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1. Introduction

1.1.Background

In the 1980s, optical fiber transmission lines were deployed using single-mode fibers
(SMFs) with the aim of providing broadband communications economically [1-1],
[1-2]. The first fiber-to-the-home (FTTH) service was introduced in 1997, and now the
number of FTTH subscribers in Japan is about to reach 30 million [1-3]. Optical fiber
links also play a role in the backbone networks of mobile communications including
4G/LTE, which has rapidly become widely used along with smartphones in recent
years, and the number of 4G/LTE subscribers in Japan has exceeded 110 million [1-3].
With the expansion of broadband services, data traffic in transmission lines has
inevitably grown. To meet the growing demand for broadband communications,
large-capacity transmission systems have been developed with signal multiplexing
technologies. Figure 1-1 shows the evolution of the transmission capacities of
commercial systems [1-4], [1-5]. During the first decade, the transmission capacity per
fiber was expanded mainly by using time-division multiplexing (TDM) technology. In
the 1990s, wavelength-division multiplexing (WDM) technology was developed [1-6],
and it enabled the transmission capacity to be further increased. Moreover, digital
coherent technology [1-7], which utilizes the phase and polarization of light for signal
transmission in addition to its amplitude, has boosted transmission capacity to a higher
level with the convergence of TDM and WDM. However, the launched optical power
must inevitably increase to meet the growth in capacity, while it must be limited to
avoid nonlinear effects or a fiber fuse [1-8]. The achievable capacity in SMF is

fundamentally limited to around 100 Thit/s/fiber, which is imposed by the optical
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power limit and Shannon’s information theory [1-9]. In terms of research activity, the
SMF-based transmission capacity has already reached its fundamental limit [1-10].
New signal multiplexing technologies based on new-structure fibers will be necessary

for any further enhancement of transmission capacity.
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Figure 1-1. Evolution of transmission capacities in commercial systems.



1. Introduction

1.2.Space division multiplexing technology

With a view to exceeding the capacity limit of SMF, space division multiplexing
(SDM) technologies, including mode-division multiplexing (MDM) using few-mode
fibers (FMFs) [1-11], [1-12] and/or core-multiplexing using multicore fibers (MCFs)
[1-13]-[1-15], have attracted considerable attention. With SDM, transmitted signals are
multiplexed with multiple propagation modes or cores called “spatial channels”. The
concept of SDM is almost as old as optical fiber communication itself. The first
approach using MCF was reported in 1979 [1-13], and the MDM concept was
proposed in 1982 [1-11]. In recent years, SDM studies have rapidly progressed because
of the convergence of an enabling technology and the demand for transmission
capacity. In 2017, a 10 Pbit/s/fiber transmission using 114 spatial channels (6 modes x
19 cores) was reported [1-16].

Figure 1-2 shows an overview of SDM fibers. SDM fibers can be categorized into
few-mode, multicore, and combined types [1-4], [1-15].

FMF, which is designed with a larger core radius and/or a larger refractive index
difference between the core and cladding than SMF, supports multiple propagation
modes that satisfy the boundary condition. Under a weakly-guiding approximation
[1-17], the propagation modes can be categorized into “linearly polarized (LP) mode”
groups. Figure 1-3 shows the optical intensity distribution of each LP mode in the fiber
cross-section. As regards the LP,,; mode, the suffixes m and / are related to the mode
order of angular and radial coordinates, respectively. The LPy; mode is the
fundamental mode, and the others are the higher-order modes. In most case of MDM,
each signal is transmitted in an arbitrary LP mode by using a mode
multiplexer/demultiplexer (MUX/DEMUX) [1-18], [1-19].

MCFs can be divided into non-coupled and coupled MCFs. In a non-coupled MCF,
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whose core pitch is sufficiently large to suppress inter-core crosstalk (XT), each core

acts as an independent transmission path. On the other hand, coupled MCF has a lower

core pitch and a larger inter-core XT compared with non-coupled MCF, while the

inter-core XT can be compensated for by employing multiple-input multiple-output

(MIMO) processing at the receiver [1-14], [1-15]. MIMO processing is also adopted in

most FMF-based SDM transmissions, because the propagation modes in FMFs are

sensitively coupled with each other as a result of structural imperfections or the

bending/twisting condition [1-12]. As we increase the number of spatial channels in

SDM, more complex MIMO processing is needed to extract each signal.

