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1. Introduction

1.1. Background

Optical fiber networks began to be deployed for trunk line and submarine systems in
the 1980s in Japan to meet the demand for broadband communication [1-1]-[1-3]. In
recent year, broadband communication becomes a common lifeline. Fiber-to-the-home
(FTTH) services, which were introduced in 1997, are mainstream services for providing
such broadband communication [1-4]-[1-8], and their provision to subscribers has
spread rapidly. The number of FTTH subscribers in Japan exceeded 24 million at the
end of June 2013 [1-9]. As a result, telecommunication carriers have enormous facilities,
such as optical fiber cables. In order to ensure the reliability of optical communication
systems for broadband services, design, construction and maintenance technologies are
of fundamental importance. In particular, attention has been focused on optical fiber
monitoring for the cost effective and efficient maintenance of optical networks.

The basic functions of an optical fiber line monitoring should be designed to
diagnose reflection and loss events in optical fiber lines and to immediately locate them
with the appropriate spatial resolution over the length of more than several kilometers.
It is also one of important functions to investigate characteristics of optical fiber lines
by the measurement. The optical reflectometry is a promising technology for use in
optical fiber monitoring because operators can perform tests from central office (or
remotely from anywhere via a network) without installing any equipment in the
customer’s premises. There are three types of optical reflectometry as follows;

Optical low coherence reflectometry (OLCR)



Optical time domain reflectometry (OTDR)
Optical frequency domain reflectometry (OFDR)

OLCR has a fine spatial resolution of better than micrometer level [1-10], [1-11].
However its measurement range is mechanically limited to a few meters by its
measurement principle. OLCR employs a laser with low coherency such as a white light
source, and observes an interference generated by the reflection beam from a device and
the local beam reflected by the movable mirror in the local arm as shown in Fig. 1-1.
The interference is observed only when the distance to a reflection is exactly same as
the distance to the mirror because of the low coherency of the light source. Therefore,
OLCR can obtain the fine spatial resolution. However, measurable positions are
determined by the position of the mirror, and so the movable range of the mirror
restricts the measurement range. OLCR is mainly used for measurements of optical
devices. As is mentioned above, the measurement range of OLCR is insufficient for the
optical fiber line monitoring, and so it is not suitable to employ OLCR to measurements
of optical fiber networks.

On the other hand, OTDR has a long measurement range of several tens of
kilometers and a moderate spatial resolution of a few-meter level. Therefore it is widely
used for optical sensing of optical fiber cable networks and structures, e.g., buildings
and bridges. OFDR employs coherent detection technique, and so it is called coherent
OFDR (C-OFDR). C-OFDR has the measurement range of a few kilometers and the
spatial resolution of micrometer or centimeter. Therefore, it is used for measurements of

optical devices or short optical fiber networks.
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1.2. Optical fiber line monitoring system with OTDR

1.2.1. Principle and system configuration

OTDR is a widely used reflectometry technique for diagnosing optical fiber links
[1-12]-[1-18]. As shown in Fig. 1-2, it launches a probe pulse into a fiber (or device)
under test (FUT or DUT), and observes the intensities of the back-reflected beams as a
function of the arrival time. As a result, a reflection intensity (or reflectivity) versus
distance map can be obtained. Typically, OTDR realizes a few meter level spatial
resolution over several tens of kilometers. OTDR is employed for diagnosing fiber
networks because of its long range and moderate resolution. The spatial resolution of
OTDR is directly related to the time resolution of the system, which is determined by
either the launched pulsewidth or the bandwidth of the receiver. Both factors are related
to detection sensitivity, which means that with OTDR there is a trade-off between the
spatial resolution and the measurement range (or the sensitivity).

Figure 1-3 shows the schematic configuration of an optical fiber line monitoring
system employing bi-directional OTDRs with two different wavelengths. The test light
from the A;OTDR in the central office (CO) is introduced into a fiber line by using an
L/U-band coupler that includes a dielectric thin filter designed to eliminate U-band
wavelengths [1-19]. Chirped fiber Bragg gratings (FBG) are installed in the termination
cables in front of optical network terminals (ONTSs) as optical filters (hereafter called
termination filters) [1-20]. These filters eliminate the test light of the A;OTDR and

allow a communication light to pass.



1.2.2. Event detection procedure

Figure 1-4 shows a two-tiered procedure where the first step consists of fault
isolation, and the second step is precise fault location. The first step is to isolate the
categories of faults that have occurred in the optical fiber line or on the customer’s
premises by using the A;OTDR from the CO [1-21]. When a fault occurs, we hear about
it first from the customer. This notification informs us whose network, which includes a
fiber line and customer equipment (e.g., an ONT and a computer), is disconnected. At
this time, however, we cannot isolate the fault category solely from the information
provided by the customer. Therefore we have to isolate the fault by using the A;OTDR.
Since a termination filter with an FBG strongly reflects the test light from the A;OTDR,
we can isolate the fault category by detecting any change in the reflected power from
the termination filters with the A;OTDR.

When the branched optical fibers have different lengths, we can distinguish
reflections from each termination filter. Here, the difference between fiber lengths must
be more than the spatial resolution of the A;OTDR. In general, the spatial resolution of
the A;OTDR is about 2~6 m [1-21]. If there is no change in the reflected powers from
the filters, there is a fault in the customer’s equipment (e.g., an ONT or a personal
computer). If all the reflected powers change from their initial levels, there is a fault in
the region sharing a single fiber between the CO and the optical splitter. In this case, we
can pinpoint the fault location from the CO by using the A;OTDR. When only one of
the reflected power levels changes from its initial level, we can also deduce that there is
a fault in the branched fiber region between the optical splitter and the ONT of the
customer who informed us of the problem with his network.

When all differences between the lengths of fibers are less than the spatial resolution
of the A;OTDR, which means that one overlapping reflection is observed in OTDR trace,
it is difficult to isolate the type of fault. Therefore, a better spatial resolution is required
for a wide applicability.

The second step is to locate the fault precisely in the faulty fiber between the optical



splitter and the ONT. After isolating the fault category, the A,OTDR should be
exchanged for an ONT at the end of the faulty branched fiber. We undertake the fault
location by using the A,OTDR without cutting or replacing the termination filter
because the test light of the A,OTDR can pass through the termination filter. The OTDR
traces between the splitter and the ONT enable us to pinpoint the fault location in the

branched fiber region.
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1.2.3. Measurement results obtained by monitoring system and

procedure

Figure 1-5 shows the experimental setup we used to evaluate monitoring system with
the bi-directional OTDR test method and the test procedure. We measured the location
of a fault in a test fiber by using the A;OTDR and the A,OTDR. The test wavelength of
the A;OTDR was 1650 nm. The test wavelength of the A,OTDR used on the customer’s
premises was 1550 nm. The fiber lengths between the optical splitter and optical filters
#1, #2, #3 and #4 were 30, 60, 70, and 150 m, respectively. To add bending loss as a
quasi-fault in the fiber #4, we coiled the fiber 1 turn around a mandrel with radiuses R
of 6.5 and 10 mm at a distance of 100 m from the optical filter #4. The pulse widths of
the AJOTDR and the A,OTDR were 20 and 35 ns, which correspond to spatial
resolutions of 2 and 3.5 m, respectively.

The solid line in Fig. 1-6 shows the OTDR trace when there was no bending loss in
the tested fibers and the broken line shows the A;OTDR trace of the tested fiber with the
bending loss. We were able to distinguish the reflections from the termination filters #1,
#2, #3 and #4. A comparison of the values before and after adding the bending loss
reveals that the reflection of the optical filter #4 decreased 2.3 dB. The spatial resolution
was about 6 m. Therefore, we were able to determine that the fault occurred in the
optical fiber line #4 below the optical splitter by monitoring the fluctuation in the
reflection.

The solid, broken and dash-dotted lines in Fig. 1-7 show the traces measured by the
AOTDR when there was no bend, a bend of R = 10 mm and a bend of R = 6.5 mm,
respectively. We can find bending loss at a point 100 m from the termination filter #4.
The spatial resolution was 4 m and the dynamic range was 7.5 dB.

As shown in this section, OTDR provides a certain level of maintenances for current
networks. However, it is difficult to realize spatial resolution of better than sub meter
level and measurement range of longer than several tens of kilometers simultaneously

because of the trade-off between the resolution and the measurement range (or the



sensitivity) based on its principle.
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Figure 1-5 Experimental setup.
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1.3. Objective and outline of this thesis

In recent years, various optical components have been installed in networks, and so
optical reflectometry with a better resolution and a long measurement range is becoming
increasingly important as a tool for the precise observation of adjacent reflection or loss
events. Realizing a longer measurement range while maintaining a high spatial
resolution is an essential issue as regards the development of optical fiber reflectometry.
Such high performance reflectometry technologies would provide a new type of metric
for fiber diagnosis, such as discrimination between closely located events in optical
access networks or local beat length detection for locating a high polarization-mode
dispersion (PMD) section in a trunk line [1-22], [1-23]. For such advanced applications,
a required measurement range and a spatial resolution are more than several tens of
kilometers and less than sub meter, respectively.

As mentioned in the previous sections, optical reflectometry has been widely used
for diagnosing optical fiber networks. In particular, OTDR, which typically has a one-
or ten-meter spatial resolution, is one of the most useful reflectometry for conventional
applications. However, the performance of conventional OTDR is insufficient as the
tool for the advanced maintenance because there is a tradeoff between a spatial
resolution and a measurement range resulting in a spatial resolution of more than a few
meters. It is also difficult to employ OLCR for diagnosing optical fiber networks
because the measurement range is restricted physically by the movable range of the
mirror.

C-OFDR is well known as a promising technique for achieving high spatial
resolution and high sensitivity. The technique, which is sometimes called a frequency
modulated continuous wave (FMCW) technique, was originally developed for radar
systems, and has been developed for optical reflectometry since the 1980s [1-24]-[1-36].
In contrast to OTDR, C-OFDR provides a fine resolution but a limited measurement
distance. As shown in Fig. 1-8, C-OFDR is a frequency domain technology that uses a

continuous probe beam whose frequency is linearly swept. The back-reflected beam

12



from an FUT is detected by a coherent receiver where the original linearly
frequency-swept probe is used as a local beam. Since the reflected beam at a single
point in an FUT is a time-delayed replica of the linearly frequency-swept probe beam, a
single reflection point yields the photocurrent of a single beat frequency. The beat
frequency is proportional to the roundtrip time of the reflection. Therefore, by analyzing
the spectrum of the detected photocurrent, we can obtain reflection intensity versus
distance map. One of the advantages of C-OFDR is its fine spatial resolution, which is
determined by the resolution of the above spectral analysis and is independent of the
receiver’s bandwidth. Spatial resolutions of much less than one millimeter have been
exploited in several studies and commercially deployed. Such a fine resolution is
suitable for testing optical devices such as modulators, optical filters, and connectors.

As is mentioned above, the resolution of C-OFDR is equivalent to the resolution of a
spectral analysis of the beat signal. In other words, the spectral purity of the beat signal
affects the resolution. If the linearity of the frequency sweep degrades as a result of
some imperfection in the sweeping mechanism, the spectral purity of the beat signal
also degrades. Even if the sweeping mechanism is perfect, the intrinsic spectral
broadening of the light source spectrum, namely a phase noise, modifies the sweep
linearity. If the roundtrip time of the probe beam exceeds the coherence time, the
frequency of the back-reflected probe has uncorrelated fluctuation with respect to the
local beam at the coherent receiver, resulting in the degradation of the spectral purity of
the beat signal [1-37]-[1-39]. This means that degradation of its spatial resolution is
caused by the light source phase noise. The last statement explains why C-OFDR has
always been limited to short-range use. It has commonly been perceived that the
measurement range with a high spatial resolution for C-OFDR is limited to less than
(half the) coherence length of the used light source. It is difficult to use conventional
C-OFDR for diagnosing optical networks of several tens of kilometers because the
coherence lengths of lasers commonly used for C-OFDR are about several kilometers or
less.

The main purpose of this thesis is to realize a long range measurement with a high

13



spatial resolution and sensitivity by overcoming the limitation of C-OFDR due to the

light source phase noise and clarify applicability to optical fiber network diagnostics as

shown in Fig. 1-9.
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Figure 1-8 Schematic illustration of C-OFDR.
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Figure 1-10 shows the organization of this thesis, which consists of eight chapters.

After this introduction, chapter 2 describes a basic principle of conventional C-OFDR, an
influence of a light source phase noise and its compensation technique for measurements
within the light source coherence length. Then, a theory of C-OFDR employing a novel
phase noise compensation (PNC) technique, which is called a concatenative reference
method (CRM), for measurements beyond the light source coherence length (PNC-OFDR)
is described. In the phase noise compensation within the coherence length, a reference
signal, which is obtained by a reference interferometer and includes information of the light
source phase noise, is used for the phase noise compensation. Our novel compensation
technique beyond the coherence length gives reference signals which can be used for the
phase noise compensation in the measurement beyond the coherence length. Reference
signals can be generated by performing a calculation based on the single reference signal
obtained from the single reference interferometer. It is theoretically clarified that
PNC-OFDR can compensate for a phase noise for the measurement beyond the coherence
length.

Chapter 3 describes C-OFDR with a single sideband with a suppressed carrier (SSB-SC)
modulator and a narrow linewidth laser as a tunable light source for improvement in the
performance of conventional C-OFDR. The advantage of SSB-SC modulation is clarified
theoretically by comparison with a double sideband with suppressed carrier modulation. A
centimeter level spatial resolution over a 5 km measurement range and high sensitivity with
a noise level of 30 dB lower than the Rayleigh backscattering level is demonstrated.

Chapter 4 describes a basic configuration of PNC-OFDR based on the theory described
in chapter 2 and C-OFDR with an SSB-modulator and a fiber laser, which is described in
chapter 3. It is also clarified that the dominant factor determining the PNC-OFDR
resolution for a long-range measurement is acoustic perturbation acting on FUT. After
appropriately compensating for the laser’s phase noise, an acoustic phase noise caused by
environmental acoustic perturbation plays a dominant role in the deterioration of spatial

resolution. It is also demonstrated that a laser-induced phase noise compensation scheme
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with the CRM functions ideally, and almost completely eliminates a phase noise even over
a 40 km range with sixteen-fold concatenation.

Chapter 5 describes a new scheme for improving the spatial resolution by expanding the
optical frequency sweep span of PNC-OFDR. It is clarified that a 3rd-order sideband is
generated by employing two LiNbOj; intensity modulators (LN-IM) arranged in series as the
external modulator. And the optical frequency sweep span becomes three times broader
than that of conventional PNC-OFDR. Based on the scheme, sub-cm spatial resolution
measurement over a 10 km range with PNC-OFDR adopting the 3rd-order sideband
sweeping is demonstrated

Chapter 6 describes that fading noise in PNC-OFDR can be effectively reduced by
applying an optical comb light source without any degradation in the reflectometry
performance. The optical comb light source provides broad wavelength tunability, which is
required for the frequency shift averaging (FSAV) for fading noise reduction, while
maintaining a narrow linewidth of the fiber laser used as a seed lightwave. The deterioration
of the spatial resolution is caused by the group velocity dispersion (GVD), when conducting
such measurements with a broad lightwave bandwidth to suppress fading noise. It is also
clarified that PNC-OFDR with a reference interferometer simultaneously compensates for
both a phase noise and GVD induced by wideband measurement and a dispersive medium.
It is confirmed that these PNC-OFDR functions enable us to realize a high accuracy
measurement of Rayleigh scattering level with low fading noise and high spatial resolution
over 10km range.

Chapter 7 describes results of a field test on identification of high-birefringence (or
PMD) sections along installed cables with a bandwidth-division PNC-OFDR. The
bandwidth-division PNC-OFDR technique, which permits a fast sweep of the optical
source frequency, makes it possible to reduce the influence of environmental
perturbation, which is the dominant factor degrading the spatial resolution at a long
measurement range after the compensation of the light source phase noise. In field tests,
we successfully observe beat lengths as small as 20 cm, which shows that there are very

large birefringence sections in the installed cables.
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Chapter 8 summarizes results obtained in this study.

