstrated. This highly developed C-OTDR is a
powerful tool for designing and maintaining a repeaterless optical transmission

system with a remotely pumped EDFA and a DRA.
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Chapter 6. Applications: Fiber-distributed strain measurement
techniques using upgraded C-OTDR enhanced with sideband
generation technique or wideband coherent receiver

This chapter describes applications of the highly developed coherent-detection
optical time-domain reflectometry (C-OTDR) for distributed strain measurement in an
optical fiber in order to evaluate the reliability of the fiber. Optical frequency
conversion techniques using the sideband generation technique or a wideband coherent
receiver are proposed. These techniques enable upgrading C-OTDR to Brillouin OTDR
(B-OTDR), in order to measure the optical frequency shift and power of spontaneous
Brillouin scattering, which is related to the tensile strain in an optical fiber. To reduce
the accuracy degradation due to environmental temperature changes, a simultaneous
measurement technique for separating strain and temperature is also proposed and

discussed.

6.1. Introduction

In preventive maintenance of optical fiber networks, technologies for measuring the
strain distributed in an optical fiber are very important for evaluating the reliability of
optical fiber cables [6-1]-[6-3]. In 1989, it was reported that the Brillouin frequency
shift in silica fibers varies greatly with the strain and temperature [6-4],[6-5]. Then,
many approaches have been proposed for measuring fiber-distributed strain by using
Brillouin scattering in single-mode optical fibers [6-6]. This was due to the great
advantages of distributed fiber sensors using Brillouin scattering in an optical fiber: (1)
strain is a very important parameter for evaluating the reliability of optical fibers; (2)
Brillouin frequency shift measurement does not require calibration of the optical fiber
loss and (3) conventional low-loss communication wavelength regions can be used for
this sensing, because the optical frequency shifts of the Stokes and anti-Stokes light of
Brillouin scattering are within those wavelength bands.

Figure 6.1 shows a fiber-distributed sensing method using OTDR and backscattering.
When launching pulsed light into a single-mode optical fiber, backscattered light is
detected at the input end of the optical fiber, as a function of the round-trip time
corresponding to the fiber length. Backscattering in an optical fiber includes Rayleigh,
Raman, and Brillouin scattering. Rayleigh backscattering consists of elastically
scattered light, with the same wavelength as the incident light. Raman- and

Brillouin-scattered light originates from inelastically scattering caused by interaction
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with optical and acoustic phonons, respectively [6-7]. Since the power of Raman and
Brillouin backscattering is significantly weaker than that of Rayleigh backscattering in
silica fibers, Rayleigh backscattering is the dominant backscattering mechanism in
OTDR.

Figure 6.2 shows spectra of Brillouin scattering from an optical fiber, which is
characterized by the Brillouin frequency shift vz, the Brillouin linewidth Avg, and the
Brillouin scattering coefficient #p. The Brillouin frequency shift v, which is
maximized when the light is scattered in a backward direction, is given by [6-8]

vg=2nV,/ 1, (6.1)
where # is the fiber-core refractive index, ¥, is the velocity of sound, and 4 is the light
wavelength. For typical values of n = 1.45 and V, = 5.96 km/s for silica glass, the
calculated Brillouin frequency shift vz is approximately 11.2 GHz at a wavelength of
1.55 pm.

To detect weak Brillouin scattering, a high-sensitivity detection technique and a
filtering technique are required to separate the weak Brillouin backscattered light from
other backscattered light. To meet these requirements, Brillouin gain spectroscopy and
a coherent heterodyne detection method was proposed [6-9], [6-10].

Brillouin optical time-domain analysis (B-OTDA) is a promising method, with high
dynamic range, for measuring the strain and temperature distribution in an optical fiber
by Brillouin gain spectroscopy [6-9],[6-11],[6-12]. This method uses stimulated
Brillouin amplification caused by counter-propagating pump light in order to obtain
large Brillouin signals. There is, however, an operational limit to this method, because
it must access both ends of the optical fiber. By used a cleaved end of a test fiber, a
distributed fiber sensor, based on Brillouin gain spectrum analysis with probe and
delayed pump pulses generated by a LiNbO; (LN) intensity modulator (EOM), was
proposed and makes single-fiber-end measurement possible [6-13]-[6-15]. Since a
reflection from the far end of the test fiber is required, this approach cannot be applied
to optical fibers with large loss or no reflection at the far end.

A C-OTDR has the potential of high dynamic range, as described in chapters 2 and 3.
The receiver sensitivity can be improved up to the shot noise limit. B-OTDR using a
coherent detection technique to measure spontaneous Brillouin backscattered light
from one end of an optical fiber and obtain the strain and temperature distribution in
the optical fiber was proposed for the first time in a co-authored paper [6-10].

Figure 6.3 illustrates the operation of B-OTDR. When measuring the Brillouin
backscattering with a spectrum bandwidth of Av, the optical frequency shift is swept

around the Brillouin frequency shift vz. The optical frequency difference between the
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signal light and the local oscillator (LO) light is controlled by a sophisticated optical
frequency controller consisting of two laser sources [6-10], or by an optical frequency
translator [6-16], as shown in Fig. 6.4. Since the bandwidth in C-OTDR is 1 MHz for a
I-us pulse width (i.e., a 100-m spatial resolution), the filtering performance of
C-OTDR is sufficiently narrower than the bandwidth of Avp (e.g., 30 MHz at a
wavelength of 1.55 um). The resultant incrementally measured C-OTDR traces as a
function of the optical frequency shift provide the Brillouin spectrum distribution in
the optical fiber. If a tensile strain of 0.1 % is applied to the 12- to 15-km region in the
optical fiber, the Brillouin frequency shift in that region is increased by approximately
50 MHz, as shown in Fig. 6.3(b). This is because the Brillouin frequency shift varies
linearly with the strain and temperature over wide ranges, with strain and temperature
coefficients of 493 MHz/% and 1 MHz/°C at 1.55 pm for a silica-based single-mode
fiber [6-12].

There are several problems, however, with previously proposed B-OTDR
approaches: (1) the complexity of optical frequency control between the probe light
and local light as shown in Fig. 6.4; (2) the lack of a loss measurement function, unlike
conventional OTDR; (3) fixed-wavelength operation, preventing in-service line
monitoring; and (4) degradation of the strain measurement accuracy because of
environmental temperature changes.

This chapter discusses improvements in B-OTDR. First, the required single-way
dynamic range (SWDR) for upgrading C-OTDR to B-OTDR is theoretically
investigated in section 6.2, because B-OTDR is based on C-OTDR technologies. Since
the optical frequency of spontaneous Brillouin backscattered light is down-shifted by
approximately 11 GHz from that of 1.55-um input light, the frequency of the beat
signal between the spontaneous Brillouin backscattered light and LO light in coherent
self-heterodyne B-OTDR is extremely high, and the beat signal can hardly be detected
with the conventional double-balanced receiver used in C-OTDR. Therefore, an optical
frequency shifter, which up-shifts the frequency of the signal light by approximately 11
GHz, is required in order to reduce the beat signal frequency to the intermediate
frequency (IF) bandwidth of the receiver [6-16]. A previously reported optical
frequency translator produces a pulse train with a sequential frequency shift by
circulating a signal pulse around an optical loop incorporating an acousto-optic (AO)
modulator, as shown in Fig. 6.4(b) [6-16]. An erbium-doped fiber amplifier (EDFA) is
required, however, to compensate the loss of the optical loop, and the delay time at the
translator increases the measurement time.

Section 6.3 proposes an optical frequency shifter using the sideband generation
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technique with a high-speed LiNbO; phase modulator (LN-PM). This section also
discusses the frequency resolution and stability of the shifter. By applying this shifter
to self-heterodyne detection B-OTDR, the tensile strain distribution in an optical fiber
is measured.

Another simple approach detects the spontaneous Brillouin backscattered light by
using self-heterodyne C-OTDR. Section 6.4 proposes the application of an advanced
wideband double-balanced receiver to B-OTDR. Measurement of the fiber-distributed
strain in a 30-km dispersion-shifted fiber (DSF) demonstrates the feasibility of this
approach.

To achieve in-line monitoring for preventive maintenance in an optical fiber network,
U-band operation, standardized in ITU-T L.41, is a promising approach [6-17]-[6-19].
The key B-OTDR technologies for measuring the strain and optical loss distribution in
an optical fiber are (1) an optical frequency shifter and (2) a high-gain optical amplifier
[6-20]. The proposed shifter using an LN-PM, described in section 6.3, has the optical
characteristics of low loss and low wavelength dependence. According to certain drive
conditions for the LN-PM, discussed in section 6.3, B-OTDR enhanced with the
LN-PM can be applied to measure the Rayleigh backscattering as well as spontaneous
Brillouin backscattering, which provides the strain and loss distributions in the optical
fiber. Furthermore, by using several optical switches, a 1.55- and 1.65-um B-OTDR
for measuring both the strain and optical fiber loss distributions can be constructed by
using the expensive double-balanced receiver and the LN-PM for both 1.55-um- and
1.65-pm-band operation.

Section 6.5 demonstrates 1.65-um B-OTDR with the optical frequency shifter using
the LN-PM and a high-performance Raman fiber amplifier (RFA). The combined
1.55-/1.65-um B-OTDR is also described, and strain and optical loss distribution
measurements of 30- and 100-km-long optical fibers demonstrate the feasibility of this
B-OTDR approach.

Temperature fluctuation degrades the measurement accuracy of the Brillouin
frequency shift caused by strain, because the shift varies with both strain and
temperature [6-4]-[6-5]. Therefore, it is necessary for B-OTDR to distinguish between
strain and temperature. An attractive solution is the simultaneous use of changes in the
Brillouin frequency shift vp and changes in the Brillouin scattering coefficient 7z
[6-21]-[6-23]. Few studies, however, have focused on exploiting any possible 73
dependence for distributed sensing. Therefore, section 6.6 discusses simultaneous

measurement of vz and 75 for separating strain and temperature.
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6.2. Required SWDR for upgrading C-OTDR to B-OTDR

The single-way dynamic range of B-OTDR (SWDRporpr) is given by [6-10], [6-16]

SNIR,,; SNR,
2 2

|:P0+RB+TV_LC_Pmin+

SWDR 105 = } (dB). (6.2)

2
Py: Incident pulse power (dBm).
Rp: Spontaneous Brillouin backscattering factor (dB), defined below.
Ts: Brillouin scattering selection ratio (dB), defined below.
L¢: Directional coupler loss (dB).
Pin: Minimum detectable power of receiver with SNR = 1 (dBm).
SNIR 4yg: Electrical signal-to-noise improvement ratio by signal averaging (dB).
SNRp: Electrical signal-to-noise ratio required for strain and temperature

measurement (dB), defined below.

R, —1010g[0{3 - } (dB), (6.3)
TS=1010g{ 25 } (dB), (6.4)
AV,
SNR, = 20log| | -2z 4 (dB) (6.5)
e s \/551/3 ’ '

where a3 is the fiber-attenuation coefficient for spontaneous Brillouin scattering, which
is approximately 1.23x10° m™ [6-25], S is the ratio of the backscattered power to the
total scattered power [6-26], ¢ is the light velocity in vacuum, 7 is the pulse width, n is
the refractive index of the optical fiber core, B is the bandwidth of the receiver, Avj is
the Brillouin linewidth, and v is required frequency resolution of B-OTDR.

The single-way dynamic range of C-OTDR (SWDRcorpr) was given in chapter 2 as
SNIR ,,,

|:P0+RR_LC_Pmin+ 2

SWDR orpr = } —-M, (dB), (6.6)

2
R, —IOIOg[aR > } (dB), (6.7)

where ar is the fiber-attenuation coefficient for Rayleigh scattering, and Mp is the
margin (in dB) for defining the noise level as 99.7% of the peak noise level, not as a

signal-to-noise ratio (SNR) of 1. Assuming a Gaussian noise distribution, 99.7% of all
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noise samples are included within three standard deviations. This corresponds to Mp =
2.4 dB.
Combining Egs. (6.1), (6.3)-(6.5), and (6.7) with Eq. (6.6), the SWDR of B-OTDR

is derived as the following:

2B
SWDRyomon = SWDR e + Slogla, Ja, |+ SIOg{

N |

(6.8)
The minimum required SWDR (SWDR,,;,) of C-OTDR for upgrading to B-OTDR is
given by the condition of SWDRgorpr >0 in Eq. (6.8), that is,

}+51g[\/_ ] -M,. (6.9)
OVy

For measurement with a 1-us pulse width, the bandwidth B is 1 MHz and the spatial

SWDR_,, =510g[aR/aB]—510g{ 25

resolution is 100 m. A strain measurement resolution of 0.02% in the optical fiber
corresponds to the required frequency resolution of dvz = 9.86 MHz by using a strain
coefficient of 493 MHz/% at 1.55 pum [6-12]. For this strain resolution, the calculated
SWDR,;» 1s over 20 dB, assuming that the parameters are set to typical values: ap =
1.23x10° m™, az = 3.9x10” m"', and Avz = 30 MHz. The advanced C-OTDR described
in chapter 3 has an SWDR 39 dB with a 100-m spatial resolution. Therefore, this
advanced C-OTDR can be applied to measure the strain distribution with a 0.02%

resolution over a 90-km-long optical fiber.
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6.3. B-OTDR with optical frequency shifter wusing sideband
generation technique

6.3.1. Proposed B-OTDR configuration

Figure 6.5 shows an experimental setup for B-OTDR with an optical frequency
shifter using the sideband generation technique. A 1.55-um distributed feedback laser
diode (DFB-LD) with an external cavity had a linewidth of less than 10 kHz. The
continuous wave (CW) light from the DFB-LD is divided by a 3-dB fiber coupler
(FC1) into two paths: the signal path, and the LO path. The frequency of the signal
light is up-shifted by the optical frequency shifter, composed of an LN-PM and a
polarization controller (PC). A 1-us signal pulse is produced by an acousto-optic
switch (AO-SW1) operating in pulsed mode and amplified by an EDFA. A second
acousto-optic switch (AO-SW2), operating in pulsed mode and synchronized with
AO-SW1, eliminates the amplified spontaneous emission from the EDFA. The
modulation frequency of both acousto-optic switches is 120 MHz. The up-shifted
signal pulse is then launched into a test fiber. The spontaneous Brillouin backscattered
light from the test fiber is mixed with the LO light by FC3 and detected by a
double-balanced p-i-n field-effect transistor (FET) receiver. A 90-MHz electrical LO
mixes the detected signals, and a 1-MHz low-pass filter (LPF) eliminates their
high-frequency components. The resulting signals are then introduced into an
analog-digital (A-D) converter. The digitized signals are squared and integrated, and

finally, displayed on a computer monitor.

6.3.2. Optical frequency shifter using sideband generation technique

Figure 6.6 shows the optical frequency shifter using the sideband generation
technique, and the drive conditions for the LN-PM in the shifter. The structure of the
optical frequency shifter for B-OTDR, consisting of the 14-GHz-bandwidth LN-PM
and a PC, is simple, and in the experiments, the insertion loss was about 3 dB. The PC
adjusts the state of polarization (SOP) of the signal light to the transverse magnetic
(TM) mode of the LN-PM. The launched signal light, with unit amplitude and optical
frequency vy, is converted to nth-order sideband light with an amplitude of Jn(zV/V7)
and a frequency of vy + nv, [6-27], where vy is the modulation frequency, V' is the drive
voltage of the LN-PM, V; is the drive voltage at which the signal phase is shifted by

half the signal wavelength, and Jn() denotes an nmth-order Bessel function. The
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Table 6.1 Frequency conditions for LN-PM in B-OTDR

Beat frequency between | Detectable beat Condition
backscattered signals and | frequency in B-OTDR
the LO receiver
Brillouin scattering | nv+2v, - v, <B,. vt2v - v, n=1
Rayleigh scattering | nv+2v <B,. 2v, n=0
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generated sideband signals are launched into the acousto-optic modulators (AO-SW1
and AO-SW2 in Fig. 6.5), operating in pulsed mode with a frequency of v,, and the
resulting signal pulse has an optical frequency of vy + nvy + 2v,. When the drive
frequency vy is set near the Brillouin frequency shift v, only the first-order sideband
signal (n = 1) is valid for the optical frequency shifter, because the frequency, vy + 2v, -
v, of the beat signal between the Brillouin backscattered signal and the LO light is
less than the IF bandwidth of the receiver. The higher-order sideband signals (n > 2)
generate extremely high-frequency beat signals, so the detected beat signals are
negligible. Although a beat signal with a frequency of 2v, is also generated between
the Rayleigh backscattered light and the LO light by the fundamental signal (n = 0),
this signal can be eliminated with a conventional electrical filter. This is a significant
advantage arising from the use of coherent detection. Table 6.1 summarizes the
frequency conditions for the LN-PM in B-OTDR when measuring Brillouin scattering
and Rayleigh scattering.

Figure 6.7 shows the spectrum of 10.480-GHz phase-modulated signal light from
the LN-PM, measured with a scanning Fabry-Perot interferometer with a free spectral
range (FSR) of 8000 GHz and a finesse of 5000. For the result shown in Fig. 6.7(a),
the PC adjusted the SOP of the signal light to the transverse electric (TE) mode of the
LN-PM, and the fundamental signal was observed. For the result shown in Fig. 6.7(b),
the PC adjusted the SOP of the signal light to the TM mode of the LN-PM. First- and
second-order sideband signals were generated, and the fundamental signal was
sufficiently suppressed. In this case, to maximize the isolation between the first-order
sideband signal (n = 1) and the fundamental signal (n = 0), the drive voltage V" was set
to xoV/m, where xo = 2.4048 was the first zero of the fundamental signal amplitude
Jo(xo)-

Optical frequency shift and linewidth of the first-order sideband signal from the
LN-PM was measured by using a self-heterodyne laser linewidth measurement
technique with a 120-MHz AO modulator and a 50-km delay line [6-28]. The
modulation frequency v, of the LN-PM was set to 10.480 GHz. Figure 6.8 shows the
measured power spectrum of the beat signal between the generated first-order sideband
signal and the LO light. The frequency of the beat signal was 10.599 998 GHz. The
half width at half maximum of the power spectrum was less than 10 kHz, which
corresponds to the linewidth of the first-order sideband signal light. Therefore, the
frequency resolution of this shifter was as much as twice the linewidth of the B-OTDR
source, that is 20 kHz. The frequency stability and repeatability depends on the
characteristics of the synthesizer which drives the LN-PM. To evaluate the stability of
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the shifter's frequency, the spectrum of the beat signal was monitored. The peak
frequency was found to change by less than 2 kHz over one hour. This optical
frequency shifter, with a high frequency resolution and good stability, can improve the

frequency resolution in B-OTDR and enhance the dynamic range of B-OTDR [6-29].