Introduction (chapter 1)

Theory of PNC-OFDR (chapter 2)
O Basis of C-OFDR

O Phase noise compensation
beyond coherence length

Improvement of C-OFDR (chapter 3)

O C-OFDR with SSB-SC modulator and
narrow linewidth fiber laser

Implementation of PNC-OFDR

O Basic configuration and influence of
acoustic perturbation (chapter 4)

O Enhancement of optical frequency
sweep span (chapter 5)

O Fading noise suppression and GVD
compensation (chapter 6)

Field test of PNC-OFDR (chapter 7)

O Measurement bandwidth enhancement

O Detection of high-PMD cable sections

Conclusions (chapter 8)

Figure 1-10 Thesis organization.
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2. Theory of PNC-OFDR

2.1. Introduction

C-OFDR is attracting considerable attention for monitoring optical communication
networks since it provides a narrow spatial resolution [2-1]-[2-4] that enables us to
locate closely separated reflection sites in a network under test. Moreover, thanks to the
inherently coherent detection, a high dynamic range [2-5], [2-6] can be realized that
allows the measurement of Rayleigh backscattering throughout a fiber network.
However, the C-OFDR measurement range is limited by the laser coherence length
because a laser phase noise causes serious degradation to the signal-to-noise ratio
(SNR) as the measurement distance approaches the laser coherence length [2-7]. In
order to employ the technique for applications that involve monitoring medium- or
long-haul systems, the measurement range can be extended beyond the laser coherence
length by using C-OFDR with the CRM, namely PNC-OFDR. In PNC-OFDR, a
reference interferometer is used to provide laser phase-noise information to enable us to
compensate for the temporal signals of the measurement. The phase noise is canceled
out at the best compensation positions or compensated to a lower level when the
reflection events occur around the best compensation positions. The “concatenately
generated phase” (CGP), which is used for the phase noise compensation with only a
single reference interferometer, makes it possible to divide the FUT into several
sections and use different CGPs to compensate for the laser phase noise of different
sections.

In this chapter, the theory of PNC-OFDR is developed. As preparations for

19



discussion, section 2.2, 2.3 and 2.4 describe the basic theory of conventional C-OFDR,
the light source phase noise and the conventional phase noise compensation technique
for the measurement within the coherence length, respectively. Section 2.5 describes the

theory of PNC-OFDR. Section 2.6 summarizes this chapter.
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2.2. Basic principle of C-OFDR

C-OFDR uses a continuous probe beam whose frequency is linearly modulated with
respect to time (see Fig. 2-1). Let Ty, be the temporal length of the linear sweep.
When we define the sweep rate of the frequency as v, the total sweep range is given by
AF=yT,. Specifically, the coherent length of the probe beam is defined as the time
during which it interacts with the back-reflected light described later.

The probe beam is launched into the FUT. The reflected or backscattered beam
yielded in the FUT returns to the input end, and is received by a coherent receiver where
the original probe beam is used as a local beam. When we consider only a single
reflection in the FUT, the reflected beam is a time-delayed replica (the delay equals the
round-trip time of the reflection) of the probe beam. As a result, the interference
between the reflected and local beams produces a photocurrent at the receiver with a
constant beat frequency, fr.s» Which equals the difference between the optical
frequencies of the two interfering beams (see Fig. 2-1(b)). Since the beat frequency is
proportional to the round-trip delay, a spectral analysis of the beat signal gives us the
reflection intensity as a function of distance.

To observe the above operation in detail, let E(¢) be the complex amplitude of the

probe beam, then E(¢) is given by
E@) = E, exp{jQ(t)}

_E, p{ j[zﬁ( i +%’H}, (2-1)

where ¥ (Hz/s) is a sweep rate of the optical frequency, and fy is a initial frequency.

Q(t) represents the phase of the beam, and its derivation,

42O _on(s, 4+ 1), (2-2)
dt
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is an instantaneous angular frequency that evolves linearly with respect to time.
Consider a single reflection point in an FUT whose roundtrip time is Zry7. When the

reflected beam returns to the input end, the amplitude Eg(¢) is given by

E ()= E(t—17,)

= JRE, exp{ j[zyr( fy = YT + %H} : (2-3)

where the constant phase terms (= -2z f,7+ zyr>) are omitted. R is the reflectivity of
the FUT. The reflected beam is mixed with the (local) probe beam, and yields a

photocurrent represented by

ir () =V RE,(E (¢)

=VREcos|Q () -Q(t-7,,,), (2-4)
or
iFUT(t) =‘/}E§COS[27Z7/TFUTZ‘] .

By Fourier-transforming the signal, and recalling that the sweep length is T&,, we obtain

the power spectrum of the photocurrent corresponding to the single reflection as

2

T/2 .
Srur ()= [ iren 0 ds

_ RES': sinz(f — ;/TFUT)T:|2 . (2-5)
z (f - 7TFUT)
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This sinc function with a peak at f=yzryr corresponds to the single reflection peak
located at zzyr. The spatial resolution of C-OFDR can be represented by the interval
between two adjacent zero points, which is given by 1/T,. The spectral resolution
corresponds to the round-trip delay of (1/7,)/y= 1/AF, where AF is the total frequency
sweep range. Hence, as with every measurement system, the time resolution of
C-OFDR is limited by the physical limit, which is given by the inverse of the spectral
range of the test signal used. By converting it into the distance, the single-way spatial

resolution Az of C-OFDR is given by

c
2nAF

(2-6)

where ¢ and n are the light velocity in a vacuum and the refractive index, respectively.
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Figure 2-1 (a) C-OFDR configuration and (b) linearly swept optical frequency and beat

signal generated from the local beam and reflected beam.
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2.3. Light source phase noise

The ideal performance of C-OFDR described in the previous section assumes a
frequency sweep with perfect linearity, which is impossible to achieve in practice. In a
real C-OFDR system, the frequency sweep is imperfect for several reasons, the result
being that the frequency-time trace of the probe beam includes some degree of
nonlinearity. Then, the beat frequency for a single reflection fluctuates, the
corresponding spectrum is broadened, and therefore the spatial resolution degrades as
shown in Fig. 2-2.

The effect of the nonlinearity of the frequency sweep is represented by adding the

undesired phase change &) to (2-1). Then the probe beam is given by

E(1) = E, exp{jQ(1)}

=E, exp{j{Zn’(fo + %t)t + ﬁ(t)}} . 2-7)

The instantaneous frequency of the beam is still given by the derivation of Q(¥),

dQ() doq) ]
» =27a(f, +yt)+ o (2-8)

where d&/dt shows the undesired frequency change. Accordingly, the frequency sweep

rate is a function of time:

_ L d*Q(t) _ +i d*o() ‘ (2-9)

,t—
r@ 27 df’ Y 2 di

There are several origins of &7). One of the most inevitable origins of &) is the

intrinsic spectral broadening of the laser, which is intrinsically added through the
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spontaneous photon emission. Other possible origins include imperfections in the
sweeping mechanism or mechanical vibration of the laser cavity. Since, &) is generally
a probability value, the trace is not deterministic, i.e., the trace shown here is a sample
of the entire event group. The coherence time, 7, is defined in Fig. 2-3 as the average
length of time during which the frequency trace maintains its linearity, or in other words,

the time during which the optical phase (or frequency) maintains its correlation.

Local Reflection

Optical frequency

Beat signal Time

Fourier transform

Jreat OC Distance

Figure 2-2 Nonlinearity of optical frequency sweep and broadening of beat signal

spectrum.
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Figure 2-3 Frequency-time trace of the probe beam deformed by the phase noise. 7

stands for the coherence time of the light source.
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2.4. Phase noise compensation within the coherence length

Here we consider the C-OFDR measurements within the coherence time, i.e., when
the roundtrip length of the FUT is less than the coherence length of the light source.
C-OFDR has conventionally been used within such a range. Figure 2-4 shows the
frequency-time trace in such a case for local and back-reflected beams. Recall that the
frequency trace is almost linear within the coherence time; hence it is also linear within
the delay of the entire FUT. The traces of the local and back-reflected beams are almost
parallel to each other throughout the sweep.

The behavior of the beat frequencies with respect to different reflection distances is
depicted in Fig. 2-4 for different times. The beat frequency for a single reflection
changes with changes in ¥ (f). However, the proportionality between the beat frequency
and the reflection distance is maintained over the entire measurement range. Therefore,
the following linear relationship holds between the beat frequency and the round-trip

delay:

Foor 27O Toyr. (2-10)

In such a case, if we obtain the beat signal of a single reflection point as a reference, the

beat frequency at any distance can be predicted by

sz— (2-11)

TF uTr Tref

and compensated for by using the linear relationship.
When there is a linear relationship between the beat frequency and the distance over
the entire range, the frequency fluctuation can be compensated for by resampling the

beat signal from the FUT by the reference beat signal, as shown in Fig. 2-5. Here, the
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reference beat as a sampling clock is provided to a data acquisition card (DAC) in order
to realize the resampling scheme. This technique has been a standard technology in

short-range C-OFDR [2-3], [2-4], [2-8]-[2-10].
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Figure 2-4 Schefftific view of C-OFDR operation in a range shorter than the coherence
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Figure 2-5 Schematic view of C-OFDR configuration in a range shorter than the

coherence time.
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2.5. Phase noise compensation beyond the coherence length

This section describes the theory of the CRM for PNC-OFDR [2-11], [2-12]. In
PNC-OFDR, the reference interferometer is used to provide phase noise information
about the optical source used for resampling the temporal signals of the measurement.
The phase noise, which is originated from the light source and included in the
measurement signal, is then compensated for when the reflection events occur around a
distance of half of the delay fiber length in the reference interferometer. The difference
from the compensation within the coherence length is to use the CRM. This enables us
to compensate for the phase noise over the entire measurement length, which is much
longer than the light source coherence length.

Firstly, the compensation within the coherence length is theoretically considered. Let
E(t) be the electrical field of the C-OFDR probe beam, whose frequency is linearly
swept. Then E(7) is given by

E(t) = Eqexp{jlwot + myt? + 6(8)]}, (2-12)
where E is the laser optical electric field amplitude, and @ is the initial optical angular
frequency. yis the frequency sweep rate. &) is the randomly fluctuating optical phase

at time t. When a reflection point in the FUT is located at a distance whose round trip

time is Zryr, the beat signal (measurement signal) is given by

ipyr(t) < cos[2mytpyrt + 8(t) — 6(t — Tpyr) + Cryrl, (2-13)

where Cpyr is a constant. &¢)—&—7yr) 1S the phase noise of the light source. If we

adopt a reference interferometer with a delay time 7.y, the obtained reference signal is

Lref (£) o cOS[2my Trept + 8(t) — O(t — Trep) + Crer]
= cos[Xper (1), (2-14)
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where X,.((t) is the phase term of i,.Af), and C,.is a constant. Compensation is realized
by resampling iry7(f) based on timing corresponding to certain increments in the phase
X,f(1), for example T increments. When the resampling time based on T increments is #y,

the following relationship is given:

Mm = Xref(tM)

_ M= 6(ty) + 6(ty — Trep) = Cres

(2-15)
2Ty Trey

M

where M is the sampling index. The measurement signal resampled by (2-15) becomes

irur(ta) o cos[(mTpyr /Trep )M + @ (ty) + C], (2-16)

where C is a constant. The phase term P(#y) is the randomly sampled collection of ®(¢)

shown as follows:

@) = [008) = 0t —tpur)] = 2[0(O) = 6(¢ —Tref).  2-17)

In fact, (2-16) can be viewed as an expression of a sampled signal from a continuous

signal expressed by
irrur (£) o cos[(TTryr/Trep )t + @(0) + C|. (2-18)

The phase noise ®(r) is canceled out when 7. equals Zryr and remains at a small value
when %ryr — T <%, where 7. is the laser coherence time. Therefore, if we use a
reference interferometer whose delay (7. is close to that of the measured reflection
point (Zryr), the phase noise compensation is successfully achieved with the above
resampling process.

On the other hand, this is not the case when Zryr — G.r > 7. Suppose that we have
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only a single reference interferometer whose delay is around 7. (7. =7.), while the FUT
is much longer than the delay. The problem is that the reference signal obtained from
the reference interferometer is effective only at the roundtrip distance of 7. in the FUT,
namely it cannot compensate for the laser’s phase noise over the entire length of the
FUT.

The frequency trace is no longer linear in the measurement range, as shown in Fig.
2-6. We can consider using a reference interferometer with a delay of 7., which is
around the coherence time, and obtaining the reference beat frequency, but the reference
cannot estimate the beat frequency at delays beyond the coherence length, at least with
the simple linear estimation described above (Fig. 2-6(a)).

The key idea of CRM is described schematically in Fig. 2-6(b). The beat frequency
observed with the delay zryr (or 7.s) equals the change in the optical frequency during
the delay (green arrow). Here we recall that the change in every physical values that
occurred in a certain time is a summation of the changes that occurred in its divided
time sections. We already know that the frequency change that occurs in time —7,y to ¢
is given by the reference interferometer. Therefore, if we assume that Zryr=N 7. (V:
integer), namely that 7.ris a divided time section of Zryr, the beat frequency at Zzyr can

be calculated using

N-1
frur () = z fref(t - nTref)- (2-19)
n=0

If we define the phase of the beat signal, X(¢), (i = FUT or ref), by

dX;(t)

2-20
T (2-20)

fi(t) =

then the integral version of (2-19), namely a CGP, is obtained as
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N-1

XFUT(t) = XN(t) = z Xref(t - nTref). (2-21)

n=0

Xn(t) can be numerically calculated from X,.Af) and n7., which are obtained with the
reference interferometer. Therefore, it is possible to compensate for the laser phase
noise by dividing the FUT into several sections and using appropriate Xy(#) values to
each sections as shown in Fig. 2-7. Note that although the compensation process is
required for every sections, the data need only be acquired once. Moreover, the
estimation obtained by using (2-21) is exactly correct, and the perfect phase noise
compensation is possible when zy=N7.; and is still effective around the distance

corresponding to Zryr.
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Figure 2-6 Schematic diagram of the phase noise compensation in PNC-OFDR.
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Next, we consider the effect of the estimation error when the measured distance is
different from an integer multiplied by the reference delay. In principal, the proposed
phase noise compensation scheme realizes perfect compensation at a measurement
distance of 7ryr= N7, However, this is not guaranteed when 7 ryr# N7.r. It appears
that the most natural way to estimate the phase noise at a distance from the best
compensation point is to use a linear fitting starting from the best point, as shown in Fig.
2-8. In practice, if the phase noise compensation is accomplished by resampling the
measured beat signal according to the reference, the linear estimation described above is
automatically employed, and is not exactly correct at 7ryr# N7... (As described later,
this resampling is realized numerically by acquiring and storing both the measured and
reference signals in a computer.) Therefore, the effect of the error in the described case
1s important.

An analysis of the remaining phase noise when 7ryr# N7.r can be considered under
the assumption that the light source phase noise obeys the random walk model. In such

a simple case, the variance of the phase difference with time interval 7 is given by

[2-13]

M

T b

c

(A82(1)) = <[t9(t) — (- r)]2> - (2-22)

where < > denotes the ensemble average.

According to (2-14) and (2-21), the N-th generated phase Xy(t) is given by

N-
X,0=> X, (t-nz,)
n=0

=2TyNt, 1 +0(t)—-0(t—Nz, ) +Cy,.. (2-23)
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In the linear estimation shown in Fig. 2-8, the phase noise &f)—&t—7ryr) incorporated

in ipyr(t) is estimated by

Lror oy -6 - . 2-24
N%[(z) (t-Nz,,)] (2-24)

Therefore, the remaining phase noise ® () after the compensation is given by

D, (1) =[00) - 6~ 7)) —]TVT oy -6 -nz,)] . (225)
ref

Consequently, the measured beat signal after compensation is represented by
i(t) =~ RE? cos[27y 7,1 +D() + C]. (2-26)

The effect of the compensation is to reduce the phase fluctuation from &f)—&t—7ryr)
to P A(1).