6.3.3. Measurement of distributed tensile strain in optical fiber by
B-OTDR

Measurements were performed on a test fiber composed of 20-km and 10-km
lengths of DSF. The two fibers were wound around bobbins with a radius of 30 cm and
spliced together.

Figure 6.9 shows the measured spontaneous Brillouin backscattered signals for
various frequency shifts, each with 2'® integrations. To reduce the
polarization-dependent fluctuation of the B-OTDR sensitivity, the A/2 plate was
periodically rotated by 45° every 2'° integrations, as described in chapter 4. The optical
frequency shift was changed from 10.49 to 10.60 GHz in 10-MHz steps. The peak of
the Brillouin spectrum gradually shifted from the input end to the 20-km point. The
cause is believed to be the increasing tension in the test fibers wound around the
bobbins.

Figure 6.10 shows Brillouin spectra measured with a frequency step of 1 MHz and
Lorentzian form fitting curves at: (a) 1 km, (b) 10 km, (c) 19 km, and (d) 25 km. The
measured Brillouin frequency shifts in (a)-(d) were (a) 10.537 GHz, (b) 10.542 GHz,
(c) 10.556 GHz, and (d) 10.540 GHz, respectively, which are in good agreement with
the values measured by Brillouin optical time-domain analysis (B-OTDA) [6-12]. This
corresponds to 0.039% strain with a tensile strain coefficient of 493 MHz/% at a
wavelength of 1.55 um [6-12].

Figure 6.11 shows the distribution of the measured Brillouin frequency shift and the
relative tensile strain in the test fiber. The fluctuation in the Brillouin frequency shift

was +1 MHz, corresponding to +£0.002% strain fluctuation.
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6.4. B-OTDR using 20-GHz wideband balanced receiver
6.4.1. Configuration of B-OTDR with wideband balanced receiver

Figure 6.12 shows an experimental setup for B-OTDR with a wideband balanced
receiver. The 1.55-pum DFB-LD with an external cavity had a linewidth of less than 10
kHz. The CW light from the DFB-LD was amplified by an EDFA and divided by a
98:2 directional FC into two paths: the signal path, and the LO path. The powers of the
signal light and LO light are 20 dBm and 7 dBm, respectively. A 1-us signal pulse is
produced by an AO switch (AO-SW) operating in pulsed mode. The modulation
frequency of AO-SW is 120 MHz. The probe signal pulse is launched into the test fiber.
The spontaneous Brillouin backscattered light from the test fiber is mixed with the LO
light by a 3-dB FC and detected by a wideband double-balanced receiver. The
wideband balanced receiver has a cutoff frequency of over 20 GHz and a common
mode rejection ratio (CMRR) of about 20 dB. The detected signals, with an IF of
approximately 11 GHz, are mixed with the electrical LO signal from the synthesizer,
and a 1-MHz LPF eliminates their high-frequency parts. The resulting signals are then
introduced to an A-D converter. The digitized signals are squared and integrated, and

finally displayed on a computer monitor.

6.4.2. Strain measurement in 30-km DSF by B-OTDR with wideband
balanced receiver

Figure 6.13 shows the measured Brillouin backscattered signals for various
frequency shifts, each with 2'° integrations. By changing the synthesizer frequency, the
frequency of the electrical LO was changed from 10.520 to 10.600 GHz in 5-MHz
steps. The peak frequencies in the Brillouin spectra gradually shifted from the input
end to the 20-km point of the fiber, which was wound around a bobbin under tension.
Figure 6.14 shows the measured Brillouin spectra and Lorentzian fitting curves at (a) 1
km, (b) 10 km, (c) 19 km, and (d) 25 km. The measured Brillouin frequency shifts
were (a) 10.551 GHz, (b) 10.556 GHz, (c) 10.570 GHz, and (d) 10.554 GHz. There
was a difference of 19 MHz between the Brillouin frequency shifts for cases (a) and (c).
This corresponds to 0.039% strain with a tensile strain coefficient of 493 MHz/% at a
wavelength of 1.55 pm, which is in good agreement with the value measured by
B-OTDR with an optical frequency shifter, as described in section 6.3.

This B-OTDR has very simple configuration because there is no additional optical
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frequency shifter. To improve the dynamic range of B-OTDR, the noise of the
wideband balanced receiver should be reduced. For this purpose, one effective
approach is incorporating a narrow-bandwidth amplifier with an IF of approximately
11 GHz in the wideband balanced receiver. This approach, however, degrades the
capability of loss measurement by detecting the Rayleigh backscattered signal. Current

commercial B-OTDR uses this configuration.

6.5. B-OTDR enhanced with synchronous pumped RFA and LN-PM
for measuring strain distribution and optical fiber loss

6.5.1. Configuration of 1.65-um-band B-OTDR

Figure 6.15 shows an experimental setup for 1.65-um-band B-OTDR using
self-heterodyne detection. The 1.647 um DFB-LD with an external cavity has a
linewidth of less than 20 kHz. The signal light is modulated by the LN-PM at a
frequency of approximately 10 GHz. The 1st-order upper sideband light from the
LN-PM is used as B-OTDR probe light in order to down-shift the Brillouin beat signal
frequency. Then, the fundamental light is suppressed by adjusting the LN-PM drive
voltage. A 1-us signal pulse is produced by an AO switch (AO-SW) with a 120-MHz
modulation frequency and amplified by a 25-dB-gain RFA using an 8.7-km-long high
numerical aperture (NA) single-mode fiber. The RFA is synchronously pumped by a
28-dBm quasi-rectangular pulsed light, generated by a 1.48-um bidirectionally pumped
Er-/Al-co-doped fiber amplifier (denoted as EDFA in Fig. 6.15) and an optical pulse
from a 1.54-um Fabry-Perot laser diode (FP-LD) [6-20],[6-30]. The total power of the
1.65-um incident signal pulse is about 13 dBm. The spontaneous Brillouin
backscattered light generated by the 1st-order sideband light pulse from the test fiber is
mixed with the LO light and detected by a double-balanced p-i-n FET receiver in the
210-MHz IF band with 1-MHz bandwidth. The Rayleigh backscattered light can be
heterodyne detected in the 120-MHz IF band without driving the LN-PM. In this
configuration, the Rayleigh backscattered signals generated by the residual
unmodulated light can be suppressed when measuring weak Brillouin signals. The test
fiber is formed by splicing together 20-km and 10-km DSFs. These two fibers are

wound around bobbins, the former under slight tension and the latter tension free.
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6.5.2. Measurement of strain distribution and optical fiber loss by
1.65-um-band B-OTDR

Figure 6.16(1) shows the measured Brillouin backscattered signals for various
frequency shifts, each with 2'® integrations. The optical frequency shift of the incident
signal pulse was changed from 9.89 GHz to 9.97 GHz in 5-MHz steps by changing the
modulation frequency of the LN-PM. The peak frequencies in the Brillouin spectra
gradually shifted from the input end to the 20-km point of the fiber, which was wound
around a bobbin under tension. Figure 6.16(2) shows the measured Brillouin spectra
and Lorentzian fitting curves at (a) 10 km, (b) 18.7 km and (c) 25 km. The measured
Brillouin frequency shift vz was (a) 9.935 GHz, (b) 9.949 GHz, and (c) 9.934 GHz.
There was a difference of 14 MHz between the Brillouin frequency shifts for cases (a)
and (b), corresponding to 0.03% strain with a tensile strain coefficient of 463 MHz/%
at a wavelength of 1.65 um.

Figure 6.17 shows the measured Rayleigh backscattered signals from a 102-km DSF,
with 2'* integrations. The signal pulse width was 1 ps. The SWDR was about 30 dB
with a 100-m spatial resolution. These results indicate the first successful
demonstration of 1.65-pm-band B-OTDR, which is capable of measuring both

fiber-distributed strain and optical loss.

6.5.3. Configuration of 1.55-/1.65-um B-OTDR

In-service testing requires a measurement wavelength differing from the
communication signal wavelength. The B-OTDR operating at 1.55 or 1.65 pm for
offline and online services, respectively, was constructed. Figure 6.18 shows the
experimental setup for 1.55/1.65-um B-OTDR. The 1.551/1.647-um DFB-LDs with an
external cavity has a linewidth of less than 20 kHz. One port (0) of an optical path
switch (OpSW) is open for the 1.55-um mode. The other port (1) is open for the
1.65-um mode. An optical frequency shifter operating in the 1.55- and 1.65-um bands,
is constructed with a wavelength-independent bulk-type polarizer (PL) and an LN-PM.
The 1.551- and 1.647-pm signal light is modulated at a frequency of approximately 10
GHz. The Ist-order upper sideband light is used as the B-OTDR probe light. The
fundamental light is suppressed by adjusting the LN-PM drive voltage. A 1-us signal
pulse is produced by an AO switch (AO-SW) with a 120-MHz modulation frequency.
In the 1.55- and 1.65-pm modes, an EDFA is used as an optical fiber amplifier for the
1.55-um-band signal and for the pump light of an RFA, respectively. The total power
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of the 1.55-/1.65-um incident signal pulse is about 11 dBm. The spontaneous Brillouin
backscattered light is mixed with the LO light and detected by a homodyne receiver
with a I-MHz bandwidth. The Rayleigh backscattered light can be heterodyne detected
in the 120-MHz IF band without driving the LN-PM. The test fiber is formed by
splicing together 20-km and 10-km DSFs.

6.5.4. Measurement of strain distribution and optical fiber loss by
1.55-/1.65-pm B-OTDR

Figure 6.19 shows the measured Brillouin backscattered signals for various
frequency shifts, each with 2'® integrations, at (a) 1.55 um and (b) 1.65 pm. The
optical frequency shift step of the incident signal pulse was 5 MHz, obtained by
changing the modulation frequency of the LN-PM. The peak frequencies in the
Brillouin spectra gradually shifted because of the slight tension. When the
wavelength-dependence was taken into account, the measured distribution of the
Brillouin frequency shift at 1.55 pm from the 0- to 20-km points was in good
agreement with the distribution measured at 1.65 pm.

Figure 6.20 shows the measured Rayleigh backscattered signals from a 102-km DSF,
with 2'® integrations, at (a) 1.55 um and (b) 1.65 pm. The signal pulse width was 1 ps.
The SWDR was about (a) 33 dB and (b) 30 dB, with a 100-m spatial resolution.

These results confirm the feasibility of the proposed B-OTDR employing the optical
frequency shifter incorporating an LN-PM and optical fiber amplifier technologies.
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6.6. Temperature-dependence reduction method for B-OTDR by
simultaneous measurement of Brillouin frequency shift and
power

6.6.1. Theoretical background for simultaneously measuring strain
and temperature from Brillouin frequency shift and power

Since the Brillouin frequency shift varies with both the strain and the temperature,
the accuracy of B-OTDR is degraded by the temperature dependence when measuring
the strain distribution to evaluate the reliability of an optical fiber. Use of a tension-free
reference fiber is one solution for calibrating the temperature, but this method is not
applicable for installed fiber cables. Use of a Raman technique for temperature
monitoring [6-31] is another solution, because the Raman scattering coefficient has
large temperature dependence and appears to have negligible strain dependence.
Simultaneous measurements of the changes in the Brillouin frequency shift vz and the
changes in the Brillouin scattering coefficient 7 thus provides an attractive way to
measure the strain compensating the temperature dependence [6-22],[6-23].

The changes in the Brillouin frequency shift, Jvg, in the Brillouin scattering
coefficient, d7p, and changes in the strain, Je, and in the temperature, 67, are expressed
by a matrix equation [6-22],[6-23]:

{&B} {01 Cz}{&}
= , (6.10)
on, C3 C4|or
where C1 and C2 are the strain and temperature coefficients of vz, and C3 and C4 are
those of #3. The values of both de and 67 can be determined by using inversion of the
matrix in Eq. (6.10) when C1C4-C2C3 #0.

The values of C3 and C4 have been reported recently [6-21],[6-23], with the values
obtained from the direct detection method and a scanning Fabry-Perot filter. Since
coherent detection has a better frequency resolution than that of a Fabry-Perot filter,

B-OTDR using coherent detection should have better performance in terms of strain

measurement than when a Fabry-Perot filter is used.
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6.6.2. Measurement of Brillouin scattering coefficient via strain and
temperature

Measurement of the Brillouin scattering coefficient was performed with a setup
combining that shown in Fig. 6.15 with another EDFA and an LN intensity modulator
(EO-SW) operating in pulsed mode and synchronized with the AO-SW. The EO-SW
reshapes the signal pulse and eliminates amplified spontaneous emission (ASE) from
the EDFAs. The total power of the 1.55-pm incident signal pulse with a pulse width of
100 ns is about 18 dBm. The spontaneous Brillouin backscattered light is detected
using a homodyne receiver with a 10-MHz bandwidth.

The three-section test fiber consists of a 510-m UV-coated 0.25-mm-¢ single-mode
optical fiber, which is tension free. The second section of the test fiber was placed in an
oven whose temperature was controlled from 10 to 50°C. The other sections remained
at a room temperature of about 28°C.

The Brillouin backscattered signals were measured for various frequency shifts,
each with 2'® integrations. Figure 6.21 shows that the Brillouin frequency shift in
section 2 varied as a function of temperature. Figure 6.22 shows the measured
Brillouin spectra and Lorentzian fitting curves for section 2 at (a) 10, (b) 20, (c) 30, (d)
40, and (e) 50°C. Figure 6.23 shows that the temperature coefficient for vz was C2 =
1.08 MHz/°C. As the temperature increased, the peak power of the Brillouin spectrum
increased, while the linewidth decreased. Figure 6.24 shows the temperature
coefficient for ng as a function of temperature. The temperature coefficient of the total
Brillouin scattering power was 0.39%/°C. This agrees well with the previously
reported values of 0.32%/°C [6-21] and 0.36%/°C [6-23].

After this investigation, simultaneous measurement of strain-induced changes in vg
and 7 by the coherent detection method was performed and reported in a co-authored
paper [6-24]. The strain coefficient C4 was found to be -7.8%/% (strain), which is in
good agreement with the previously reported value of -7.7%/% (strain) [6-23].

Finally, Figure 6.25 shows a viewgraph of the prototype 1.55-um B-OTDR

enhanced with the proposed optical frequency shifter.
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Figure 6.25 Photograph of the prototype 1.55-um B-OTDR
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6.7. Conclusions

This chapter described the applications of the highly developed C-OTDR for
distributed strain measurement in an optical fiber, in order to evaluate the reliability of
optical fiber networks. The following conclusions were obtained:

(1) The required SWDR for upgrading C-OTDR to B-OTDR was theoretically
investigated, and it was found that an SWDR of over 20 dB was required to
measure a 0.02% strain distribution in an optical fiber. By applying the highly
developed C-OTDR discussed in chapters 2 and 3 through B-OTDR, the strain
in a 90-km fiber could be measured from one end of the test fiber, with a spatial
resolution of 100 m.

(2) The use of an optical frequency shifter for B-OTDR, with high frequency
resolution and good stability achieved by using the sideband generation
technique with a 14-GHz-bandwidth LN-PM, was proposed and demonstrated.
This shifter has the potential to improve the frequency resolution in B-OTDR
and enhance the dynamic range. The optical frequency shifter was thus applied
in B-OTDR, and the distributed tensile strain in a 30-km DSF was measured
with 100-m spatial resolution.

(3) The feasibility of B-OTDR using a 20-GHz wideband balanced receiver was
also demonstrated, thus validating the basic approach used in current
commercial B-OTDR.

(4) A 1.65-pm-band B-OTDR, capable of measuring both fiber-distributed strain
and optical loss, was demonstrated for the first time. The feasibility of measuring
the strain and optical fiber loss distributions in 30- and 100-km optical fibers in
both the 1.55- and 1.65-pm bands was also confirmed.

(5) Through simultaneous measurement of vz and #p to separate the strain and
temperature, a temperature coefficient for 7z of 0.39%/°C was found by 1.55-pm
coherent B-OTDR. This result demonstrates a novel method for compensating

the temperature dependence in B-OTDR measurement.
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Chapter 7. Applications: optical fiber maintenance support,
monitoring and testing system with advanced functions using
highly developed OTDR technologies

This chapter clarifies the fundamental requirements, methods, and criteria for
maintaining various types of access networks (i.e., PONs, and ring networks) and trunk
networks carrying high-power signals. It also describes the recent development of an
optical fiber maintenance support, monitoring, and testing system in accordance with
these requirements. The future target technologies for this system, including optical
time-domain reflectometry (OTDR) technologies described in chapters 5 and 6,

provide advanced functions of this system.

7.1. Introduction

Broadband optical access services have been commercially available in Japan since
2000 [7-1], [7-2]. The number of broadband service users has increased rapidly
[7-3]-[7-5], exceeding 28 million by the end of September, 2007, including over 10
million fiber to the home (FTTH) service users [7-6]. Broadband network provision
currently requires a central office to accommodate thousands of optical fibers for
access networks [7-7]. An optical fiber maintenance support, monitoring, and testing
system is essential for reducing construction and maintenance costs and improving
service reliability. The automatic optical fiber operations support system, called
AURORA, has already been deployed in the optical fiber networks of NTT, Japan
[7-8], [7-9]. This system must be further developed for application with wideband
transmission systems and various network topologies, as shown in Figure 7.1.

Access networks with several topologies, including passive optical networks (PONs)
[7-5] and ring networks using add-drop multiplexers (ADMs) [7-10], [7-11], have been
installed in the field because of the diversification of optical communication services.
The point-to-multipoint and ring network architectures are very important in terms of
constructing optical fiber networks both effectively and inexpensively. The testing and
maintenance method based on OTDR for conventional single-star networks [7-12],
[7-13], however, cannot be adapted to these network architectures. To test and maintain
optical fiber networks effectively, it is necessary to establish identical maintenance
criteria for both point-to-multipoint and ring networks.