Starting from (2-26) and (2-25), and using (2-22), we can calculate the power
spectrum of i(f), which corresponds to the reflection profile yielded in PNC-OFDR by a
single reflection point located at zyr. First, the autocorrelation function of i(f) is
calculated, then (2-22) is needed [2-12]. According to the Wiener-Khinchin theorem,
the power spectrum of I(¢) is obtained as the Fourier transform of the autocorrelation
function. The analysis shows that the power spectral density Sgnu(f) of the coherent

interaction factor regenerated by the phase noise compensation process is given by
Syigna ()=4R €™ - 0(f = o). (2-27)

where Kx'is given by
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K= TFUT 1 z-FUT (2-28)
7, N7, |
By using a new notation,
ATy = Tpyr —NT,. (2-29)
Kis given by
= A7 14+ Arur (2-30)
T N7, |

The first factor, IAzzyr |/ 7., indicates that the coherence decreases exponentially as the
measured distance is detuned from the central point, as with the familiar coherence
characteristic of random walk phase perturbation. The second factor, 14+ AZry/N Ty,
slightly modifies the property of PNC-OFDR, where, for a finite measurement distance,
N1, the degree of the coherence degradation is asymmetrical at shorter and longer
measurement distances from the best compensation point. Figure 2-9 plots the signal
power as a function of Azzyr. To be exact, because of the asymmetry, the switching
point of the concatenated reference phases, Xn(7), for use in obtaining a better
compensation effect is not the mid-point between neighboring best compensation points.
However, in the following experiments, we ignore this small problem and employ Xx(?)
to compensate for the phase noise in (N-1/2) 5r <Zryr <(N+1/2)7,.r. The compensation
effect works well in the coherence time range of the light source on either side of the

mid-point.
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2.6. Conclusion

The theory of C-OFDR employing a novel phase noise compensation technique (or
CRM) for measurements beyond the light source coherence length was proposed. The CRM
generated appropriate reference signals for the compensation by a single measurement with
a reference interferometer and numerical calculation. It was theoretically confirmed that the
compensation effect worked well in the coherence time range of the light source on
either side of the mid-point in divided sections of FUT. Hence the CRM is effective to
overcome the limit of C-OFDR measurement range, and PNC-OFDR can be used for

measurements beyond the coherence length.
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3. C-OFDR with SSB-SC
modulator and narrow linewidth
fiber laser

3.1. Introduction

The optical frequency of the tunable light source used in C-OFDR is swept linearly
with respect to time, and the lightwave is split into a probe and a local light. The probe
light is launched into an FUT. Reflected of backscattered lights from the FUT are
recombined with the local light, and a beat signal is generated. The frequency of the
beat signal is detected by a receiver and analyzed by Fourier transformation. The beat
frequency is proportional to the distance to a reflection point in the FUT because of the
linear sweep of the optical frequency. Hence, C-OFDR can measure the longitudinal
distribution of the reflectivity in the FUT. The spatial resolution and the measurement
range are restricted by the optical frequency sweep range of C-OFDR and the coherence
length of the light source used, respectively. Therefore, by considering a laser with
broad frequency sweep range and good coherency, a basic performance of C-OFDR can
be improved.

On the other hand, C-OFDR cannot overcome the limitation due to laser coherency
by only this approach. However, the number of calculation for the phase noise
compensation can be reduced by employing the laser with broad frequency sweep range
and good coherency as a light source for PNC-OFDR. As a result, PNC-OFDR with

high spatial resolution and long measurement range beyond the coherence length can be
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rationally realized. Previously reported C-OFDRs have included the use of a tunable
laser diode (5 mm spatial resolution for 2 km) [3-1], or an external modulator and a
solid-state laser (140 mm spatial resolution for 1 km) [3-2] as the tunable light source.
A long range measurement of 95 km achieved with C-OFDR employing a narrow
linewidth fiber laser with a piezoelectric transducer for tuning has also been reported
but the spatial resolution was not mentioned [3-3].

In this chapter, C-OFDR with a SSB-SC modulator and a narrow linewidth fiber
laser as a tunable light source is described [3-4]. This technique realizes frequency
tuning while maintaining light source coherence. Section 3.2 explains the basis of a
scheme for C-OFDR employing an external modulator as the tunable light source. The
SSB-SC modulation and a double sideband with suppressed carrier (DSB-SC)
modulation for C-OFDR frequency tuning are also compared theoretically, as a results,
the advantage of using SSB-SC modulation is clarified. In section 3.3, an experimental
setup employing SSB-SC modulation with a Mach-Zehnder interferometric (MZI)
modulator and a narrow linewidth fiber laser is described. Centimeter level spatial
resolution over the entire measurement distance up to 5 km, with a noise level of 30 dB
lower than the Rayleigh backscattering level, is also demonstrated. Section 3.4

summarizes this chapter.
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3.2. Measurement principle of C-OFDR employing narrow

line width fiber laser and external modulator

In C-OFDR, the maximum measurement range and the spatial resolution are limited
by the coherence length and frequency sweep span of the light source. Therefore, it is
extremely important that the light source has a narrow spectral linewidth and a broad
frequency sweep span if we are pursuing to achieve long range measurement with high
spatial resolution. To realize such a light source, we can employ a tunable laser diode or
a narrow linewidth laser combined with an external modulator (e.g., an optical phase
modulator or an intensity modulator). By using the tunable laser diode we can realize
measurements with a high spatial resolution of several micrometers because of the
broad frequency sweep span, but long range measurement is difficult because of the
broad spectral linewidth of the laser (e.g., several hundred kHz). In contrast, a tunable
light source consisting of a narrow linewidth laser and an external modulator as shown
in Fig. 3-1 can sweep the optical frequency while maintaining the high coherency of the
laser. This is a major advantage for long range measurement over several kilometers.
When the lightwave from a narrow linewidth laser is modulated with a modulation
frequency of f,, by the phase modulator or the intensity modulator, the optical frequency
of an Nth-order modulation sideband is expressed as fo+Nfm (V£0, integer), where fj is
the center frequency of the narrow linewidth laser. The modulation sideband
frequencies are swept by changing the modulation frequency f;, linearly with respect to
time at a frequency sweep rate % However, when using such modulators, the beat
spectra of the different-order sidebands overlap each other in the frequency domain, and
the backscattering profile of the FUT cannot be obtained correctly. To avoid this
problem, techniques have been reported that involve insertion of a fiber delay line in a
probe lightwave path [3-5] and that use a DSB-SC modulator and an acousto-optic (AO)
frequency shifter [3-6]. However, the use of a long fiber delay line, which must be more
than twice the length of the FUT, or an AO frequency shifter complicates the C-OFDR

configuration. Moreover, the measurement sensitivity deteriorates because a broader
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band receiver is needed owing to the higher beat frequency that these techniques induce.
In contrast, because SSB-SC modulation can sufficiently suppress an optical carrier and
modulation sidebands except for the +1st-order sideband, we have realized a simple

configuration without a long fiber delay line or an AO modulator.

Narrow linewidth External
laser modulator —  Output
A
St
Synthesized

frequency sweeper

()
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-1st i +1st-order sideband
2nd 71 4 | 4 7t +2nd
2y T B AR
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Figure 3-1 (a) Configuration of tunable light source consisting of narrow linewidth laser

and external modulator and (b) spectrum of modulated lightwave.
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Figure 3-2 shows a model of a spectrum after modulation. Here, it is assumed that
the carrier and modulation sidebands except for the +1st-order sidebands are negligible

because of sufficient suppression. The frequency of the +1st and —Ist-order sidebands

fi(®) and f;1(2) are given by

LO=fo+ 1, +rt (3-D
JLO=f~f. -7t (3-2)

where yis the frequency sweep rate, which is defined as y= AF/Tp. AF and Ty, are
the frequency sweep span and frequency sweep time, respectively. The optical fields of
the +1st-order sidebands E/(f) and E_;(¢) are given by

E (t)=E,expl j(xyt’ +2x f,t+27 f, 1)]

=E, expljP, (@] (3-3)

and

E. (t)=vRE,explj(-w y1* +27 f,1 =27 f, 1)]

=VRE, exp[j ®_, ()], (3-4)

where Ej is the laser optical electric field amplitude and R is the power ratio of the —1st
and +1st-order sidebands. Namely, R=1 and R<1 mean the DSB-SC modulation and the
SSB-SC modulation, respectively. The currents of beat signals between a local
lightwave and a backscattered lightwave caused by the —1st and +1st-order sidebands

can be written as
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i,(1) = |E, (1) + E (1= 7)|" o< cos[®, (1) P, (1~ 7)] (3-5)

and

i \()=|E (D +E_ (t—7)| < Rcos[®_, (1)~ P_ (1-7)], (3-6)

where 7 is the total delay time experienced by a probe light relative to a local signal.
Of course, there is interference between the +1st and -1st-order sidebands, but it is
negligible because their beat frequencies are much higher than those of the signals
shown by (3-5) and (3-6). Because i;(¢) and i_;(¢) are observed simultaneously at time ¢,

a superimposed current i(¢) is given by

i(r) =i, (1) +1i_ (1)
o< X cos(2zmytt + @), (3-7)

where the electric field amplitude X of the superimposed current is described by

X = J(R—1)> +4Rcos’ (27 f,7) (3-8)

and ¢@is expressed by

4 = tan - sin( =z y7? + 27 fuT + 27 f,,7) + Rsin( —wyt’ = 27 f,7 + 272 f,7) | (3-9)
cos( —xyT’ + 27 foT + 27 f,T) + Rcos( —xyT> = 27 f,T + 27 f,T)

The amplitude A of the beat signal power is as follows
A=X?=(R-1)> +4Rcos’(2xf,T). (3-10)
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Note that the amplitude A of the beat signal power oscillates at the center frequency fj of
the laser with respect to the total delay time 7. The relationships between the amplitude
A and the one way distance z given by (3-10) are shown in Fig. 3-3, where f,=200 THz,
and R=1, 0.1 and 0.01. The distance z is expressed by z=17c/2n, where c is the velocity
of light in a vacuum, and # is the group index of a fiber core. The amplitude of the beat
signal power converges to 1 as the sideband power ratio R decreases. The variation in
the amplitude A in relation to the distance z for the DSB-SC modulation (R=1) is much
larger than that for the SSB-SC modulation (R<1). Moreover, with the DSB-SC
modulation, there are distances at which the amplitudes are zero. This means that the
detected power of the beat signal is zero at distance intervals of 0.25 um, and this
characteristic is independent of time . Generally, a spatial resolution of better than 0.25
um is not achievable with C-OFDR. However, when the fiber expansion and
contraction is too slow to be ignored in the measurement time, and there is a reflection
at the point where the amplitude becomes zero, C-OFDR employing DSB-SC
modulation cannot observe the contribution of the reflection to the value of the
measurement point, and so the reflection is overlooked. It should be noted that when
there are only reflections that occur continuously along the FUT such as Rayleigh
backscattering, the influence of the variation can be disregarded because the value of the
measurement point is an integration of the Rayleigh backscattering spectrum from each
scatter element existing over many cycles of the amplitude variation within the spatial
resolution. These large variations and zero points of the amplitude that are obtained
when using DSB-SC modulation become error factors in the reflection measurement.
As the sideband power ratio R becomes smaller, as found with SSB-SC modulation, the
error of the reflection measurement caused by the distance dependence of the amplitude
also becomes smaller. From the above discussion, the SSB-SC modulation should be

employed for tunable light source of C-OFDR.
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Figure 3-3 Calculated amplitudes A as a function of one way distance z by using (3-10)
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3.3. Experiments and discussion

3.3.1. Configuration

The configuration for experiments is shown in Fig. 3-4. This C-OFDR consists of a
tunable light source with an SSB-SC modulator for external frequency sweeping, a main
interferometer, which includes the FUT, and a reference interferometer. The light source
is a fiber laser with a narrow linewidth (EthernalTM, Orbits Light wave, Inc.). The
linewidth measured by the delayed self-heterodyne approach with an 80 km fiber delay
line was 2 kHz. This corresponds to a coherence length of about 30 km in the fiber. The
lightwave was modulated with the SSB-SC modulator, which was driven by a
synthesized frequency sweeper [3-7]. SSB-SC modulation is realized by using a
modulator consisting of a main MZI and two sub MZI as shown in Fig. 3-5. The input
lightwave is modulated by @ cosQafut+xyt), —¢ cosQafut+xyt), ¢sin2afut+xyt’)
and —@sin(27f,+yt’) at each arm where @is the modulation index. Moreover, the
lightwaves are given phase differences of 7 and 772 in the MZI, and MZIg, and MZlI,

respectively. Thus, the final output of the optical field E,,(7) is expressed as [3-8]
SSB-SC modulator

RF,[ [ DC,
MZI MZI,.
FL
MZI,
RFy 7 ¢ DC !
H SO 1
i DGy ¢ !
: I ' FL : Narrow linewidth fiber laser
90° Hybrid DC bias 1 SFS : Synthesized frequency sweeper
controller ' BPD: Balanced photo detector
1 LPF : Electrical low pass filter
: A/D: Analog digital converter
) TN - o ', : Reference interferometer
~ : Connection by PC connector
Ty [Lpr] O y
S : : [I=: Open APC connector
= : v v
o ' .
£ : 16-bit A/D
= . Trigger source

Figure 3-4 Configuration of C-OFDR employing SSB-SC modulator and narrow

linewidth fiber laser.
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E (t)=exp(j27 f, Hexfd jocosQ(t))+exp— j@cosQr))expl jz)

+{exp(j@sinQ(r)) +exp— j@sinQ(r))expl jz)}exp(iz/2)], (-11)

where Q(1)=27f,t+ 7 y. Expanding (3-11) a first-order Bessel function and regrouping

the terms, we obtain

E, (t)=J, @expl j(xyt’ +27 fyt+2x f, O]+ J (@) expl j(-3zmyt’ +2x f,t—6x f, 1)].
(3-12)

Consequently, the +1st and —3rd-order sidebands remain, and the carrier and the other
order sidebands are suppressed. At ¢=1.8, the influence of the —3rd-order sideband
becomes particularly significant. In the experimental setup, RF-signals for the
modulation were applied to electrodes RFs and RFp by the synthesized frequency
sweeper and an RF 90° hybrid coupler as shown in Fig. 3-4. We could realize SSB-SC
modulation by applying an RF-signal to only two RF electrodes because we used an
x-cut LINbO? waveguide [3-9]. Phase differences of ® were given between lightwaves
passing through the two arms of MZI, and MZIg by controlling the DC, and the DCp
bias voltages. In MZlI¢, a phase difference of /2 was achieved by controlling the DCc
bias voltage. The optical frequencies of the modulation sidebands were swept by
changing the modulation frequency of the RF-signal linearly with respect to time. The
frequency of the modulation sideband was precisely equal to that of the RF-signal and
the frequency sweep of the RF-signal was extremely linear, so we were able to obtain
sufficient linearity for the optical frequency sweep. In our experiment, the frequency
was swept from 2 to 18 GHz (the frequency sweep span AF was 16 GHz). The sweep
time was 1 s and the frequency sweep rate ¥ was 16 GHz/s. The achievable spatial
resolution Az, is given by (2-6). Therefore, the theoretical spatial resolution with this
SSB-OFDR setup is 6.25 mm. As shown in Fig. 3-6, the suppression ratio between the
+1st-order sideband and the other sidebands (including the carrier) of the spectrum of

the SSB modulated lightwave was 20-25 dB throughout the modulation bandwidth of
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2-18 GHz. This sufficient suppression of the carrier and sidebands other than the
+1st-order sideband enables us to realize a simpler C-OFDR configuration than that for
C-OFDR with a DSB-SC modulator, because this setup does not need the delay fiber or
acoustic-optic modulator used in [3-6]. A reference interferometer with a 10.2 km-long
delay fiber L. in one arm was used to compensate for the phase noise of the light
source within the coherence length [3-10]. In the frequency domain, the beat signal
obtained by the main interferometer has a broadened phase noise spectrum, which
corresponds to a measurement dead zone and a system noise floor. Therefore, a phase
noise compensation is needed. The phase noise level is almost proportional to the
distance to a reflection point and its reflectivity [3-11], [3-12]. The phase noise is
compensated by resampling the beat signal data of the FUT by using a clock signal
generated from phase information about the beat signal obtained from the reference
interferometer as described in section 2.3 and 2.4. The compensation is most effective
when the length of the delay fiber in the reference interferometer is the same as the
round-trip distance to a reflection point because the beat signals from the reference and
main interferometers have the same phase information including the phase noise.
Therefore, we employed a 10.2 km-long fiber as a delay in the reference interferometer
to realize the most effective compensation at the far end of the longest FUT because the
longest FUT in our experiment was about 5 km (the round-trip distance is about 10 km).
The modulated lightwave was divided and input into the main interferometer and the
reference interferometer. The optical power launched into the FUT changed from —-12.3
to —21.9 dBm along with the frequency sweep. The change in the optical power is
caused by the frequency characteristic of the SSB modulator. The maximum beat
frequency corresponding to the reference interferometer and the FUT was about 0.8
MHz for a sweep rate of 16 GHz/s. We sampled the beat signals from both the FUT and
the reference interferometer by using a 16-bit analog to digital converter (A/D) with the
same 2.4 MHz internal clock for a 1 s acquisition time. The sampled data were filtered
at 0.96 MHz with an electrical low pass filter (LPF) for antialiasing. Then, for the

compensation, the measured data of the reference interferometer were transformed into
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phase information with a computer by using the Hilbert transformation [3-13]. From
this phase information, we calculated the time of every phase increase of m/2. We then
numerically resampled the beat signal of the FUT, which had already been sampled with
the A/D and stored in the computer, based on the calculated time, which is a newly
generated clock for the resampling. The spectrum of the resampled FUT data was
analyzed by using a fast Fourier transform with a computer. The frequency was swept
once per measurement, and we did not perform the frequency domain averaging any
time. We measured five kinds of FUTs, which included a connection with a physical
contact connector at the far end as a reflection point. The distances Lyt of the reflection

points in each FUT were 0.5, 1.3, 2.5, 4 and 5 km.
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Figure 3-5 Schematic structure of SSB-SC modulator.

RO
-}
|
+
[E—
4

Carrier

Optical power [dBm]
IS
=
|

| ! |
1555.6  1555.8 1556 1556.2
Wavelength [nm]

Figure 3-6. Spectrum of SSB-SC modulated lightwave. The modulation frequency f,
was 18 GHz.
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3.3.2. Experimental results over 5 km measurement range

Averages and standard deviations of spatial resolutions based on the full width at half
maximum (FWHM) obtained from twelve measurements for each different FUT are
shown in Fig. 3-7. The open triangles show the averages of the spatial resolution
without the phase noise compensation. The solid circles and the error bars show the
averages and the standard deviations with the phase noise compensation, respectively.
When we employed the phase noise compensation, the average spatial resolution was <
30 mm over 5 km. Figure 3-8 shows the overall view and details of a typical trace for a
5 km-long FUT. The reflectivity was calibrated to the —14.8 dB Fresnel reflection.
Rayleigh backscattering was observed clearly over 5 km. Moreover, the sensitivity
(relative to the Rayleigh backscattering level) was about —30 dB. As shown in Figs.
3-8(b) and (c), the spatial resolution at 4 m and 5 km were 10 and 18 mm, respectively.
One of the reasons for the theoretical spatial resolution of 6.25 mm not being achieved
is acoustic perturbations acting on FUT, and its details are described in chapter 4.

No polarization diversity configuration was introduced in any of above experiments.
As a result, we observed the periodic variation in the scattered light caused by the
birefringence of the FUT as shown in Fig. 3-9. Fluctuations caused by interference
among many backscattered signals, namely fading noise, were also observed [3-14].
The fluctuations reduce the loss measurement accuracy in an optical fiber network. In
this experiment, the measured standard deviation of the backscattered signal power was
about 5.5 dB. The fluctuations can be reduced by employing the well known FSAV

technique [3-15], which is described in chapter 6 in detail.
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Figure 3-7 Averages and standard deviations of spatial resolutions (FWHM) obtained
with twelve measurements for each different FUT as a function of round trip distance up
to a reflection point normalized with the delay fiber length in the reference
interferometer. Open triangles show the averages of the spatial resolution without the
phase noise compensation. Solid circles and error bars show the averages and the
standard deviations of the spatial resolution with the phase noise compensation,

respectively.
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Figure 3-9 Variation in Rayleigh backscattering caused by birefringence of FUT.

The reflectivity was calibrated to the —14.8 dB Fresnel reflection.
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Figures 3-10(a) and (b) show traces around reflections at 0.5, 2.5 and 5 km without
and with the phase noise compensation, respectively. As shown in Fig. 3-10(a), without
compensation, the phase noise levels were sufficiently lower than the reflection peaks
because the distances to the reflection points were less than the laser coherence length
[3-12]. Therefore, there was little difference between the spatial resolution with and
without the phase noise compensation as shown in Fig. 3-7 because the reflection peaks
were clearly identified even without compensation. When there was no compensation,
the phase noise increased with respect to distance. By contrast, when compensation was
employed, as shown in Fig. 3-10(b), the phase noise was greatly reduced at a distance of
5 km (the round-trip distance was 10 km), which was almost the same length as the
delay fiber in the reference interferometer, because the compensation is most effective
when the round-trip distance to a reflection point is the same as a length of the delay
fiber line in a reference interferometer [3-16]. At 0.5 km, the low phase noise level was
achieved after the compensation despite the effectiveness of the compensation being
modest at best because the original phase noise level before the compensation was low.
At 2.5 km, the phase noise level after the compensation was the highest in our
measurement because the original phase noise level was also high and the effect of the
phase noise compensation was modest at best. If there is a strong reflection in an FUT,
Rayleigh backscattering around the reflection is enveloped in the phase noise caused by
the reflection. This is a measurement dead zone and we cannot obtain reflectivity
information around the reflection point. Then, if we employ the phase noise
compensation, the measurement dead zone is reduced because of the reduced phase
noise level. This means, for a measurement within the laser coherence length, the phase
noise compensation is effective in reducing the measurement dead zone rather than in
improving the spatial resolution.

The phase noise also influences the noise floor, which corresponds to the sensitivity.
The phase noise is generated by reflection and Rayleigh backscattering. The noise floor
is increased by the broad spectrum of the phase noise when its level is higher than that

of other noise factors such as shot noise and the thermal noise of electrical circuits of a
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receiver. In fact, when the reflection at the far end of the 5 km-long FUT was eliminated,
the observed noise floor was almost maintained. Moreover, when the fiber laser was
turned off, the thermal noise level of the receiver was 4 dB lower than the observed
noise level in our experiment. These results mean that the dominant factor as regards the
noise level of =30 dB (relative to the Rayleigh backscattering level) after compensation
in our experiment is not the phase noise generated by the reflection at the far end but the
integrated power of the phase noise spectrum skirts generated by Rayleigh

backscattering along the FUT.
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Figure 3-10 Traces (a) without and (b) with the phase noise compensation around
reflections at 0.5, 2.5 and 5 km. The reflectivity was calibrated to the —14.8 dB Fresnel

reflection.
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When a reflection event occurred at a distance of about 10 km (one-way distance),
this C-OFDR did not work well to provide a narrow peak for the reflection because of
the increased phase noise. Therefore, the maximum measurement range of this C-OFDR
setup is more than 5 km but less than 10 km.

The measurement range is limited by the phase noise caused by the laser, namely the
light source coherence, and environmental disturbances such as the vibration of an
optical fiber cable degrade the spatial resolution although C-OFDR with the SSB-SC
modulator and the fiber laser improves the measurement range up to 5 km. Therefore, if
C-OFDR is employed to diagnose longer optical fiber networks, it is needed to employ
the phase noise compensation technique for measurements beyond the coherence length,
namely the CRM mentioned in the previous section. It is also required to investigate the
influence of disturbances to ensure a high spatial resolution in field applications because
with long-range measurements, the signal is affected by the disturbances over long

range, and these perhaps broaden the reflection spectrum.
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3.4. Conclusion

C-OFDR employing an SSB-SC modulator and a narrow linewidth fiber laser as a
tunable light source was described. The advantage of this scheme is that long range
measurement over several kilometers can be realized because the optical frequency
sweep is conducted while maintaining the high coherency of the narrow linewidth fiber
laser. The superiority of using SSB-SC modulation for the external modulation by
theoretically comparing the use of SSB-SC and DSB-SC modulation was also clarified.
When DSB-SC modulation was used, it was confirmed that there were distances where
the amplitude of the obtained beat signal was zero. This causes errors in the reflectivity
measurement. In contrast, when SSB-SC modulation was used, there were no such
distances and the amplitude, and they were almost constant with respect to distance. It is
the advantage of using SSB-SC modulation for the C-OFDR frequency sweep. A 5 km
range measurement with cm-level spatial resolution was demonstrated. Rayleigh
backscattering was observed clearly over the whole range. The average spatial
resolution (FWHM) was < 30 mm over a 5 km-long FUT and the sensitivity was —30 dB
relative to the Rayleigh backscattering level. It is significant to improve basic
performances of C-OFDR by employing the laser with higher coherency and broader
sweep span, which consists of the SSB-SC modulator and the narrow linewidth fiber
laser, because PNC-OFDR can be rationally realized by using both the laser and the

phase noise compensation described theoretically in section 2.5.
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4. Configuration of PNC-OFDR
and influence of acoustic
perturbation of fiber

4.1. Introduction

The attempt described in chapter 3 expanded the C-OFDR measurement range by the
tunable light source using a narrow linewidth fiber laser and external modulator. However,
the laser’s finite coherence remains a major factor limiting such an expansion. In chapter 2,
PNC-OFDR employing the CRM to overcome this limitation imposed by the laser
coherence length was theoretically described. Basically, measurements beyond the
coherence length can be realized by CRM. However, the number of a concatenately
generated phase (or amount of calculation required for obtaining them) is decided by the
laser coherence length. If a light source with long coherence length is used, we can reduce
the number of calculation for the phase noise compensation, resulting in a shorter
measurement time. Therefore, it is quite significant to combine PNC-OFDR and the tunable
light source with a good coherency as shown in chapter 3.

On the other hand, the spatial resolution was degraded by the remaining noise as the
reflection event became more remote [4-1], [4-2], although it has been shown theoretically
that the spatial resolution can be maintained when using the CRM even if the measurement
distance exceeds the laser coherence length as shown in chapter 2 [4-3]. We must therefore
consider the remaining noise and its origin if we are to achieve improved performance for

long-range measurements with PNC-OFDR.
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In this chapter, first of all, the basic configuration of PNC-OFDR with a tunable light
source consisting of the SSB-SC modulator and fiber laser is described in section 4.2.
Section 4.3 explains that the performance of PNC-OFDR is affected by the acoustic phase
noise caused by environmental acoustic perturbations applied to fibers [4-4]. It is dominant
factor degrading the spatial resolution of final results after employing the light source phase
noise compensation. Moreover, when both the reference interferometer and the FUT are
insulated against acoustic perturbation, the theoretical spatial resolution is obtained. This
means that a laser induced phase noise compensation scheme with the CRM works almost
ideally and eliminates the light source phase noise even over a 40 km range with
sixteen-fold concatenation. Section 4.4 explains that in the measurement beyond the
coherence length, even when a laser with a very narrow linewidth of a few kHz is used, a
dominant factor in performance degradation is not the acoustic phase noise but the laser
induced phase noise, and it is effective to employing the CRM. Test results for an actual
fiber cable installed in underground show that there is no severe degradation in performance,
and that PNC-OFDR sustains its unique high resolution in actual field use. Section 4.5

summarizes this chapter.
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4.2. Basic configuration of PNC-OFDR

Figure 4-1 is a diagram of the PNC-OFDR configuration. It includes two
interferometers: a main interferometer (MI), which includes the FUT, and a reference
interferometer (RI) with a constant reference delay, 7. The reference delay should be
set around the coherence length of the light source. Too long a reference delay cannot
compensate for the full range of a section divided, whereas too short a reference delay
requires a large amount of summing up for the concatenative reference generation
process, which might inefficiently exhaust the resource of the computer used for the
calculation. While the measurement is under way, the output beat signals from the main
and reference interferometers are simultaneously acquired by A/D and stored in
memories. By using the measured reference signal, a personal computer numerically
generates the appropriate reference, namely CGP Xy(¢), according to the distances of the
divided section, and resamples the data from the main interferometer based on the CGP
for the phase noise compensation.

The above phase noise compensation is realized with a program written using
LabView. The program uses the reference delay, 7., to calculate (2-23). For this
purpose, we measured 7. with an accuracy of about 5 ns and input it into the program.
In our experience, this amount of 7, misevaluation does not seriously affect the quality
of the compensation (see section 4.3). The program consists of the following five steps:

(1) The phase of the reference beat signal is extracted by using the Hilbert
transformation. This corresponds to X;(¢).

(2) A setof X;(t-n7.y) is calculated by time-shifting X;(¢). Since, in most cases, the
time, n7z., does not coincide with the sampling point, this calculation needs
interpolation.

(3) The compensation section N is selected. From the obtained X;(t-n7.y), Xn(?) is
calculated according to (2-23).

(4) At every increment of Xy(?), time stamps, ,,, are attached to the MI signal. We

calculate the values at the time stamps by interpolation. The obtained new
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measurement signal is Fourier transformed. This is the final result for the N-th
section (N—1/2) T.or <Tryr <(N+1/2) Tp ).
(5) Procedures (3) to (5) are repeated for every section, and the results are

combined.
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Figure 4-1 Schematic of PNC-OFDR configuration
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Figure 4-2 shows an experimental setup. We used a fiber laser with a narrow
linewidth (Koheras AdjustikTM) as the PNC-OFDR test light. The linewidth measured
using the self-delay heterodyne method with a 100 km delay fiber was about 4 kHz,
corresponding to a measurement range of 7.5 km with conventional C-OFDR taking the
round-trip path into consideration. An SSB-SC modulator and an RF synthesizer were
used for sweeping the optical frequency [4-5]. The frequency sweep span AF was about
2 GHz, and this corresponds theoretically to a spatial resolution 4z, of 5 cm. The
frequency sweep rate ywas 400 GHz/s. It should be noted that when measuring 30 and
40 km-long FUTs we set the sweep rate at 200 GHz/s due to the limitation of the
sampling rate of the A/D that we used. A Mach-Zehnder interferometer with a 5
km-long delay fiber line (DFL) in one arm was used as a reference interferometer for
the laser phase noise compensation, and was placed in a sound-proof box to insulate it
from acoustic noise (see section 4.3 for more information). We used a simple
hand-made soundproof box consisting of wooden-walls and soundproof mats. The main
interferometer consisted of a local arm and a measurement arm and was equipped with a
circulator for launching the test light into the FUT and receiving the signal reflected
from the FUT.

Polarization diversity was employed to eliminate polarization sensitivity. The
measurement results had no influence even when we changed the polarization state
alignment because of the polarization diversity scheme. Beat signals from both the main
and the reference interferometers were detected with balanced photo detectors and then
acquired with the 12-bit A/D at a sampling rate of 200 MS/s. The obtained data were
stored in a personal computer for the phase noise compensation process mentioned
above.

The FUT lengths were L,.,—2 m (a ), 2L,e¢+ 37 m (about 10 km), 4L, + 61
m (about 20 km), 6L,,s + 96 m (about 30 km) and 8L, + 95 m (about 40 km). They
were wound on a bobbin and their far ends were the open end of a physical contact
connector (4 % reflection). Each FUT was measured 50 times at a single wavelength.

We obtained the final waveform by averaging the 50 results after employing the phase
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noise compensation process.

The delay of the reference interferometer 7., was preliminarily measured by using
the sampling system with the same time base as the PNC-OFDR measurement. The
sampling rate was 200 MS/s, and so the accuracy was 5 ns. The obtained delay was

24545 ns, and this was used for the compensation process with (2-23).
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Figure 4-2 Configuration of PNC-OFDR. SSB: single sideband, RF: radio frequency, DFL:
delay fiber line, FUT: fiber under test, PC: polarization controller, PBS: polarization beam

splitter, A/D: analog to digital converter.
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4.3. Dominant factor limiting performance of PNC-OFDR

It was theoretically clarified that the CRM perfectly compensates for the light source
phase noise at the best compensation positions as shown in chapter 2. In previous
reports, however, the spatial resolution deteriorated and the theoretical value was not
achieved even though the CRM was used [4-1], [4-2]. In this section, we clarify the
reason for the degraded spatial resolution of PNC-OFDR.