For trunk networks, trunk line communication traffic is growing quickly because of

the expansion of FTTH services. To meet the demand for increased transmission
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Figure 7.1 Various architectures for optical access networks

178



capacity, wavelength division multiplexing (WDM), remotely pumped erbium-doped
fiber amplifiers (EDFAs), and distributed Raman amplifier technologies have been
used in trunk line transmission systems [7-14]-[7-16]. Consequently, high-power
communication signals and high-power pump light have been introduced into optical
fibers. The resulting high-power light of several watts can induce damage in optical
fibers or fiber-optic components. Furthermore, to prevent accidental eye or fire hazards
during maintenance work, network operators must handle optical fibers or fiber-optic
components carefully in central offices using high-power systems. To maintain such
optical fiber networks reliably and safely, the requirements should be clarified for an
optical fiber maintenance support, monitoring, and testing system that can be applied
with optical fiber networks carrying a high total optical power.

Section 7.2 gives the fundamental requirements for an optical fiber maintenance
support, monitoring, and testing system for application with PONs and ring networks.
Then, section 7.3 discusses the criteria for in-service line testing for preventive
maintenance. In particular, these criteria include the maintenance band and the
requirements for maintenance test light filtering (such as the cutoff bandwidth,
isolation, and other optical characteristics) for testing in-service fiber lines without
interfering with optical communication signals in access networks. Section 7.4 gives
the requirements for an optical fiber maintenance support, monitoring, and testing
system for application with transmission systems using high-power signals. Safety
procedures and maintenance guidelines for optical fiber networks using a high total
optical power are also presented. Finally, section 7.5 describes the development of an
optical fiber maintenance, support, and monitoring system (AURORA) using OTDR
technologies, including the system's required functions. The future target technologies
for AURORA are also presented.
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7.2. Fundamental requirements of optical fiber maintenance support,
monitoring, and testing systems for PONs and ring networks

Figure 7.1 shows the basic configurations of (a) point-to-point, (b)
point-to-multipoint, and (c) ring networks. The required maintenance sections for an
optical fiber maintenance support, monitoring, and testing system consist of all optical
fibers between the optical line terminal (OLT) and the optical network unit (ONU) or
network element (NE).

For (a) a point-to-point network, conventional OTDR technologies easily provide
methods for the function of an optical fiber maintenance support, monitoring and
testing system, when achieving surveillance and testing for both preventive and
post-fault maintenance. For (b) a point-to-multipoint network, fiber sections between
an optical splitter installed in an aerial closure or cabinet and ONUs cannot be
monitored by OTDR from the central office. Since the backscattered signals from the
individual branched fibers accumulate in the OTDR trace, an individual fault location
in a branched fiber in a PON cannot be determined by conventional OTDR. For (c) a
ring network, conventional OTDR can be applied from the central office to monitor
fiber sections between the central office and a user building, but not to monitor fiber
sections between customer buildings.

Table 7.1 lists the maintenance functions and suitable test methods for PON and ring
networks. As an optional function, strain distribution measurement by B-OTDR, as
described in chapter 6, can be included in an optical fiber maintenance support,
monitoring, and testing system. In a PON, high-spatial-resolution OTDR (H-OTDR) is
required in order to test branched fibers between an optical splitter and ONUs. In a ring
network, a test light bypass module is required in order to test fiber regions between

customer buildings.
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Table 7.1 Maintenance functions and suitable test methods for PONs and ring networks

Category Activity Functions Methods Status| Status
(typical) (PON](Ring)
Preventative | Surveillance |Detection of fiber loss increase OTDR/loss testing | O | Oo**
maintenance Detection of signal power loss Power monitoring O O
Detection of water penetration OTDR testing O | o*
Testing  [Measurement of fiber fault locationfOTDR testing o*!' | o**
Measurement of fiber strain|B-OTDR testing O | o**
Measurement of water location OTDR testing o*!' | o**
Control  |Fiber identification OTDR testing/ Ox*! -
ID light detecting*2| O O
Fiber transfer Switching*3 O O
After Surveillance |Refer to alarm from path operation|On-line/external O O
installation system medium
before Refer to alarm from customer|On-line/external 0] 0]
service service operation system medium
or post-fault Testing  |Confirmation of fiber condition ~ |OTDR/loss testing | R*! | R**
maintenance Fault  identification = between|OTDR/loss testing | R*! | R**
transmission equipment and fiber|
network
Measurement of fiber fault location|OTDR testing R*' | rR**
Control  [Fiber identification OTDR testing/ R*! -
ID light detecting*2| R | R**
Fber transfer Switching*3 O O
Storage in outside plant database [On-line/external R R
medium
Information on cable route On-line/external O O
medium

R: required; O: optional

*1) High spatial resolution OTDR (H-OTDR) is available for monitoring optical fibers to and

beyond an outside splitter.
*2) ID light means identification light, e.g., 270-Hz, 1-kHz, or 2-kHz modulated light.
*3 ) Switching includes mechanical and manual switching.

*4) By using a test light bypass module.
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7.3.  Criteria for in-service line testing for preventive maintenance
7.3.1. Fundamental requirements

With a view to implementing a highly reliable optical fiber network transporting
WDM signals with a wide spectral bandwidth, in-service fiber line monitoring
techniques are important in terms of providing effective, efficient maintenance of
optical fiber networks. The fundamental requirements of in-service fiber line testing

are the following:

— It should be carried out without degrading communication signals in the optical

fiber network.

— It must be capable of evaluating optical fiber characteristics even if there is

interference with communication light.

7.3.2. Detailed requirements

Test light wavelength allocation

Table 7.2 categorizes the communication wavelength bands given in ITU-T
Supplement.39. A long wavelength band (L-band) extending to 1625 nm has begun to
be used for DWDM/CWDM transmission [7-17]-[7-19]. In addition, Rec. G.983.3
defines a new band of 1480-1580 nm (in the S-band) for a downstream Broadband
PON (B-PON) to enable simultaneous distribution of Asynchronous Transfer Mode
PON (ATM-PON) signals and additional service signals [7-20].

To achieve cost-effective in-service maintenance of optical fiber transmitting
communication light with a wide spectral bandwidth, the assignment of maintenance
wavelengths for fiber identification, fault location, and maintenance monitoring should
meet the requirements of Rec. L.41 [7-21]. Table 7.3 lists the recommended
maintenance wavelength assignments. In case 4, the maintenance wavelength of the
1650-nm band does not interfere with communication light between the O-band and
the L-band. Figure 7.2 illustrates the categorized communication wavelength bands
and the recommended wavelength allocation for PON and CWDM transmission. The
U-band is now used solely as a maintenance band. Therefore, the 1650-nm
maintenance wavelength is one of the best practical solutions for optical fiber

maintenance support, monitoring, and testing systems deployed in an access network.
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Table 7.2 Categorization of communication wavelength bands
in ITU-T Supplement.39

O-band

E-band

S-band

C-band

L-band

U-band

1260-1360 nm

1360-1460 nm

1460—1530 nm

1530-1565 nm

1565-1625 nm

1625-1675 nm

Table 7.3 Maintenance wavelength assignment

1310 nm-window

1550 nm-window

1625 nm-window

1650 nm-window

or maintenance

or maintenance

Case 1|Active Vacant Vacant Vacant
or maintenance |or maintenance or maintenance
Case 2|Vacant Active Vacant Vacant

or maintenance

[nm]

[nm]

Case 3|Active Active Vacant Vacant
or maintenance or maintenance
Case 4|Active or vacant |Active Active Vacant
or maintenance
U-band 1625-1675 nm
(Maintenance band)
L.41 and G.Sup39 A
O-band E-band S-band Coband L-band
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Figure 7.2 Maintenance wavelength allocation
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Wavelength bandwidth of test light

The wavelength bandwidth of the test light source should be designed to account for
the cutoff bandwidth of the optical filter. Figure 7.3 shows the wavelength spectra for a
test light source and a test light cutoff filter, with the L-band used for the
communication light. This diagram shows the wavelength allocations for the light
source and the cutoff filter. The low edge of 4 and the high edge of C for the test light
source and the low edge of B and the high edge of D for the cutoff filter should satisty

the following relationship:
B<A<A

oy <C <D [nm]. (7.1)

When we consider expanding the communication wavelength band, as described above,
it is useful to specify the center wavelength of the test light, A, at 1650 nm. This is
because the U-band is not used for communication signals. Furthermore, to prevent
any deterioration in the effective cutoff value of the optical filter, sideband noise from
the test light source, which is not covered by the cutoff wavelength band of the optical
filter, should also be sufficiently suppressed when compared with the cutoff

characteristic of the optical filter, L, (dB).

Requirements for test light cutoff filter
The test light should not affect the transmission quality of the optical transmission

system, and each system has particular specifications, such as the minimum output
power of a transmitter, the minimum sensitivity of a receiver, and the S/X ratio. Figure
7.4 shows a test setup for an in-service testing line. Here, a test light is launched into a
transmission line by an optical coupler toward an optical network unit (ONU). Here,
P.; and P, are the optical powers of the OLT and the test light just below the optical
coupler, respectively. P.; and P, are obtained by subtracting the insertion loss of the
optical coupler from the minimum output power of the OLT transmitter and the peak
power of the test light source, P, (dBm). The test light is attenuated by the test light
cutoff filter, with cutoff value L, (dB), at the end of the optical fiber line. Equation (7.2)
gives the required optical filter cutoff to avoid any deterioration in the bit error rate
(BER). This equation reflects the fact that the difference between the optical powers of
the communication light and the test light adjacent to the ONU should be sufficiently
smaller than the ratio of the signal power to the interference power (i.e., the S/X ratio),
SX (dB):

Fy—(F—-L)>>S8X,

L >>SX-P,+P (dB). (7.2)

Here, the fiber losses and connection losses in the optical fiber line are regarded as
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independent of wavelength.

Test light cutoff filters should eliminate the maintenance test light without having
any detrimental effect on transmission quality. Therefore, wavelength B should be
longer than the transmission wavelength and shorter than wavelength A, and
wavelength D should be longer than wavelength C, as shown in Figure 7.3.

The sideband suppression ratio (SBSR) of a conventional distributed feedback laser
diode (DFB-LD) is about -40 to -50 dB. When monitoring an in-service line in an
optical fiber network, the effective rejection ratio of the test light must be taken into
account. Otherwise, the sideband noise of the test light is launched into the ONU and
degrades the transmission quality. The effective rejection ratio of the test light depends
on its spectrum, obtained by OTDR, and on the rejection band of the filter in front of
the ONU. Therefore, in-service line monitoring requires designing a suitable test light
spectrum and rejection band for the filter and spectral filtering criteria [7-22],[7-23].

The maximum crosstalk due to the test light to avoid any deterioration in the
transmission quality is considered a requirement of the test light cutoff filter. To avoid
any effects from other transmissions, PON and WDM transmission systems (defined in
G.983.3 [7-20] and G.698.1 [7-24], respectively) have specified tolerances for the
reflected optical power and the maximum optical crosstalk, respectively. The
parameters of these tolerances correspond to the S/X ratio. By attenuating the test light
power below the tolerance to other communication light in the transmission system,

in-service testing can be carried out without affecting transmission quality.

Requirements for measurement equipment

The requirements for in-service testing measurement equipment should also be
considered. In-service testing must be carried out on the premise that light with a
wavelength other than that of the communication light is input into the detector of the
measurement equipment. Therefore, to accurately measure the characteristics of an
optical fiber line in such a situation, the measurement equipment, such as an OTDR or
an optical power meter (OPM), should have a tolerance to the communication light
power. In Figure 7.4, the communication light passes through the optical coupler for
in-service testing and is launched into the measurement equipment. To suppress the
effect of the communication light, it is useful to install an optical filter adjacent to the
measurement equipment, allowing test light to pass but not communication light. In
terms of OTDR measurement, the power of the introduced communication light, P,
(dBm), must be much lower than that of the Rayleigh backscattered signal of the test
light. The Rayleigh backscattering coefficient C,, (dB) is expressed by the following
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equation in terms of the Rayleigh backscattering parameter K and the OTDR pulse
width T}, as defined in IEC 61746 [7-25]:

C,, =10log(K -T,) (dB). (7.3)

Therefore, the optical filter requirement for suppressing fluctuation of the OTDR

trace is given by the following inequality:

f)cu _Lc << (Pp _Ldm)+crb’

Lc >> Pcu - {(Pp - Ldm) + Crb} . (74)

In Eq. (7.4), P, (dBm) is the peak power of the test light source, L4, (dB) is the
optical loss corresponding to the OTDR single-way dynamic range, and L. (dB) is the
cutoff of the optical filter installed adjacent to the measurement equipment. Here, if the
communication signal power is regarded as a sort of noise in the OTDR trace, then to
reduce the resultant OTDR trace fluctuation to less than 0.2 dB, the attenuated
communication signal power, P., — L. (dBm), must be 10 dB less than the Rayleigh
backscattered signal power, (P, — Lgn) + C» (dBm).
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7.4. Optical fiber maintenance support, monitoring, and testing system for
optical fiber networks carrying high total optical power

7.4.1. Fundamental requirements

The concept of “high-power light” for an optical fiber maintenance support,
monitoring, and testing system is defined as follows. When high-power light is
launched into the optical fiber maintenance support, monitoring, and testing system,
the fiber-optic components in the system can be damaged in such a way that they no
longer meet their specifications (e.g., through optical loss). Generally, the term
“high-power light” is used to refer to light with an optical power of several hundred
milliwatts. The fundamental requirements for an optical fiber maintenance system for

optical fibers carrying a high total optical power are the following:

— It must be safe for network operators to handle the optical fiber, cords, and
fiber-optic components when they are carrying light with a high total optical power.
Network operator safety must be maintained in accordance with the appropriate
ITU-T or IEC documents [7-26],[7-27].

— The optical fiber maintenance support, monitoring, and testing system should
provide the functions of surveillance, testing, and control listed in ITU-T Rec. L.40
[7-13] in order to meet the specifications for optical fibers or fiber-optic

components, even if they carry high-power light.

7.4.2. System requirements

Two kinds of safety issues relate to optical fiber carrying a high total optical power.
One is human safety, relating to exposure of eyes or skin to high-power light. The other
is component safety with a high-power light input. When components have a larger
optical loss than is usual, it can pose a fire hazard in the worst case.

It is important for optical fiber maintenance support, monitoring, and testing systems
to be able to detect faults in optical fiber networks, because this enables network
operators or physical plants to avoid dangerous situations. There are several ways to
implement maintenance functions: OTDR testing, optical loss testing, and optical
power monitoring of the optical signal or pump power by using an OPM. Therefore,
optical fiber maintenance support, monitoring, and testing systems must have optical

branching devices for test light insertion (e.g., optical couplers).
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Table 7.4 lists the functions of optical fiber maintenance support, monitoring, and
testing systems for optical fibers carrying high optical power. The list includes the
system requirements for high-power light input and the methods used to meet these

requirements.

Connections

To prevent formation of fiber fuses [7-28],[7-29], connectors should not be used to
connect optical fibers, especially near the output of a high-power optical source.
Instead, fusion splices should be used to connect optical fibers carrying a high total
optical power. To avoid fire hazards, materials that do not easily induce a temperature
increase should be selected as sleeve materials for fusion splices.

If connectors must be used to connect optical fiber carrying a high total optical

power, the connector end faces must be carefully cleaned and polished [7-30].

Termination
* Optical fiber cords for testing
The minimum bending radius of optical fiber cords in an optical distribution frame
(ODF) in a central office should be 30 mm, in accordance with ITU-T Rec. L.50 [7-31].
If a minimum bending radius of at least 30 mm is maintained for general single-mode
fibers (e.g., like those defined in ITU-T Rec. G.652), they will not be damaged during
operation of the optical fiber maintenance support, monitoring, and testing system for
optical fibers carrying a high total optical power. The susceptibility to damage depends
on the coating and jacket materials, the macro-bending loss, the energy conversion to
local heating, the input power levels, and the wavelengths [7-32]. Fibers with
improved bending capability, however, can be used under more severe conditions.
* Optical fiber handling
Because network operators have to handle optical fiber cords when installing or
performing maintenance on an optical fiber maintenance support, monitoring, and
testing system, they must carefully handle optical fiber or cord that carries a high total
optical power. Of course, the handling work should be carried out without any tight

bending of the optical fiber.

Test access modules
Components providing testing access have an optical connection point between
optical fiber lines for test light insertion; a fusion splice should be used for this

connection point. It is desirable that these components for test light insertion (e.g.,
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Table 7.4 Functions in optical fiber maintenance support, monitoring,
and testing system

Functions System requirements for |Methods
high-power light input
Connection No fiber fuse or intense  [Use of fusion splices
temperature increase No need for optical connectors or
polishing and cleaning of connector end
faces
Termination No tight bending of Minimum bending radius of 30 mm for
optical fiber testing optical fiber cords in ODF, but

fibers with improved bending capability
allow more severe conditions

Testing access for
optical fiber line

No fiber fuse or intense
temperature increase

Use of fusion splices
Optical branching component with high
tolerance to high-power light exposure

Optical switch with
butt-joint splice
connection
mechanism

(e. g., fiber selector)

No intense temperature
increase or optical loss
increase

Attenuation of high-power light
or gap between fibers at butt-joint splice
d <10 pum
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optical couplers) have a high tolerance for exposure to high-power light.

Optical switches

An optical fiber maintenance support, monitoring, and testing system generally has
optical switches for selecting a test fiber. An optical switch conventionally has a
butt-joint  splice connection mechanism with a large gap and a
refractive-index-matching material, even if the optical fiber maintenance support,
monitoring, and testing system can accommodate optical fibers carrying a high total
optical power. Any high-power light launched into the optical switch should be
attenuated to a safe level. The reason is that when light with a power of 200 mW or
more is input, the optical loss in the butt-joint splice connection increases greatly, and
the temperature also increases [7-33],[7-34]. Therefore, if the butt-joint splice
connection mechanism is used in the optical fiber maintenance support, monitoring,
and testing system, it is desirable for the gap d between fibers at a butt-joint splice to
be less than 10 pm. If switches based on some other connection technology are used,

however, higher light power might be allowable.