In the first experiment, we insulated both the reference interferometer and the FUT to
protect them from the acoustic perturbation to allow us to investigate its influence, and
we compared the data we obtained with and without the insulation. Figure 4-3 shows
sound pressure density spectra measured in and out of a soundproof box, which was
used to provide insulation. The soundproof box was placed in a relatively noisy
laboratory environment with a rather loud computer server one meter from the
experimental setup. The soundproof box provided effective insulation against acoustic
noise of more than 100 Hz. The sound levels, which are numerically integrated values
of sound pressure density spectra, were 62 dB (22 mPa) and 57 dB (14 mPa),
respectively. Consequently, in all the experiments, a sound pressure of 62 dB acted on
the FUT and/or the reference interferometer without the insulation. On the other hand, a
lower sound pressure of 57 dB acted on the FUT and/or the reference interferometer
when the insulation provided by the soundproof box was used. The CRM was employed
for all the measurements presented in this section.

The blue line in Fig. 4-4 shows the far end reflection of 40 km-long FUT when
neither the reference interferometer nor the FUT were insulated. The reflection shape
was somewhat different from the theoretical shape obtained with the CRM, which is a
sinc” function whose envelope is shown by the black dashed line. Moreover, no clear
reflection peak could be observed due to the remaining noise. Then we put both the
reference interferometer and the FUT into soundproof boxes to insulate them from
acoustic noise, and the obtained spectrum is shown as the green line. This result agrees

with the theoretical line with an SNR of 25 dB. The obtained spatial resolution was also
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5 cm, namely the theoretical value. Here, the horizontal axis in Fig. 4-4 is the frequency
deviation Af with respect to the peak (lower axis), and it also indicates the distance
deviation AL from the reflection position (upper axis), which satisfies Af = 2)AL/v, (0.5
m/kHz).
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Figure 4-3 Sound pressure densities out of the soundproof box (blue line), namely in a

noisy environment, and in the soundproof box (red line).
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From the above results, it is clear that the laser phase noise compensation scheme
with the CRM works almost ideally even over a 40-km range with the sixteen-fold
concatenation. Moreover, the remaining noise after the compensation process is mainly
caused by environmental acoustic perturbation acting on an optical fiber, here the FUT
and the reference interferometer, rather than some kind of numerical error in the
compensation process with the CRM even with the sixteen-fold concatenation.

Note that there was difference from the theoretical shape in the region below —25 dB
even though both the FUT and the reference interferometer were insulated and the CRM
worked well (green line in Fig. 4-4). Three reasons were assumed for the remaining
noise. The first is the deviation from the best compensation position. As mentioned in
chapter 2, the CRM achieves its maximum effect when N7z, equals Zryr. If the
deviation becomes longer, the phase noise remains. However, the deviation of a 40
km-long FUT is only 95 m corresponding to a deviation of 2 % from L,.. Therefore,
this is not a dominant cause of the remaining noise. The second reason is the error in the
Z.r value used for the numerical compensation process. Figs. 4-5(a), (b), and (c) show
reflection shapes at 40 km when 7.r= 24545 (measured value), 24550 (error of 5 ns
from the measured value) and 24595 ns (error of 50 ns from the measured value) to the
numerical compensation process, respectively. Periodic spikes were observed, which
originated from the deviation from the true value of 7.. The levels of these spikes
increased when the 7, error increased. On the other hand, the spectrum shapes around
the reflection were in almost complete agreement when the error was within 50 ns.
Hence, 7. was measured with sufficient accuracy and the error was not a dominant
cause of the remaining noise although it causes the periodic spike. The third reason is
residual acoustic perturbation. Even if both the FUT and the reference interferometer
were insulated, it would be very difficult to eliminate acoustic noise completely because
the insulation of our soundproof box was imperfect. In fact, as shown by the red line in
Fig. 4-3, residual acoustic perturbation was observed although the sound level was
lower. This residual perturbation causes an increase in the acoustic phase noise, and so

the measured shape is different from the theoretical shape even if both the FUT and the
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reference interferometer are placed in the soundproof box. We presume that this is the
dominant factor as regards the difference between the theoretical and measured shapes,
namely the remaining noise.

The red line in Fig. 4-4 shows the reflection shape when only the reference
interferometer was insulated. The broadening of the spectrum, namely the remaining
noise, is due solely to the acoustic perturbation acting on the FUT because the laser
phase noise was compensated for sufficiently with the CRM. In practical use, only the
reference interferometer can be placed in the soundproof box under this insulation
condition. Hence, the reflection shape shown by the red line corresponds to an
obtainable reflection shape in the practical use. It also means that the dominant noise
limiting the spatial resolution of final results obtained by PNC-OFDR is the acoustic
noise acting on the FUT, and so it is quite effective to employ the soundproof box to

PNC-OFDR configuration.
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Figure 4-5 Spectrum shapes of a 40 km-long FUT with delay 7. of (a) 24545
(measured value), (b) 24550 (error of 5 ns from measured value), and (c) 24595 ns

(error of 50 ns from measured value).
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4.4. Laser phase noise and environmental acoustic noise

The CRM compensates only for the laser induced phase noise, and so if
environmental acoustic noise is more dominant than the laser phase noise, the CRM is
not effective in improving the spatial resolution. Therefore, in this section, we attempt
to determine which noise is dominant before employing the CRM.

We compare the following two cases

a) Case #1 (Laser phase noise dominant)
* Both the FUT and the reference interferometer were placed in the
soundproof box.

The CRM was not used.

b) Case #2 (Acoustic noise dominant)
Only the reference interferometer was placed in the soundproof box.

The CRM was used.

Consequently, in case #1, both the FUT and the reference interferometer were insulated
from the effects of the acoustic perturbation, and only the laser phase noise was
observed. In case #2, the laser phase noise was eliminated by the CRM, and only
acoustic noise acting on the FUT was observed. Therefore, a comparison of the spectra
obtained in case #1 and #2 corresponds to a comparison of the laser phase noise and the
acoustic noise.

Figure 4-6 shows measurement results for 5, 10, 20 and 40 km-long FUTs under the
two experimental conditions mentioned above. Focusing on the results of case #1, we
see that the behavior of the laser phase noise agrees qualitatively with the well-known
random walk model because its shape approached the Lorentzian when the FUT length
increased. Note that the reflection shape for a 30 km-long FUT was similar to those for

20 and 40 km-long FUTs. Concerning the results of case #2, the red symbols in Fig. 4-7
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show the spectrum bandwidth at =3, —10 and —20 dB for each FUT length. The
bandwidth broadened when the distance to the reflection increased. This is due to the
acoustic perturbation acting on the longer FUT. The bandwidth at =3 dB was no more
than 0.6 kHz in these experiments. Moreover, the bandwidth was less than 3.9 kHz even
at =20 dB. The bandwidth can be converted to the spatial resolution by Af = 2)AL/v,
(0.25 m/kHz) as shown by the right side axis in Fig. 4-7. Here, the spatial resolutions at
30 and 40 km should be double the indicated value because they were measured at y=
200 GHz/s (0.5 m/kHz). Hence, the spatial resolutions at —3dB at 5, 10, 20, 30 and 40
km were 6, 6.5, 6.5, 9 and 28 cm, respectively. Therefore, it can be found that the
spatial resolution of a final result given by PNC-OFDR is mainly decided by the low
frequency environmental acoustic noise. The side peaks observed at +7 kHz disappeared
when both FUTs were placed in the soundproof box, and so it is clarified that they were
generated by the acoustic perturbation acting on the FUT.

A comparison between cases #1 and #2 shows that the laser phase noise played a
more dominant role with respect to the spatial resolution than the environmental
acoustic noise even when we used a highly coherent light source such as a fiber laser
with the linewidth of 4 kHz. The full widths at half maximum at 40 km in case #1 and
#2 were 6 and 0.6 kHz, respectively. Roughly speaking, if we use a laser with a tenfold
better spectral purity, the spectral width of the laser phase noise becomes similar to that
of the environmental acoustic noise. Although the future development of narrow
linewidth lasers may change these conclusions, when using current commercial lasers
with linewidths of several kHz, the laser phase noise is dominant. Therefore its
compensation with the CRM is also significant in terms of improving the spatial

resolution of long-range measurements using a C-OFDR technique.
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Figure 4-6 Spectra measured under two test conditions. The black lines show
measurement results with an insulated FUT and reference interferometer, and without
the CRM. The red lines show results with an insulated reference interferometer (the

FUT was not insulated) and the CRM. The FUT lengths were (a) L,,r—2 m (a
km), (b) 2L,.s+ 37 m (about 10 km), (c) 4L, + 61 m (about 20 km), and (d) 8L, + 95
m (about 40 km).
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We also investigated the influence of actual acoustic perturbation to confirm the
PNC-OFDR performance in the field. An FUT consisting of an optical cable installed in
an underground duct was measured at ¥= 200 GHz/s. The cable was about 660 m long.
Turned-back fiber lines were constructed for a long-range measurement by connecting
some optical fibers in the cable. Consequently, the total lengths of the fiber lines were
L,;s — 210 m (about 5 km), 2L,,s + 110 m (about 10 km), and 4L,.r + 100 m (about 20
km). The obtained bandwidths of the reflection spectra at each fiber length are shown
by blue symbols in Fig. 4-8. The maximum bandwidths at -3 and —20 dB were 0.7 and
2.1 kHz, respectively. The spatial resolution at =3 dB was 36 cm. As an example,
reflection shapes at 20 km, which were measured in our laboratory (red line) and in the
actual field (blue line), are also shown in Fig. 4-9. As can be seen, there was no
significant broadening of the reflection shapes although the low frequency component
had a slight influence. This means that the spatial resolutions obtained for both cases
were about the same when the same sweep rate ¥ was used. This indicates that

PNC-OFDR maintains its performance even when it is used in the field.
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4.5. Conclusion

A basic configuration of PNC-OFDR employing the CRM and the high coherent
broadband tunable light source was demonstrated. It was clarified that the dominant
noise limiting the spatial resolution of PNC-OFDR with the CRM for the laser phase
noise compensation was acoustic noise caused by environmental acoustic perturbation
acting on the FUT. It was demonstrated that when both the reference interferometer and
the FUT were insulated against acoustic noise, the phase noise compensation scheme
functioned well over a 40 km range, with sixteen-fold concatenation. This result reveals
that the coherence length requirement for the light source is not very strict, and we can
realize mid-range C-OFDR even with an inexpensive optical source.

It was also indicated experimentally that the dominant noise before the phase noise
compensation was the laser phase noise rather than acoustic noise even when the fiber
laser with a narrow line width of a few kHz was used. This makes the laser phase noise
compensation with the CRM is very significant as regards improving the spatial
resolution for long-range measurement.

The performance during field use was also investigated. There was no great
degradation in the performance, and so PNC-OFDR can be used for various applications
targeting mid- to long-range networks with a narrow spatial resolution, which cannot be

achieved with other reflectometry technique.
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5. Enhancement of frequency
sweep span with 3rd-order optical
modulation sideband

5.1. Introduction

A broader optical frequency sweep span is needed to improve the spatial resolution
of PNC-OFDR. The optical frequency sweeping in PNC-OFDR is realized by sweeping
a lIst-order optical modulation sideband generated by an external modulator as
described in chapter 3. In this case, the optical sweep span is equivalent to that of the
RF signal input into the modulator. However, it is difficult to realize wideband and
linear sweeping of a high-frequency signal because of the limitation by the quality of
the RF signal input into the modulator. With the commonly used RF synthesizer, it is
difficult to sweep the RF signal frequency over a bandwidth of more than a few GHz
without signal interruption owing to the switching of various electrical modules in the
synthesizer. The CRM does not work well with such signal interruptions, and so a light
source phase noise is not compensated for. Therefore, the theoretical spatial resolution
of PNC-OFDR has been limited to several cm because of the sweep span of a few GHz.

In this chapter, a new scheme for improving the spatial resolution by expanding the
optical frequency sweep span of PNC-OFDR is proposed [5-1]. Section 5.2 theoretically
describes the principle of a 3rd-order optical modulation sideband sweeping. It is
realized by employing two LN-IMs arranged in series as the external modulator for the
tunable light source. And the optical frequency sweep span becomes three times broader

than that of the 1st-order sideband. Based on the scheme, in section 5.3, sub-cm spatial
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resolution measurement over a 10 km range with PNC-OFDR adopting the 3rd-order

sideband sweeping is demonstrated experimentally. Section 5.4 summarizes this chapter.
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5.2. Principle of 3rd-order sideband sweeping

The conventional PNC-OFDR technique uses a Ist-order sideband for external
frequency sweeping [5-2]—[5-4]. If we can use a higher order sideband as the test light,
the spatial resolution will be improved because of the broader optical frequency sweep
span. Two LN-IMs are arranged in series to generate only +3rd-order sidebands as
shown in Figure 5-1. First, the input lightwaves are modulated by RF signals of ¢ sinQz
and —¢;sin€d¢, and also have a phase difference of zero radian by applying DC bias
voltages at the first LN-IM. ¢ is modulation index, and Q is the angular frequency of
the RF signal. Thus, when sidebands higher than 5Sth-order are neglected, the optical

field output from the first LN-IM E,,(7) is expressed as
E,, (1)= e'im{‘]o () +J, (¢1)e'i2m +J, (¢1)e'/4ﬂr + 12(¢1)e—_;291 + J4(¢1)e_jm’}’ (5-1)

where @ is the angular frequency of the lightwave, and J,(¢) is a Ist-order Bessel
function. Then, at the second LN-IM, the lightwaves are modulated by RF signals of
¢ sinQt and —¢sinQt, and has a phase difference of 7 radians. ¢ is modulation index.
When sidebands higher than 3rd-order are neglected, the optical field output from the
second LN-IM E,,,«(?) is given by

By =B, 00, 8)e'™ =1 (@)e7
= 1D~ LN HL D~ @)™ + T, ™ (52
HIL@ T ™ HI, @)~ L@ ™ T (@)e ™.

Here, when ¢=1.84, Jo(¢)—J2(#)=0. Therefore, the terms of +Ist-order sidebands in
(5-2) disappear. Note that +5th-order sidebands still exist but they are negligible
because the ratio of the amplitudes of the +5th and +3rd-order sidebands
Ja(@)I{J2(D)=Ja()} is 0.08 when ¢=1.84. When applying this scheme to PNC-OFDR,

Q must be linearly swept with respect to time. Therefore, Q¢ in (5-2) can be expressed
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as Q(H)=2nfnt+ny?, where f,, and yare the initial value of the modulation frequency and
the frequency sweep rate of the RF signal, respectively. Finally, the output of the optical

field is simply given as follows;

E, (t) =" J (@)1, (@) — T, ()}’ 7™

s (5-3)
@) = Lg)e /T,

In this way, only #3rd-order sidebands are strongly generated and swept by a very
simple configuration consisting of two LN-IMs. From (5-3), the optical frequency
sweep rate and sweep span of the 3rd-order sideband become three times higher than
that of the input RF signal. Therefore, the spatial resolution of PNC-OFDR with a
3rd-order sideband is three times greater than that of conventional PNC-OFDR

employing 1st-order sideband for the optical frequency sweeping.

@,sinQt @sinQt

Input — — Output

0
-@,sinQt -@,sinQt

Figure 5-1 Configuration of intensity modulators for 3rd-order sideband sweeping.
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5.3. Experiments and discussion

5.3.1. Experimental set-up

Figure 5-2 shows the experimental set-up for PNC-OFDR. We used a fiber laser with
a narrow linewidth (Ethernal™, Orbits Lightwave, Inc.) as the optical source. The RF
signal from the RF synthesizer was input into a 3rd-order sideband generator consisting
of two LN-IMs throughout a phase shifter, which was used for adjusting the modulation
timing, and swept from 10 to 16 GHz for a 23 ms acquisition time. Therefore, the
frequency sweep rate yof the RF signal was 260 GHz/s, and the frequency sweep span
AF of the RF signal was 6 GHz. Based on the above discussion, the optical frequency
sweep rate ¥ and sweep span AFy of the 3rd-order sideband became 780 GHz/s and
18 GHz, respectively. Therefore, the theoretical spatial resolution Az, was improved to
5.5 mm by employing the 3rd-order sideband. The modulated lightwave was input into
an optical filter to eliminate the —3rd-order sideband, and then we were able to obtain a
single sideband spectrum, as shown in Fig. 5-3. Figures 5-3(a) and (b) show spectra
when RF signals were 10 and 14 GHz, respectively. Although there were some peaks
between each modulation sideband, they were negligible because their power was
sufficient smaller than that of the 3rd-order sideband. The suppression ratio between the
+3rd-order sideband and the other sidebands of the spectrum was 10-20 dB over the
entire modulation bandwidth.

The modulated lightwave was divided and input into the main interferometer, which
contained the FUT, and the reference interferometer. The reference interferometer with
a 5 km-long delay fiber was used to compensate for the laser induced phase noise with
the CRM. The delay fiber in the reference interferometer was placed in a soundproof
box to insulate it from environmental acoustic noise [5-5]. In these experiments, the
total sound level was 57 dB (14 mPa). The beat signals from the main and the reference
interferometers were detected and then acquired with a 12-bit A/D at a sampling rate of

200 MHz. The beat signal data were sent to a personal computer for numerical
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processing with the CRM [5-6]—[5-7]. FUTs were 5, 6.25, 7.5, 8.75 and 10 km long.

The far ends of the FUTs were an angled physical contact connector (APC).

3rd-order sideband
generator (LN-IMs)

Optical filter
Fibre laser —.<:>.<:>._,L[> —
DC bi 5 i
s e A Soundproof FUT
supply T :
: . 1___[Phase box
DC ‘filas | |shifter ﬂé pC
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RF synthesizer @ Delay fibre: I m
| Skm i~  APC
} ¢ v
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: v
R — [ 1260AD __J-Computer

Figure 5-2 Configuration of PNC-OFDR employing 3rd-order sideband sweeping
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5.3.2. Experimental results and discussion

Figure 5-4 shows spectra of the reflection at 10 km. The red and blue lines show the
reflection spectra with and without the compensation, respectively. These results were
obtained by averaging ten spectra. By the compensation, the phase noise was
considerably reduced, and the two reflections were clearly separated. After the
compensation, the spatial resolution based on the FWHM was 8 mm. The CRM realizes
the best compensation at integer multiple positions of the delay fiber length in the
reference interferometer. In contrast, at the boundary positions of the compensated
section, the effect of the compensation is degraded. In this experiment, 5, 7.5 and 10 km
are the best compensation positions, and 6.25 and 8.75 km are boundary positions.
Therefore, we investigated the spatial resolutions at those positions, as shown in Fig.
5-5. The spatial resolution under a sound noise level of 57 dB achieved a sub-cm
spatial resolution over a 10 km range although the boundary positions were included.
This means that the CRM worked very well over a 10 km range with 3rd-order sideband
sweeping. Under a higher total sound level of 62 dB (22 mPa), the sub-cm spatial
resolution was almost maintained with only the spatial resolution at 8.75 km reaching
150 mm. The sensitivity (relative to the Rayleigh backscattering level) was about —25

dB for all measurements.
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5.4. Conclusion

It was theoretically derived that the 3rd-order sideband was generated by two
LN-IMs arranged in series for a broader external frequency sweeping. It was
experimentally confirmed that the optical frequency sweep rate and sweep span became
780 GHz/s and 18 GHz, respectively. Therefore, the theoretical spatial resolution was
also improved to 5.5 mm. The achieved spatial resolution was sub-cm over a 10 km
range. The sensitivity (relative to the Rayleigh backscattering level) was about —25 dB

for all measurements.
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6. Fading noise suppression and
GVD compensation

6.1. Introduction

In previous chapters, the measurement range, the spatial resolution and sensitivity for
PNC-OFDR were considered in detail. The measurement accuracy is also one of
important performances for diagnosing optical fiber networks. In particular, when using
reflectometry with a coherent detection scheme, the coherent speckle noise (or fading
noise) in Rayleigh backscattering degrades the measurement accuracy [6-1]. However,
no effective countermeasures have been reported in PNC-OFDR for dealing with the
fading noise, and so the relative accuracy of the backscattering level has yet to be
evaluated. The fluctuation of obtained Rayleigh backscattering level by the fading noise
degrades the accuracy of an optical loss measurement between two positions undertaken
for fiber network maintenance.

To suppress the fading noise in coherent reflectometry, a method called FSAV is
usually used [6-2], [6-3], where uncorrelated measurements, i.e., measurements with
different optical spectra, are incoherently averaged. Consequently, the wavelength of
the probe lightwave must be varied for each measurement, and a broader tunable range
gives a better effect on FSAV. C-OFDR requires linear sweeping of the probe lightwave
when performing a reflectometry measurement. Hence, when employing FSAV in
C-OFDR, the required tunable range of the light source is the C-OFDR sweep span
multiplied by the averaging number. Due to this requirement, when FSAV was adopted,

the achieved resolution was only 10 cm in [6-4] because the available sweep span for
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PNC-OFDR was limited to only 2 GHz. This restriction arises from the narrow tunable
range (60 GHz) of the fiber laser used in the experiment. Therefore, the laser with both
wideband tunability and narrow linewidth is required if we need high resolution and low
fading noise simultaneously.

Moreover, we should consider the deterioration of the spatial resolution caused by
the GVD [6-5]-[6-7], when conducting such measurements with a broad lightwave
bandwidth to suppress fading noise. In [6-7], the influence of the GVD is compensated
for by sampling the detected signal with a non-equidistant clock reflecting the GVD
effect.

As presented above, the previously reported PNC-OFDR has achieved narrow spatial
resolution and measurement range needed for use in optical network diagnostics.
However, considerations on the measurement accuracy of Rayleigh backscattering level
have been insufficient, and so it is needed to consider countermeasures to the fading
noise for practical use.

In this chapter, a PNC-OFDR employing an optical comb light source that provides a
675-GHz bandwidth tunability for fading noise reduction is described [6-8]. Section 6.2
presents the theoretical background of FSAV. Section 6.3 explains experimental setup
to realize this highly accurate (low fading noise and high spatial resolution) PNC-OFDR.
Section 6.4 demonstrates PNC-OFDR with a 2-cm spatial resolution and a 0.6-dB
relative accuracy over a 10.4 km-long single mode fiber (SMF) with observable
second-order GVD. Section 6.5 theoretically describes PNC-OFDR realized by
incorporating the GVD compensation scheme in the phase noise compensation process,
resulting in the simultaneous compensation of the phase noise and GVD induced by

wideband measurement and dispersive media.
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6.2. Theoretical background of fading noise suppression

The measurement accuracy of the Rayleigh backscatter level, namely its standard

deviation, can be calculated theoretically as follows [6-2], [6-3].

3
o = 10log, (1 + }E), (6-1)

where m is an uncorrelated measurement number used for FSAV. Hence, if we require a
standard deviation of less than 0.6 dB, we need an averaging process that uses about 70
uncorrelated measured traces. Moreover, the frequency sweep range corresponding to a
I-cm spatial resolution is more than 10 GHz per single measurement, and so the total
bandwidth required for PNC-OFDR with a low fading noise (~0.6 dB) and a high
spatial resolution (~1 cm) is about 700 GHz.

On the other hand, with such a wide band measurement, the GVD degrades the
spatial resolution. When the measured fiber has a second-order GVD of £, the
propagation of the test lightwave yields a delay time variation of A==L/A®, where
Awis the measurement bandwidth, and L is the round-trip length of the FUT. For
example, if a bandwidth of 700 GHz is used for testing 10 km-long standard SMF, the
spatial resolution is degraded to ~20 cm.

PNC-OFDR can compensate for the degradation in resolution caused by GVD by
using a reference fiber interferometer with an identical GVD to the FUT, or by
introducing non-equidistant resampling according to the difference between their GVDs.
Using the GVD compensation described in [6-7] as a basis, in section 6.5 we discuss the

details of the GVD compensation scheme in PNC-OFDR with the CRM.
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6.3. Experimental setup of low fading noise and high spatial

resolution PNC-OFDR

In terms of commercial products, the tunable range of such a laser is less than several
tens of GHz, and so it is insufficient for FSAV. Therefore, to obtain a broader tunable
range, an optical comb light source using a narrow linewidth laser as the seed lightwave
was employed. This scheme also uses a tunable optical bandpass filter to select a single
spectral line from the optical comb to perform a single PNC-OFDR measurement. This
process is then repeated with each spectral line individually. Next, all the OFDR
measurement results obtained with different spectral lines are averaged. The test
wavelength with the selected spectral line has good coherency, which is the same as that
of the seed lightwave, namely the lightwave from the narrow linewidth laser.
Consequently, we can obtain a light source with both broad tunable range and high
coherency for PNC-OFDR.

The experimental setup is shown in Fig. 6-1(a). A narrow linewidth fiber laser
(Koheras Adjustik™) was used as the seed laser. The frequency comb generator
described in [6-9] was used to generate a frequency comb consisting of 27-line spectra
with a 25-GHz interval, resulting in a total bandwidth of 675 GHz. The flatness of the
generated comb was better than 5 dB. A single spectral line extracted by a tunable
optical bandpass filter (Finisar Waveshaper 1000E) was used for the OFDR
measurement. The spectrum of the generated comb and the extracted single line
spectrum are depicted in Fig. 6-1(b). The suppression to the unwanted spectral lines was
greater than 50 dB.

The optical frequency of the lightwave of the extracted spectral line was swept
linearly with an external SSB-SC modulator by sweeping the input RF signal frequency
[6-10]. The sweep range AF was set at 13 GHz (2 to 15 GHz) by expanding the sweep
range of the original RF signal (5.1 to 6.73 GHz) provided by an Agilent E8257D with a
frequency multiplier (x8) and a down converter. This sweep range provides a theoretical

spatial resolution of ¢/2nAF = 8 mm. The sweep rate ywas 800 GHz/s. The frequency
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swept lightwave was amplified with an EDFA, and then used as a test and a local
lightwave for the PNC-OFDR measurement. The power of the test lightwave input into
the FUT was about O dBm.

A reference interferometer with an L,,; = 5 km long SMF (delay 7. = 25 us) was
used to obtain the reference signal for the compensation for the phase noise and GVD.
The phase noise compensation is accomplished individually for each L,/2 long section
of FUT. When the round-trip distance of the measurement point equals to L., namely z
= NL,./2, where N is an integer, the compensation works ideally; in principal, the light
source phase noise can be completely compensated for. Around the boundary of the
compensation section (z = NL,,/2+L,./4), the compensation effect is small but it is still
effective if L,,/2 is set at less than the coherence length of the light source. Also, for
GVD compensation, the GVD parameter of the delay fiber in the reference
interferometer was identical to that of the FUT (SMF), which was -2.16x107% $*/m
(corresponding to 17 ps/nm/km).

Polarization diversity was employed to eliminate polarization sensitivity. The beat
signals from both the measurement and the reference interferometers were detected with
double balanced receivers and then acquired with a 12-bit A/D at a sampling rate of 200
MS/s. The obtained data were stored in a personal computer for the phase noise
compensation process.

After the above measurement had been completed once for all 27 spectral lines of the
comb, the laser frequency was changed by thermally tuning the laser cavity by 12.5
GHz, and another 27 PNC-OFDR measurements were performed with 27 new spectral
lines of the new comb. Since the comb interval was double the PNC-OFDR frequency
sweep range, with the above procedure, we obtained 54 spectrally separated
measurements, namely 54 uncorrelated speckles to be used for FSAV.

It has been found that the environmental sound level affects PNC-OFDR
measurements [6-11]. Therefore, the reference interferometer was placed in a
soundproof box to isolate the acoustic vibration of the fiber caused by the

environmental sound. On the other hand, FUT was wound on a bobbin and placed in an
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environment where the sound level was 62 dB (22 mPa) (the loudest place in our

laboratory).
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Figure 6-1 (a) Experimental setup. FL: Fiber laser, BPF: Tunable optical bandpass filter,

|
1554

SSB: SSB-SC modulator, AWG: Arbitrary waveform generator (Agilent E§257D), x8:
Frequency multiplier, DC: Frequency down converter, FUT: Fiber under test, BPD:
Balanced receiver, A/D: Analogue-to-digital converter and SR: Sampling rate. (b)

Optical spectra of frequency-comb before and after optical bandpass filter.
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6.4. Performance of fading noise suppressed PNC-OFDR

Figure 6-2(a) shows samples of the obtained PNC-OFDR trace for a 10.4 km-long
FUT after averaging the 54 measurements each at a different comb spectral line. All the
observed reflection events inside the fiber correspond to the connection points with
physical contact connectors, whose reflectivity was about 50 dB, at distances of 5, 5.5,
and 10.4 km. All the reflections were clearly observed and the sensitivity was also 25
dB below the Rayleigh backscattering level.

Figure 6-2(b) shows the details of the Rayleigh backscatter signal at 10 km in Fig.
6-2(a). The standard deviation of the Rayleigh backscatter level after employing FSAV
was about 0.6 dB throughout all the experiments. Figure 6-3 shows the relation between
the uncorrelated measurement number and the standard deviation of the Rayleigh
backscatter level. The solid line shows theoretical values calculated by using (6-1). The
solid circle in Fig. 6-3 is the experimentally obtained standard deviation. This value was
in good agreement with FSAV theory. This proved that the optical comb approach is
effective for suppressing fading noise in PNC-OFDR employing the narrow linewidth
laser.

We attributed the small difference between the measured and theoretical values to
the sound vibration of the FUT. The correlation between measured Rayleigh speckle
patterns decreased because of the spatial averaging effect caused by the fiber vibration.
Averaging using measurement results with this decreased correlation gave us a standard
deviation for the Rayleigh backscatter level, which was smaller than the theoretical
value. The open circle in Fig. 6-3 shows the measurement result we obtained when the
FUT was insulated from the acoustic vibration by being placed in a soundproof box.
The open and solid squares, respectively, show results obtained with and without FUT
insulation with another averaging number. The results with FUT insulation were in
good agreement with the theoretical value. In contrast, the results without insulation
were different from the theoretical values. Therefore, we revealed that the fading noise

was suppressed more by the influence of the environmental sound vibration of the FUT.
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Figure 6-2 (a) Obtained OFDR trace for a 10.4 km-long FUT. (b) Details of the
Rayleigh backscatter signal at 10-km. The reference of the relative reflectivity is

arbitrary
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Figures 6-4(a) and (b), respectively, show details of the trace at the 5 and 10.4 km (fiber
end) reflection points in Fig. 6-2(a). The black lines show the results obtained with the
phase noise and GVD compensations, while the red lines are those without
compensation. The broadened reflection peaks shown by the red line are caused by the
phase noise and GVD. By employing compensations, the achieved 3-dB spatial
resolutions at 5 and 10.4 km were 9 and 19 mm, respectively. It can be seen clearly that
the compensations for both the phase noise and GVD functioned well. We presume that
the difference from the theoretical value of 8 mm is caused by the sound vibration of the
FUT as described in chapter 4. A lightwave from a longer distance is exposed to the
fiber vibration for a longer time, and so the spatial resolution at 10.4 km was poorer
than that at 5 km. Figure 6-4(c) shows a measurement result for another FUT whose
length was 8.75 km. This length is the boundary between the 3rd and 4th sections for
the phase noise compensation. However, we were able to obtain a 2-cm spatial
resolution although the effectiveness of the compensation theoretically degrades
because of the section boundary.

Figure 6-5 shows the observed 3-dB resolution at various distances with
compensation. These plots include results acquired with various FUTs that differ from
those in Fig. 6-2, and show the average resolutions for three measurements (the error
bars show the maximum and minimum values). A resolution of better than 2 cm was
confirmed at every distance. The spatial resolution broadened when the distance to the
reflection increased. This is due to the acoustic perturbation acting on the longer FUT
[6-11]. As mentioned in section 6.2, when the broadband lightsource of 700 GHz is
used for measuring 10 km-long SMF, the spatial resolution is degraded to ~20 cm by
influence of GVD. However, such degradation was not found in all measurement
results.