7.4.3. Testing and maintenance procedure

An auto-shutdown function is an effective way to prevent damage caused by
accidents. Functions related to auto-shutdown should account for ITU-T Rec. G.664
[7-26]. Optical fiber maintenance support, monitoring, and testing systems carrying a
high total optical power and optical fiber communication systems should have an
auto-shutdown function for the sake of safety. Any time the auto-shutdown function is
triggered, testing and maintenance with the optical fiber maintenance support,
monitoring, and testing system should be undertaken afterward.

Specifically, the following fundamental testing and maintenance procedures should

be carried out.

— First, power monitoring with low-power test light should be performed at central
offices.

— Second, after confirming that there are no large loss points in the optical fiber
network, low-power optical loss testing or OTDR testing should be carried out to

detect fault locations.

— Finally, optical loss testing or OTDR testing with high-power light should be
performed in optical fibers that carry a high total optical power.
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7.5. Recent development of optical fiber maintenance support, monitoring,
and testing system (AURORA), and future target technologies

Third generation of AURORA

The third generation of NTT's AURORA was developed in accordance with an
upgrade scenario of “high fiber capacity and system cost reduction” [7-9] and has been
deployed since 2002. The system cost was half that of the second generation of
AURORA.

Figure 7.5 shows the basic configuration of this optical fiber maintenance support,
monitoring, and testing system. AURORA consists of a server with a database (DB); a
control terminal; an optical testing module (OTM), which contains an OTDR unit
(OTU) and a test control unit (TC); optical fiber selectors (FSs) that select the fibers to
be tested; test access modules (TAMs) to introduce test light into an optical fiber line;
and termination cables with an optical filter allowing communication light but not test
light to pass. In accordance with Rec. L. 41 [7-21], the OTDR test light wavelength is
1650 nm, which is different from the communication light wavelength. This means that
the system can perform maintenance tests on in-service fibers without degrading the
transmission quality [7-8]. The control terminal, located in a facility maintenance
center for the outside plant, orders various optical fiber tests and administers fiber
information. The compact OTM, TAMs, and FSs are accommodated in integrated
distribution modules (IDMs) [7-7] in the central office. Termination cables with
chirped fiber Bragg grating (FBG) filters are placed in front of the termination
equipment (e.g., an ONU) in the customer building. The control terminal and server are
linked to the OTMs by a data communication network (DCN) using TCP/IP.

Table 7.5 lists the main test functions of AURORA. The construction tests, which
are carried out after cable installation, comprise an OTDR test and a loss test. These
tests include automatic measurement and evaluation of splice losses, reflection values,
and fiber losses. The maintenance tests comprise fault tests and periodic tests using
OTDR. The fault test includes automatic identification of faults between a fiber line
and the transmission equipment on the customer side. With periodic tests, the
capability to detect any deterioration in a fiber line or water at a splice point facilitates
preventive maintenance for optical fiber networks. For fiber identification, AURORA
can remotely introduce identification light into in-service fibers without degrading the
transmission quality.

Table 7.6 summarizes the specifications of the third generation of AURORA. The

system capacity is about twice that of the second generation. The TAM consists of a
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Figure 7.5 System configuration of optical fiber maintenance support,
monitoring, and testing system (AURORA)

Table 7.5 Main test functions of AURORA

Category Function

Construction OTDR test: Splice losses and reflection values
Loss test: Fiber losses

Maintenance Fault test: Fault identification and location

Periodic test: Detection of fiber line deterioration
and water in cable joints

Fiber identification

Insertion of identification light
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Table 7.6 Specifications of AURORA

Item Second generation (TEM) |Third generation (OTM) Additional requirements for
1996 ~2002 2002 ~ advanced future system
System 2,000 fibers / FTM 4,000 fibers / IDM -
capacity 10,000 fibers / TEM 12,000 fibers / OTM
100,000 fibers / Server 200,000 fibers / Server
Maintenance |1550 nm, 1650 nm 1650 nm -
band
Control link [Original interface Standard interface (TCP/IP) [High speed mobile IF of
remote control terminal for
field workers
TAM 8 ch WINC based on PLC |16 ch WINC based on PLC  |L/U band optical coupler for
wide band transmission
SC/MT connectors MU/MT connectors Test light bypass module for
ADM ring network
Termination |Dichroic reflective filter  |Chirped fiber Bragg grating [FBG filter with a rejection
cable Polyimide thin film filter in SC connector ratio of more than 40 dB

embedded in SC connector

Bandwidth: 1645 - 1655 nm
Rejection ratio: >20 dB

Fiber selector
(FS)

2x1600 Fiber alignment
250 pm pitch V-grooves
Two movable master heads

1x2000 fiber alignment
127 pum pitch V-grooves
One movable master head

Remotely installed FS to
reduce cost of preventive
maintenance

Test
equipment

Multi-wavelength OTDR
module

Ring laser high dynamic
range OTDR module

Standard OTU
(1650 nm OTDR)

LD based high dynamic range
OTU

High spatial resolution <2 m
for PON

High dynamic range C-OTDR

Strain measurement for
preventive maintenance
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16¢ch wavelength independent coupler (WINC) with a fiber pitch of 127 um, 8§ MT
connectors for outside cables, 16 MT connectors for FSs, and a simplified 16-port MU
connector for indoor cables. The 1 x 2,000 FS consists of a fiber-moving head and a
multi-fiber array composed of 250 sections. Each section consists of a stack of two
8-fiber ribbons. The 250 sections are arrayed side by side on one V-groove substrate
with a pitch of 127 um. The end of the multi-fiber array is cut to form a perfect mirror
and aligned with a head fiber positioned in the same V-groove but without touching the
array fibers. The IDM is composed of 4 jumper plate shelves with 63 TAMs and one
FS per shelf, accommodating a maximum of 4,000 fibers [7-7]. The step-chirped FBG
filter [7-35], with a center reflection wavelength of 1650 + 5 nm, is used because it can
be embedded in the SC connector of a termination cable more easily than can a
conventional polyimide film filter [7-36]. When this system is applied with an L-band

transmission system, the FBG filter must have a steep characteristic [7-37].

Future technology targets for AURORA
Applying the AURORA system with wideband transmission systems and various
network topologies requires advanced specifications and technology for the system.
Table 7.6 summarizes these additional requirements. The major technologies are the
following:
(1) A fault isolation technique or fault location technique for a PON [7-38]-[7-49];
(2) A test light bypass module for an ADM ring network [7-50],[7-51];
(3) An L/U band optical coupler for coarse WDM (CWDM) and dense WDM
(DWDM) systems [7-52]-[7-54];

(4) A remotely installed FS to reduce maintenance costs in rural areas [7-55];

(5) A high-dynamic-range system for trunk line monitoring, such as the advanced
C-OTDR described in chapter 5;

(6) Fiber distributed strain measurement technique for evaluating optical fiber

reliability by using 1.65 pm B-OTDR described in chapter 6; and

(7) High speed mobile interface (IF) of remote control terminal for field workers

[7-40].

Figure 7.6 shows the fault isolation technique for branched optical fibers with an
optical splitter. As the lengths of the branched optical fibers differ, the Fresnel
reflections from optical filters #1 and #2 can be distinguished. The optical fiber with
optical filter #1 can be determined as faulty because the reflection value of optical
filter #1 changes from its initial level. The prototype system can isolate a fault in an

optical fiber when the difference between the distances of the branched optical fibers is
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more than 2.0 m [7-38]. This fault isolation technique is one of the practical solutions
for maintaining the branched fibers in a PON [7-38]-[7-41].

A conventional OTDR is unstable because the Rayleigh backscattered signals from
all the branched optical fibers accumulate in the OTDR trace. Sankawa et al. proposed
a fault location technique for PONs [7-42]. This approach is difficult, however, for
practical application, because the dynamic range is insufficient to monitor PON fibers.
Measurement of individual branched fibers in a PON was also demonstrated by using
an expensive arrayed waveguide grating (AWG) to assign an individual testing
wavelength to each branched fiber [7-43]. Measurement of the Brillouin frequency
shifts assigned to each PON branch was demonstrated by using a 1550-nm B-OTDR
[7-44]. For in-service monitoring of PON fibers, a new function for an optical fiber
line testing system was proposed [7-45]. This function uses a termination cable with
individually assigned Brillouin frequency shifts and a 1650-nm-band Brillouin
monitoring technique. The 1650-nm-band B-OTDR described in chapter 6, using a
1650-nm-band amplifier technique with a Thulium-doped fiber amplifier (TDFA) or a
Raman fiber amplifier (RFA), enables measurement of the Brillouin frequency shift of
1650-nm test light from a PON termination cable [7-45]-[7-49]. The B-OTDR also
provides an advanced function of AURORA to evaluate the reliability of optical fibers
for the preventive maintenance.

Figure 7.7 shows the OTDR trace of a field-installed optical fiber cable with two
1650-nm test light bypass modules, located 1.0 and 1.2 km from a central office. This
configuration means that AURORA with 1650-nm test light bypass modules can
monitor the cables between buildings in the ADM ring network [7-50], [7-51].

Furthermore, my colleagues in NTT laboratories have been developing sophisticated

methods to meet additional requirements for a future advanced system [7-38]-[7-55].
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7.6. Conclusions

(1) This chapter has clarified the characteristics and requirements of optical fiber
maintenance support, monitoring, and testing systems for access networks. It has
described the fundamental requirements, maintenance sections, testing and
maintenance items, and methods for maintaining point-to-multipoint and ring
optical networks. Methods for PON and ring network maintenance were also
described.