These experimental results mean that there was no deterioration in the PNC-OFDR
performance caused by the broadband measurement of a dispersive medium because the

simultaneous compensations for the phase noise and for GVD functioned well.
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6.5. Group velocity dispersion compensation scheme in

PNC-OFDR

6.5.1. Theory of group velocity dispersion compensation for

conventional C-OFDR

Firstly, we show theoretically the influence of GVD on the beat frequency when
using conventional C-OFDR. The time behavior of the angular frequencies of the local
light and the reflected light from the FUT is shown in Fig. 6-6. This includes the
influence of the GVD, which depends on the GVD parameter of the FUT ,BZ(F). Lrur 18
the round trip distance to a reflection point in the FUT. T is the total time for a full band
sweep. @b is the initial angular frequency of the test light. AQ and Aw are angular
frequencies swept with respect to times T and ¢, respectively. We also assumed that the
GVD parameter is constant along the FUT and that the third-order dispersion is

negligible (£ = 0). Here, the angular frequency of the local light @y (7) is given by

W, (t) = 2myt + wy, (6-2)

where ¥is the sweep rate of the angular frequency. Therefore, the electrical field of the

local light is given by

EL(t) o expjP,(8), (6-3)

where

@, (t) = myt? + wyt. (6-4)

When we consider that the time delay caused by the GVD 75y to be given by
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F
Tgvp = .32( )AwLFUT,

the angular frequency of the reflected light from FUT ax(¢) is given by

. 27y 2MyTq
2y B, ‘vgTo+l 2y, ‘v

(6-5)

(6-6)

where v, 1s the group velocity. 7 is the round trip time to a reflection point in the FUT

(7= Lryr/ve). The electrical field of the reflected light is given by

Es(t) « expjds(t),

where

2Ty Ty
dg(t) = ad t2 + (a) - )t.
S( ) 2nyB§F)ngO+1 0 ZnyﬁgF)v

From (6-3) and (6-7), the beat signal iry7(?) is as follows,

ipyr(t) & cos@pyr (L),

where

27y Ty

ZnyﬁgF)vgro+1

Oppyr(t) = (nyﬁz(F)vgtz + t).

Therefore, the beat frequency of the signal is expressed by

_ d®pyr(t) _ —27y Ty ( (F
wpyr(t) = ————= P m— 2y By vyt + 1
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(6-8)

(6-9)

(6-10)
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It can be clearly seen that the beat frequency of the reflected light from one reflection
point is not constant but depends on the time t. This time dependence means a
broadening of the reflection in the C-OFDR trace. This can also mean that a broader
measurement bandwidth leads to the reflection shape being broadened by the GVD
because yt = Aw.

A compensation scheme for the GVD effect for conventional C-OFDR is described
in [6-7]. This approach can be demonstrated by sampling the detected signal with a
clock that reflects the GVD effect. This clock can be obtained by using a reference
interferometer consisting of a delay fiber with the same GVD parameter as the FUT.
Here, we describe that principle in detail theoretically. As with (6-11), The beat
frequency of a reference signal obtained by the reference interferometer @.A(f) is as

follows:

—2my T,

Wrep(t) = 1 (Zﬂyﬁz(r)vgt + 1), (6-12)

2myBv +

where 4" is the GVD parameter of the delay fiber used in the reference interferometer.
71 1s the delay time between the two arms of the reference interferometer. The beat

frequency of the resampled signal @.(¢) is expressed by

wryT(t)
w,(t) = ———
T'( ) wref(t)
_To (2nyﬁ§r)v +1) (ZnyﬁgF)vgt+1) 6-13)
71 21'[)/,8§F)vg1:0+1 Znyﬁgr)v +1/)

In (6-13), the first bracket expresses the GVD effect which is developed by the
deviation of the round trip time to a reflection point % from the delay time of the
reference interferometer 7. The last bracket expresses the GVD effect which is induced

by the measurement bandwidth because ¥t = A@. Here, the term in the first bracket is
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negligible because Zﬂ]/ﬁz(r)vgl'1| <1077 and |27T)/,82(F)17g7,'0| < 1077 in most cases.

Thus (6-13) becomes

(F)
w,(t) = %(M) (6-14)

™,

This shows theoretically that if A" = B, the GVD effect vanishes and is

compensated for by this approach.

Wy+AQ

O+A@

Figure 6-6 Time behavior of the angular frequencies of the local light and the reflected

light from the FUT, which is influenced by the GVD.
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6.5.2. Influence of group velocity dispersion on PNC-OFDR

In this section, we theoretically describe a scheme for the simultaneous
compensation for GVD and the phase noise. As described in chapter 2, PNC-OFDR
compensates for the phase noise by resampling a detected signal based on the phase
Dypne(t) estimated by the phase noise compensation algorithm. The phase ®ypyc(?) is
exactly the same as the phase ®y,.(f) obtained by a reference interferometer with a
delay of N7; (N is integer). If the phase noise term is neglected for simplicity, the phase

estimated by the algorithm is given by

N-1
P pypnc(t) = Z D, (t — nTy)
n=0

_ —2Nmyty
27Ty,82(r)vgrl +1

|y 850, + ¢
(N — Q)
(N —Dmyp, "vyrit + C. C.], (6-15)

where

-2y Ty

Znyﬁér)v

®,or(t) = (nyﬁz(”vgtz + t). (6-16)

Therefore, from (6-15), the beat frequency @ypnc(?) is given by

—2nyNt,
™
2nyB, vyt + 1

a)NPNC(t) = [Zﬂyﬂz(r)vgt +1

(N — 1)nyﬁ§%grl]. (6-17)
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The beat frequency of the signal resampled by (6-17) @npnc(t) is expressed by

wryT(t)
@rnpnc(t) =0
1o Znyﬁg)v 21ry,6’§F)vgt+1
= Ve, ) %) ) : (6-18)
1 v 2nyf, ‘v +1-(N-1)myp, v

Let us consider the beat frequency @.y/(f) of the signal resampled based on the phase
DPnrf(t) which can be obtained by the reference interferometer with N7;. The beat

frequency @.v/(t) is simply given by replacing 7; with N7; in (6-13) as follows.

Tg (Znyﬁér)vgerﬂ) (2nyﬁ§F)v +1). 6-19)

Wrnrer (8) = N\ zny P +1 ) \amypPvge+1
As can be seen, (6-18) which was estimated by the phase noise compensation algorithm
is different from (6-19), namely ®ypyc(?) is not equal to Py,.A?) in this case. This error
can be described by considering the principle of the phase noise compensation of
PNC-OFDR (Fig. 6-7(a)). If the time behavior of the optical frequency of the signal can
be expressed as a pure time shift of that of the local light, the phase noise compensation
method is exactly correct and provides correctly estimated phase information. However,
if GVD is considered, the time behavior of the optical frequency of the signal is no
longer the pure time shift of the local light. In such cases, the estimated phase includes
estimation errors as shown in Fig. 6-7(b), and so ®ypyc(?) is not equal to Py,.A?) in a
precise sense, and then (6-18) is different from (6-19).
However, from a practical point of view, this error is negligible for PNC-OFDR. As

previously mentioned, the first bracket can be disregarded for both (6-18) and (6-19).
Finally, considering |(N — l)ny,Bz(T) V71| K 1 for (6-18), the following relation is

obtained.
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(F)
T 2y fis v
Wrnprc(t) = Wryrep(t) = N_; (ﬁ) (6-20)
g

It can be seen clearly that if /" = £, PNC-OFDR can also compensate for the GVD
effect. Note that GVD also affects the phase noise compensation, but it is negligible for
the same reason, namely it is very small. Therefore, it is described theoretically that
PNC-OFDR can compensate both the phase noise and GVD simultaneously.

This function is also demonstrated experimentally. Figure 6-8 shows traces of a 5
km-long dispersion shifted fiber (DSF) measured by PNC-OFDR. The GVD parameter
of the DSF was —2.54x107%' s*/m (corresponding to 2 ps/nm/km) and different from that
of the delay fiber line consisting of SMF. The black, red and blue lines show results
measured by using spectral lines with wavelengths of 1547.35, 1549.95 and 1552.56 nm,
respectively, as the test light. These represent the minimum, center and maximum
wavelengths of the optical comb shown in Fig. 6-1(b). The reflection positions differed
because the GVD compensation did not function well as a result of the difference
between the GVD parameters of the delay fiber line and the FUT, i.e. the SMF and the
DSF. The difference of 7.5 cm between the reflection positions was in good agreement
with the value calculated based on (6-20). If these traces are averaged for FSAV, it
leads to a broadened reflection shape and degraded spatial resolution. Such broadening
was not seen in experimental results using the same fibers for FUT and the delay fiber
as shown in Fig. 6-4. Therefore, these results mean that the GVD of the FUT was
compensated for by using a reference interferometer consisting of the delay fiber with
the same GVD parameter as the FUT. Therefore, it is revealed that PNC-OFDR can
simultaneously compensate for both the phase noise and the GVD effect induced by

using broad optical comb light source without any additional calculation process.
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Figure 6-7 Schematic diagram of the phase noise compensation in PNC-OFDR.
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6.6. Conclusion

It was clarified that it was useful to employ an optical comb light source with a
675-GHz bandwidth tunability and several kHz linewidth in PNC-OFDR for fading
noise reduction. The phase noise compensation algorithm functioned well with the
fading noise suppression using the comb light source, and so PNC-OFDR achieved a
0.6-dB relative accuracy for the Rayleigh backscatter level with a spatial resolution of 2
cm over a 10.4 km-long SMF with GVD. To enhance practical use of PNC-OFDR,
development of more compact light source with the narrow linewidth and broad
tunability would be a key issue.

It was also clarified theoretically and experimentally that PNC-OFDR could provide
simultaneous compensation for both the phase noise and GVD to achieve a high spatial
resolution. GVD compensation was demonstrated by using a reference interferometer
consisting of a delay fiber with the same GVD parameter as the FUT. Moreover, the
GVD compensation did not need additional equipment or calculation because it could
be performed simultaneously during the phase noise compensation process. We
revealed that the influence of GVD on the phase noise compensation algorithm was
negligible.

The Rayleigh scattering level was accurately observed with cm-level resolution over
a 10-km range, and we believe that this achievement is a significant step towards the

practical use of OFDR in diagnosing short- or middle-range fiber networks.
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7. Field test of PNC-OFDR

7.1. Introduction

The PMD of installed optical fiber cables is a limiting factor for ultrafast transmission
systems operating at, for example, a single channel transmission rate of 40 Gbit/s or more.
In particular, legacy fibers installed before the early 1990s often exhibit high PMD values
that are unsuitable for high-speed transmission. In terms of fiber management, it is very
useful to know the distribution of such large birefringence along installed fibers.
Polarization-sensitive optical time domain reflectometry (P-OTDR) [7-1] is a useful tool for
measuring the states of polarization (SOPs) of backscattered lightwaves, from which we can
know the beat length. Recently, techniques for calculating birefringence, or even PMD, by
employing the backscattered SOP measured using P-OTDR, have progressed greatly
[7-2]-[7-6]. However, the spatial resolution of P-OTDR is limited to ~1 m and this is
insufficient to sample the birefringence of high-PMD fibers. So, how to recognize a large
birefringence with a corresponding beat length that is shorter than the spatial resolution of
P-OTDR remains an open issue. Moreover, a longer measurement range is desired because
the ultrafast system is employed to long-haul links. If we assume that the maximum length
of a terrestrial link is 80 km, a range of at least 40 km is needed with both-end access.

For these reasons, we focused on developing PNC-OFDR with a sufficiently fine spatial
resolution and a long measurement range to detect short-period polarization changes of
high-PMD fibers, namely short beat length, installed in long-haul links.

As shown in chapter 4, in a long range measurement, the dominant factor as regards
resolution degradation of PNC-OFDR was the environmental acoustic perturbation acting

on the FUT, whereas the PNC algorithm well worked even for distances of several tens of
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kilometers [7-7]. If we are to extend the measurement distance while maintaining the spatial
resolution, it is important issue to find a way to reduce the influence of such environmental
perturbation.

In this chapter, a bandwidth-division PNC-OFDR technique capable of reducing the
influence of environmental perturbation via a fast sweep of the optical source frequency is
presented [7-8]. A performance evaluation of PNC-OFDR that we made when using it to
measure installed optical cables in actual field environments is also reported [7-9]. Section
7.2 presents a principle of the bandwidth-division PNC-OFDR which realizes the
enhancement of the measurement bandwidth. Section 7.3 explains our experimental setup.
Section 7.4 demonstrates the bandwidth-division PNC-OFDR with a sub-cm spatial
resolution over 40 km in a normal laboratory environment and a 5 cm spatial resolution at
39.2 km in a field environment. Section 7.5 describes results of field tests on detection of

high-PMD cable sections.

116



7.2. Principle of bandwidth-division PNC-OFDR

At a long distance such as 40 km, even after the phase noise compensation,
environmental perturbation becomes a dominant factor degrading the spatial resolution.
Therefore, as mentioned in the introduction, a fast sweep of the optical source frequency
is needed to reduce the effect of environmental acoustic perturbation. However, a fast
sweep generates a high beat frequency, which makes it difficult for later sampling or
processing. To deal with this problem, we can adopt a bandwidth-division method. If
we assume a maximum frequency of F, we need a sampling card with a sampling rate of
greater than 2F. Figure 7-1(a) shows that we can divide the frequency into M sections,
each with a bandwidth of F/M. If we down-convert the m-th (m=2, 3, ... , M) section as
shown in Fig. 7-1(b) so that it is within a frequency of O<f,,c<F/M, we only need a
sampling card with a sampling rate of 2F/M. Meanwhile, the amount of data decreases
to 1/M compared with that required when using the conventional sampling method.

We should note that Xj(7) is no longer the correct reference to compensate for the
phase noise in the down-converted signal. To obtain the correct reference, we should
also down-convert the frequency of Xy(r) by the same value. This can be realized by

changing Xx(¢) as follows:
X @) = Xy(t) — anT‘lFt. (7-1)

Figure 7-2 shows schematically how to compensate for every sections of the FUT by
using suitable reference signals. Another method for accomplishing the compensation
correctly is to rebuild the original measurement signal before down-conversion, and use
XN(t) for compensation. Although the two methods are equivalent to each other and can
be implemented digitally, we adopt the former because it consumes fewer calculation
resources.

As a result, with bandwidth-division PNC-OFDR, the bandwidth is reduced to 1/M,
thus enabling us to find a suitable sampling card even when the original signals have a
very large electrical bandwidth. Moreover, for a personal computer with a limited

physical memory, it helps us to process more divided section data, providing another
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way of improving the spatial resolution. The data-sampling number will be M times the
previous number, accompanying the increase in electrical equipment. However, the
most important thing is that we can reduce the influence of environmental perturbation

to a 1/M level.
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Figure 7-2 Reference signals used in each section of FUT for different bandwidths.
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7.3. Experimental setup of bandwidth-division PNC-OFDR

In our experimental setup shown in Fig. 7-3, the light source is a fiber laser (Koheras
Adjustik™) and the linewidth measured using the self-delay heterodyne method with a
100 km delay fiber is 4 kHz. If we assume that the lineshape is Lorentzian, the
measurement range of regular OFDR can be estimated to be c/2nmtAf as 8.0 km while
considering the round-trip path, where c is the speed of light in vacuum, n is the
refractive index of FUT, Af is the linewidth. A SSB-SC modulator and a frequency
swept RF synthesizer are used for external frequency sweeping. The sweep rate is set at
3 THz/s, which is 7.5 times faster than that used previously [7-7], with a full sweep
frequency of 15 GHz (limited by available bandwidth of the modulator) for a 5-ms
acquisition time. The ratio of beat frequency to distance is determined by the sweep rate
to be 2ny/c as 300 Hz/cm, where 7y is the sweep rate. If we consider the calculation
process, after applying PNC process and the round-off for later averaging, the useful
part is 12.5 GHz (4.17 ms acquisition time), corresponding to a theoretical spatial
resolution of 8 mm (240 Hz in frequency domain). A Mach-Zehnder interferometer with
a 5-km delay fiber in one arm is used as a reference interferometer for compensation,
and is placed in a soundproof box to insulate it from acoustic noise. The main
interferometer consists of a local arm and a measurement arm, which is equipped with a
circulator for launching the lightwave into the FUT and receiving the reflected signal. A
polarization controller is used in the local arm to control the power of the local light so
that it is split evenly by the polarization splitters, which are important elements of a
polarization diversity scheme, adopted to remove the influence of the polarization effect.
The signals from both the reference and main interferometers are detected by balanced
photodetectors (BPDs). Then, the signals from the reference interferometer are filtered
by a LPF, sampled by using an A/D, and collected by a computer. On the contrary, the
signals from the main interferometers must undergo bandwidth-division processing
before being sampled by the A/Ds. The details of the process are given in the next

paragraph.
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For this experiment, we choose an M value of 3 for the purpose of preliminary
theoretical confirmation. For an FUT of ~ 40 km, the maximum frequency F of the
signals from the main interferometers is ~ 1200 MHz. Figure 7-4 illustrates the
electrical process after one BPD. Two electrical switches are used to select the route
with the help of synchronization equipment. When the 1st route is selected, there is no
processing within the route. When the 2nd or the 3rd route is selected, the signals are
filtered by a band-pass filter with a bandwidth of 400 ~ 800 MHz (BPF1), or 800 ~
1200 MHz (BPF2). Then the signals are down-converted by using a mixer beat with
sinusoidal signals whose frequency is 408 MHz (route 2) or 800 MHz (route 3),
generated from an arbitrary waveform generator. For route 2, 400 MHz is not used for
mixing since the mixer is not ideal and this signal will still be present after mixing,
resulting in a spurious peak. Therefore, it is expected that a larger frequency will be
used here since the spurious peak does not influence the original results. The signals are
then divided into three sections of 0 ~ 408, 408 ~ 800, and 800 ~ 1200 MHz. After the
mixer, the signals are filtered by an LPF with a cut-off frequency of 400 MHz, sampled
by using an ADC with a sampling rate of 1 GS/s, and collected by a computer, to
undergo a numerical compensation process.

The compensation is performed with a high-end personal computer with an Intel
Core 17-980X CPU and a 24 GB cache memory. To reduce fading noise, we take the
average intensity of the results obtained with different probe wavelengths by using a
laser tuning range of over 60 GHz. The full measurement time is about 2 min, and this
is limited by the laser tuning speed. About 30 min is needed to compensate the data of
one bandwidth (0 ~ 14.0, 14.0 ~ 27.5, or 27.5 ~ 41.25 km) with a 50-wavelength

average.
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7.4. Performance of bandwidth-division PNC-OFDR

The FUT is composed of a 40 km fiber spool connected to a 1.25 km fiber spool
equipped with an APC connector. Figure 7-5 shows the reflectivity of
backscattered/reflected lightwave, which is a combination of three different divisions.
Due to the abrupt attenuation around the cut-off frequency of the electronic filters, these
signals with frequencies outside the bandwidth, such as signals around 400 ~ 408 MHz,
are also highly attenuated. In fact, a more carefully designed filter should be adopted to
alleviate this attenuation. Meanwhile, since the BPD used in our setup has a cut-off
frequency of 800 MHz, which is less than the original frequencies (800 ~ 1200 MHz)
generated at the third division, the results at longer distances are greatly attenuated. This
is the widest bandwidth of our available equipment, and in fact a BPD with a wider
bandwidth should be adopted to avoid the excess attenuation.

We placed the FUT in two different laboratory environments to check the spatial
resolution since it is influenced by the environment. The total sound pressure was 58.1
dB in a normal laboratory environment and 60.7 dB in a relatively noisy laboratory
environment. The sound pressure densities of two different experimental environments
are shown in Fig. 7-6(d), while the details of the reflection peaks at different
environments are shown in Figs. 7-6(a)~(b). For the reflection peaks that occur around
40 km (N x 2.5 km), which is an optimum compensation position, a 3-dB spatial
resolution of 8 mm (240 Hz in frequency domain) is obtained in a normal environment
and it deteriorates to about 2.5 cm (750 Hz in frequency domain) in a relatively noisy
environment. For the reflection peaks that occur around 41.25 km ((N + 0.5) x 2.5 km),
which is the border of the 16th compensation section, the spatial resolution is still 8§ mm
in a normal environment, and it deteriorates to about 5 cm (1500 Hz in frequency
domain) in a relatively noisy environment.

We compared the results to those obtained without bandwidth-division process at a
sweep rate of 1 THz/s, the reflection peaks almost remain the same in the frequency

domain. Therefore, it is obvious that the environmental perturbation caused the added

122



frequency components. By sweeping the optical source frequency faster, we decreased
the ratio of these added frequency components to beat frequency, therefore making
spatial resolution improved. In the normal laboratory environment, we obtained a spatial
resolution of 8 mm at any position within the entire measurement range.

Since the results are dependent on the environment, it is thus necessary to test the
setup in a field environment to check its performance. The field trial was performed in
Japan on an optical cable that was installed underground to link two cities, and that is
still in use. The fiber for the test was a 39.2-km-long DSF, and was temporarily out of
use. The detailed reflection peak at the final connector is also shown in Fig. 7-6(c),

revealing a spatial resolution of 5 cm in the field environment.
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7.5. Field tests on detection of high-PMD cable sections

The field tests were performed in Japan on optical cables that were installed in the
early 1990s, and that are still in use. Figure 7-7 shows the lengths of the optical cables
used for the field trials. They were installed underground to link two central offices
belonging to the same telecommunication carrier. The measurements were performed at
all the listed offices except E and H. The fibers were all DSFs, and those temporarily
not in use were chosen for the tests, whose numbers are summarized in Table 7-1. There
was an interval of one week between the measurements at two neighboring offices, and
all the measurements were performed during the daytime. For distances of less than 40
km such as that of cable installed between central offices A and B, the parameters used
in the setup are exactly the same as those described in section 7.3. For distances
between 40 and 80 km, we can perform the same measurement at both central offices to
obtain full knowledge of the reflectivity along the fibers. Since there are no final Fresnel
reflection peaks with which to evaluate the performance, we decreased the optical
frequency sweep rate to 1.5 THz/s, namely half of the speed used in section 7.3, to limit
the beat frequencies to less than 1.2 GHz, thus avoiding the need for a hardware
upgrade. For purposes of comparison, the spatial resolution can be described in
frequency units, or can be converted into length units using the original sweep rate of 3
THz/s, since in reality we perform the measurements at both central offices using this
sweep rate. Both processing methods are effective, and the latter is adopted in this
measurement.

Figure 7-8 summarizes the final Fresnel reflection peaks of fibers in different optical
cables, by averaging all the peak shapes of fibers in same optical cables. It is obvious
that the spatial resolutions are different for these different environments, including the
installed environments, and the instant changes that occurred during the measurement.
The cable between central offices F and E has one part installed in a shared duct that is

very close to the ground and susceptible to the influence of external perturbations such
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as vibrations. The span of the shared conduit line is about 1~2 km, and it has an adverse
influence on the spatial resolution, which is clearly shown by the blue line in Fig. 7-8.
The 3- and 10-dB spatial resolutions of different cables are summarized in Fig. 7-9.
Error bars show the standard deviations calculated from fibers in the same cable and
measured from the same direction. For a different measurement direction, the distance
shown in Fig. 7-9 is slightly adjusted to avoid superimposition. The spatial resolutions
obtained from the same cable with different measurement directions exhibit similar
statistical behaviors. The aim for a 3-dB spatial resolution is 10 cm, and the results

show that it has almost been realized.

Table 7-1 Numbers of FUT

FUT Number FUT Number
AtoB 15 BtoA 15
CtoD 28 DtoC 28
EtoF 0 FtoE 2
FtoG 16 GtoF 16
GtoH 4 Hto G 0

—a | il
A 392km B C 70 km D

60.6 km 62.5 km 79.8 km
E F G H

Figure 7-7 Lengths of optical cables between central offices used for field trials.
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As explained in [7-10], with a polarization diversity detection scheme, full
polarization information was obtained with PNC-OFDR. To improve the accuracy when
measuring backscattered SOPs along the fibers, a method of averaging in the
wavelength domain is used to suppress Rayleigh fading noise. The wavelength range
used for averaging is about 0.4 nm (50 GHz optical frequency), which we tune in steps
of about 1 GHz to obtain 50 measurements. The averaging process limits the
measurable PMD to much less than 20 ps to avoid washing out the polarization beat at
the far end. The residual noise on the measured Stokes parameter causes a maximum
variation of about 0.2 rad on the Poincaré sphere. Then the round-trip birefringence
vectors are obtained by calculating the radians rotated around the Poincaré sphere. Since
the algorithm is a kind of differential approach, which amplifies the noises, we averaged
the calculated vectors every ten meters to reduce these noises.

The magnitude of the average vector is the round-trip birefringence, and the results
of three examples measured from central office A to central office B are shown in Fig.
7-10. Here, red columns are used to show the locations of the splice points, which are
introduced from the cable management database. It is clear that round-trip birefringence
was not uniform along the fiber, and several sections had large values. Abrupt changes
in the round-trip birefringence are observed at certain splice points, confirming the
validity of our measurement, since different kinds of fibers may be spliced in the cable.
The insets in Fig. 7-10 give the x-polarization reflectivity of the high-birefringence
section. It is seen that when the round-trip birefringence is high, the beat lengths are
very short. One part even exhibits a beat length of only ~ 20 cm, which could not be
detected by conventional P-OTDR, or, to the best of our knowledge, by any other type
of reflectometry over such a long range. The PMDs of the three examples were 4.4, 6.3
and 9.2 ps, averaged in the 1525 to 1620 nm wavelength domain in 0.05 nm steps, and
measured using a commercial instrument with the Jones matrix eigen-analysis (JME)
method. The PMD is rather large and we assume that the main reason for this is the
existence of these high-birefringence sections.

The birefringence cannot simply be obtained from the round-trip birefringence if
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there is circular birefringence [7-2]-[7-3]. However, these two parameters are thought to
be closely correlated. If the birefringence is uniformly linear, a beat length of 25 cm
means a round-trip birefringence of 6x10°. However, the results of #3 around 36.4 km
show that the results are only 1/3 of what we expect from the beat length. We think that
this may be caused by the noise of the measured SOPs, and we must undertake a
detailed study in the future. However, we believe that “bad” sections can be judged
from the knowledge of the round-trip birefringence distributed along the fiber.
Meanwhile, a new insight into installed cables that is different from the stereotypical
image is obtained from the measured information: although all three fibers (#1, #2 and
#3) are in the same installed cable, the “bad” sections are not always the same. We
speculate that fibers from different rods were used in the cabling process, allowing
different kinds of fibers to exist in the same section.

Optical cables between central offices C and D, and those between central offices F
and G were also measured, and examples of the results are shown in Fig. 7-11. Owing
to the noise of the measured SOPs, the two results for overlapping positions measured
from different sides are not entirely the same. However, a high correlation can be
observed between them, which confirm the validity of our measurement. From all the
measured results, many of which are not shown here, we also confirmed an unsurprising

result that when the PMD is high, the number of “bad” section tends to be large.
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7.6. Conclusion

A bandwidth-division PNC-OFDR technique, capable of reducing the influence of
environmental acoustic perturbation via a fast sweep of the optical source frequency, by
decreasing the ratio of the acoustic noise band to beat frequency was presented. The
bandwidth-division scheme permits us to deal with high-frequency signals by adopting
a fast sweep of the optical source frequency. Meanwhile, the reduction of the signal
bandwidth enables us to sample and process more data, thus helping us to improve the
spatial resolution. By using this technique, a sub-cm spatial resolution over 40 km in a
normal laboratory environment, and a 5 cm spatial resolution of 39.2 km in a field
environment was realized.

Moreover, PNC-OFDR was tested in different field environments. A spatial
resolution of 10 cm was obtained in the field for distances of 60 ~ 80 km. The
outstanding resolution makes it possible to identify high-birefringence sections along
the installed cables. In the field trial, we successfully observed beat lengths as small as
~ 20 cm, which shows that there were very large birefringence sections in the installed
cables. By identifying high-birefringence sections using PNC-OFDR, we can obtain a
good understanding of the installed cables with a new insight. The result will be very

useful in relation to fiber management.
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8. Summaries and conclusions

The main objective of this thesis is to realize long range measurement with high
spatial resolution and sensitivity by overcoming the limitation of C-OFDR and clarify
applicability to optical fiber network diagnostics. The theory to overcome the limitation
caused by the light source coherency was proposed in chapter 2. For improving basic
performance of conventional C-OFDR, a novel scheme for realizing a tunable light
source with high coherency was also proposed and demonstrated in chapter 3. A novel
C-OFDR implementing those two technologies, namely PNC-OFDR, was demonstrated,
and effectiveness of the phase noise compensation was clarified in chapter 4. Attempts
for improving a spatial resolution and a measurement accuracy of PNC-OFDR were
explained in chapter 5 and 6. Results of field trials on detection of cable sections with
high-PMD (or birefringence) were shown in chapter 7. The following summarizes the
results which are obtained in each chapter.

Chapter 2 proposed the theory of C-OFDR employing a novel phase noise
compensation technique (or CRM) for measurements beyond the light source coherence
length. It was shown that the CRM numerically generated appropriate reference signals for
the compensation by a single measurement with single reference interferometer. It was
theoretically confirmed that the compensation effect worked well in the coherence time
range of the light source on either side of the mid-point in divided section of FUT for
the compensation. Hence it was clarified that the CRM was effective to overcome the
limit of C-OFDR measurement range, and PNC-OFDR was powerful tool for
measurements beyond the coherence length.

Chapter 3 proposed C-OFDR employing an SSB-SC modulator and a narrow

linewidth fiber laser as a tunable light source. It was shown that the advantage of this
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scheme was that the optical frequency sweep was conducted while maintaining the high
coherency of the fiber laser. The superiority of using SSB-SC modulation for the
external modulation was also clarified. A 5 km range measurement with cm-level
spatial resolution was demonstrated. The average spatial resolution (FWHM) was < 30
mm and the sensitivity was =30 dB relative to the Rayleigh backscattering level. This
improvement of fundamental performances enabled us to realize higher spatial
resolution measurements in the region beyond the coherence length by employing the
phase noise compensation..

Chapter 4 clarified that the dominant noise limiting the spatial resolution of
PNC-OFDR was acoustic noise caused by environmental acoustic perturbation acting
on the FUT. It was demonstrated that when both the reference interferometer and the
FUT were insulated against acoustic noise, the phase noise compensation scheme
functioned well over a 40 km range. It was also indicated experimentally that the
dominant noise before the phase noise compensation was the laser phase noise rather
than acoustic noise even when the fiber laser with a narrow line width of a few kHz was
used. It was also clarified that PNC-OFDR could be used for various applications
targeting mid- to long-range networks with a narrow spatial resolution because it was
experimentally confirmed that the performance in field use did not degrade.

Chapter 5 proposed a novel technique for improvement of the spatial resolution. The
3rd-order sideband was generated by two LN-IMs arranged in series for a broader
external frequency sweeping. It was experimentally confirmed that the optical
frequency sweep rate and sweep span became 780 GHz/s and 18 GHz, respectively.
Therefore, the theoretical spatial resolution was also improved to 5.5 mm. The achieved
spatial resolution was sub-cm over a 10 km range. The sensitivity was about =25 dB for
all measurements.

Chapter 6 clarified that an optical comb light source with a 675-GHz bandwidth
tunability and several kHz linewidth was effective for fading noise reduction in
PNC-OFDR. The phase noise compensation algorithm functioned well with the fading

noise suppression, and so PNC-OFDR achieved a 0.6-dB relative accuracy for the
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Rayleigh backscatter level with a spatial resolution of 2 cm over a 10.4 km-long SMF. It
was also clarified theoretically and experimentally that PNC-OFDR could provide
simultaneous compensation for both the phase noise and GVD. It was also clarified the
GVD compensation did not need additional equipment or calculation because it could
be performed simultaneously during the phase noise compensation process.

Chapter 7 described that the detection of high-birefringence sections along cables
installed in actual fields were successfully performed by using the bandwidth-division
PNC-OFDR. A spatial resolution of 10 cm was achieved for distances of 60 ~ 80 km in
the field. We successfully observed beat lengths as small as ~ 20 cm, which shows that
there were very large birefringence sections, namely high-PMD sections, in the installed
cables. By identifying high-birefringence sections using PNC-OFDR, we can obtain a
good understanding of the installed cables with a new insight. The result will be very
useful in relation to fiber management.

As summarized above, the limitation resulting from the laser coherency was
overcome, and so PNC-OFDR with a long measurement range, high spatial resolution
and high sensitivity was realized as shown in Fig. 8-1. For a long time, reflectometric
tests on optical cable have been performed exclusively with OTDR. When optical fibers
have been delivered to every home, the optical link includes many connection points
and/or optical devices such as optical splitters and filters. As a result, there is an
increasing demand for the detection of close events occurring in fiber. For trunk-line, it
is important to detect high-PMD cable sections for an efficient cable management.
Hence, the spatial resolution of OTDR is not always sufficient for maintenance
engineers. PNC-OFDR studied in this thesis can be expected to fulfill the requirements
on optical fiber network diagnostics. Moreover, the continuous development of
maintenance technologies with optical reflectometry can be contributed to realization of

future networks with high reliability and sustainability.
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