(2) The maintenance band and requirements for maintenance test light filtering (such
as the cutoff bandwidth, isolation, and other optical characteristics) have been
clarified, for the case of testing in-service fiber lines without interfering with
optical communication signals.

(3) The chapter has also described the functional requirements of optical fiber
maintenance support, monitoring, and testing systems for optical fiber networks
carrying a high total optical power. These requirements apply to test equipment,
optical switches for selecting a test fiber, test access modules for connecting test
equipment to the communication line, optical fiber cords for testing, and optical
connections in the maintenance system. The safety procedures and maintenance
guidelines for an outside fiber plant carrying a high total optical power were also
described.

(4) Finally, this chapter described the requirements of an advanced future system and
demonstrated some methods for PON and ring network maintenance: a fault
isolation method for PON using H-OTDR, and a ring network monitoring method
using test light bypass modules and conventional OTDR.

(5) All of the above results contributed in a major way to make ITU-T
Recommendations of L.53, L.66, and L.68 [7-55]-[7-58].
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Chapter 8. Conclusions

This thesis has described the enhancement of optical time-domain reflectometry
(OTDR) by using a coherent detection technique and optical fiber amplifiers, as well as
its applications for optical fiber network monitoring. This final chapter summarizes the
results obtained by developing and investigating coherent-detection OTDR (C-OTDR).

(1) The optimized configuration for OTDR with erbium-doped fiber amplifiers
(EDFAs) was clarified by the results of theoretical and experimental studies. The
performance of OTDR for maintaining optical fiber networks was enhanced by
applying the EDFAs and the coherent detection technique. The resulting
signal-to-noise ratio (SNR) improvement was investigated by numerical evaluation of
the receiver sensitivity and noise, which originated from the amplified spontaneous
emission (ASE) of the EDFAs. The EDFAs should be incorporated in the OTDR setup
as post-amplifiers for the high-gain regime over 20 dB. Two concatenated EDFAs with
a synchronously driven acousto-optic switch (AO-SW) could produce a 30-dBm
high-power signal pulse light with low ASE. The feasibility of enhancing both
direct-detection OTDR (D-OTDR) and C-OTDR with EDFAs as post-amplifiers was
confirmed. By using the concatenated EDFAs with a synchronously driven AO-SW,
D-OTDR and C-OTDR were demonstrated with SWDRs of 30.5 dB and 36 dB,
respectively. This C-OTDR offers the possibility of an SWDR of over 40 dB. The
nonlinear phenomena occurring in an optical fiber degrade the performance of
C-OTDR. Although it has been theoretically predicted that the critical powers of
stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) limit the
incident pulse power in C-OTDR, the critical power at which such nonlinear
phenomena occurred in a dispersion-shifted fiber (DSF) was found experimentally to
be lower that these critical powers. This result provides new criteria for the SWDR
limit of C-OTDR enhanced with EDFAs.

(2) The performance limit of C-OTDR enhanced with optical fiber amplifiers was
theoretically and experimentally clarified. The critical pulse power, at which the
C-OTDR performance is degraded by the effects of nonlinear optical phenomena in a
single-mode optical fiber, depends on the amplified optical pulse waveform and the
pulse width. For a pulse width of 1 ps or longer, the incident pulse power is limited by
the effect of self-phase modulation (SPM). When an optical pulse having a power
gradient within the pulse width is incident to a single-mode optical fiber, the optical

frequency of the backscattered signal is shifted by SPM, and the center frequency of
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the signal moves outside the receiver band, thus degrading the sensitivity of C-OTDR.
For a pulse width of 100 ns, the incident optical pulse power is limited by four-wave
mixing (FWM), which transfers the energy from the incident optical pulse to Stokes
and anti-Stokes light, as a result of the interaction between the incident optical pulse
and the ASE. In accordance with the above limits imposed by SPM and FWM, the
high-performance C-OTDR enhanced with EDFAs obtained SWDRs of 48, 44, 39, and
29 dB for pulse widths of 10 ps, 4 ps, 1 ps, and 100 ns, respectively. These results are
believed to be the best reported performance of a C-OTDR using EDFAs. The
C-OTDR with a 48-dB SWDR and a pulse width of 10 us could be applied for
monitoring 160-km repeaterless optical transmission systems deployed in NTT trunk
lines in Japan.

(3) The amplitude fluctuation in the C-OTDR trace, caused by fading noise, and the
fluctuation of the coherent detection efficiency were both described using the
probability density functions for each of the fluctuation factors. These fluctuations
were also estimated theoretically for the case of applying reduction techniques. A new
synchronous optical frequency-hopping technique was proposed. In this technique, an
RF current pulse is induced in the drive current of a laser diode (LD) during the LD
temperature changes. This technique stimulates optical frequency hopping, which is
synchronized with the timing of launching the C-OTDR signal pulse, and increases the
number of independent Rayleigh backscattered signals. This effectively reduces the
amplitude fluctuation in comparison with a conventional technique that the author
proposed previously. The amplitude fluctuation for a 1-us pulse width was reduced
experimentally to 1/7 of that with the LD temperature stabilized. For 100- and 30-ns
pulse widths, the fluctuation was reduced to 1/11 of that with the LD temperature
stabilized. These experimental results are in good agreement with calculated results.
This reduction technique enables practical field use of the advanced C-OTDR.

(4) The high-performance C-OTDR, as mentioned above, can be applied to monitor
optical fiber networks containing (a) in-line amplifiers as 1R repeaters and (b)
distributed Raman amplifiers (DRAs).

In case (a), the optical transmission lines have 1R repeaters containing EDFAs
optimized in continuous-wave (CW) gain mode. When applying conventional OTDR
to measure optical lines, the leading edge intensity of the signal pulse from the OTDR
system increases upon passing each 1R repeater. This optical surge, caused by the
accumulated gain difference between the pulse gain and the CW gain of the EDFAs,
breaks the feedback circuits in the repeaters. A technique was thus proposed for

keeping the C-OTDR probe power as uniform as possible and avoiding any optical
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surges. In this technique, dummy light with a wavelength of 1554 nm is multiplexed,
via an acousto-optic (AO) switch, with the signal pulse having a wavelength of 1552
nm. The resulting enhanced C-OTDR had a 37-dB SWDR with a probe power of 6
dBm. This indicates the possibility of avoiding optical surges while testing optical fiber
cable spans in optical transmission lines containing EDFAs.

In case (b), the optical transmission lines consist of several-hundred-kilometer
lengths of single-mode fibers with DRAs and remotely pumped EDFAs. These optical
fiber amplifiers are pumped with 1.48-um light, which is incident from the counter end
of the optical transmission line. By using a narrow-band filter to reduce the noise
originating from the EDFAs, the highly developed C-OTDR described here can be
applied to monitor such lines. A 340-km optical fiber line containing a DRA and a
remotely pumped EDFA was successfully measured.

The two above applications commonly occur in maintaining the long-haul optical
fiber cables of submarine optical transmission systems.

(5) Fiber-distributed tensile strain measurement is another important application of
the advanced C-OTDR. The required SWDR for upgrading C-OTDR to Brillouin
optical time-domain reflectometry (B-OTDR) was theoretically investigated, and it
was found that an SWDR of over 20 dB was required to measure a 0.02% strain
distribution in an optical fiber. The applications of C-OTDR upgraded to B-OTDR by
enhancement with a sideband generation technique or a wideband coherent receiver
were demonstrated; these applications include measuring the loss and strain
distribution in an optical fiber. A proposed optical shifter using a high-speed LiNbO;
phase modulator (LN-PM) had highly stable characteristics, with a 14-GHz bandwidth
and a 20-kHz frequency resolution. The distributed tensile strain in a 30-km
dispersion-shifted optical fiber was successfully measured with 100-m spatial
resolution. The feasibility of B-OTDR using a 20-GHz wideband balanced receiver
was also demonstrated. These B-OTDR implementations are highly simple and cost
effective. A simultaneous measurement technique for separating strain and temperature
was also discussed, and the dependence of the frequency shift and power of the
Brillouin backscattered signals on the temperature was obtained experimentally.

B-OTDR is now commonly used for evaluating the reliability of optical fiber cables
in fiber optic communication systems, and in structural monitoring applications.

(6) Finally, the fundamental requirements and methods for maintaining optical fiber
networks were described. Specifically, the fundamental functions and methods were
clarified for an optical fiber support, monitoring, and testing system for optical fiber

networks carrying high-power signals, such as submarine optical transmission systems.
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For access networks, advanced optical fiber monitoring systems were investigated for
application with various network types, and the criteria for in-service line testing in an
optical fiber were also presented. The above results were given in the context of the
related  standardizations of the International Telecommunication Union
Telecommunication (ITU-T).

As summarized above, the highly developed C-OTDR described in this thesis is a
basic technology for various applications, including optical fiber monitoring of
long-haul optical transmission systems and fiber-distributed strain measurement for
evaluating the reliability of optical fiber.

Furthermore, continued development of this C-OTDR technology can be expected to
provide advanced functions for optical fiber maintenance support, monitoring, and
testing systems that can be applied in future networks, such as WDM-PON,

Super-PON for access networks, and so forth.
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