Multicore
Single core
Non-coupled Coupled
SMF Non-coupled Coupled
MCF MCF
Single % /;
mode /
d SDM
EME Non-coupled Coupled fibers
FM-MCF FM-MCF
Few
mode

Figure 1-2. SDM fibers.
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Figure 1-3. Optical intensity distribution of each LP mode.



1. Introduction

1.3.Characterization of SDM transmission line

With SDM, in contrast to the capacity benefit, the transmission performance is
critically affected by spatial channel-dependent parameters, namely differential loss,
XT, and differential delay between spatial channels. The maximum optical loss among
spatial channels restricts the transmission distance in SDM, however, an optical
amplifier or mode scrambling technique can mitigate the effect of differential loss
[1-20]. Although XT degrades the purity of transmitted signals, it can be compensated
for by applying MIMO processing at the receiver. The differential delay between
spatial channels, or the resulting delay spread, causes a difference in detection timing,
or an increase in the tap number of FIR filters in MIMO processing [1-21]. The
differential delay can be managed by concatenating fibers whose differential delays
have opposite signs [1-22], however, this is difficult to realize in an actual transmission
line. This is because individual fiber lengths cannot be precisely adjusted since they
depend on the geometrical layout of facilities. Moreover, the differential delay changes
sensitively due to the fiber bending and twisting condition [1-23], [1-24], thus the
actual value of the differential delay cannot be precisely predicted before the
construction of a transmission line. Therefore, to confirm the transmission performance
or estimate the MIMO complexity, it is very important to measure the differential delay
in many scenarios including the construction and maintenance of the transmission line.

There are several methods for measuring the differential delay, including a
time-domain method [1-25], and a frequency-domain method [1-26]-[1-28]. The
time-domain method, which is generally called “impulse response measurement”, is
standardized in Ref. [1-25] and has been widely used in previous work. Figure 1-4
shows the basic setup for impulse response measurement. This method launches a short

optical pulse into the fiber under test (FUT), and characterizes the differential delay
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from the shape of the output pulse. Thus the temporal pulse width corresponds to the
delay resolution, and is typically a few tens of picoseconds. However, the setup needs
complicated and expensive instruments including a fast detector and a sampling
oscilloscope for high-resolution measurement. In contrast, the frequency-domain
method, which is called the frequency-modulated continuous wave (FMCW) method,
IS very attractive because the measurements can be easily performed by using a simple
Mach-Zehnder interferometer and a frequency-sweeping continuous light source.
Figure 1-5 shows the basic setup of the FMCW method. The FMCW method can be
performed with transmission and reflection type configurations. The reflection-type
FMCW method is often called coherent optical frequency-domain reflectometry
(C-OFDR) [1-29], [1-30]. With the FMCW method, a continuous light wave whose
frequency is swept linearly with respect to time is divided by an optical coupler, and
used as local and probe lights. The probe light propagates through the FUT, and the
transmitted/end-reflected light is coherently detected with the local light. Then, the
frequency of the detected beat signal is proportional to the propagation delay time, thus
an impulse response-like waveform can be obtained by analyzing the spectrum of the
beat signal as shown in Fig. 1-6. With the FMCW method a slower detector can be
adopted to detect the beat signal (generally slower than 1 GHz) than with the
time-domain method. Moreover, the delay resolution of the FMCW method can be
easily improved by expanding the frequency sweep range, because it is inversely
proportional to the frequency sweep range. References [1-26] and [1-27] report

ps-order resolution measurements using the FMCW method.
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Figure 1-4. Basic setup of impulse response measurement.
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Figure 1-5. Basic setup of FMCW method. (a) Transmission and (b) reflection types.
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Figure 1-6. Schematic diagram of measurement principle with FMCW method.
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1.4.0bjective and outline of this thesis

The conventional method characterizes the total propagation delay of end-to-end SDM
fiber link. However, the local differential delay values, or delay accumulation process
along the fiber, cannot be measured without cutting the fiber at an arbitrary position,
while the differential delay is expected to change locally due to fiber bending or
twisting caused by cabling or cable installation. If we could measure the differential
delay at arbitrary fiber positions non-destructively, it would constitute a powerful tool
for characterizing SDM transmission line in many scenarios such as when identifying
fiber portions that affect the end-to-end characteristic, which is essential for system
design.

On the other hand, improving the fundamental performance of the delay
measurement itself is also important for characterizing SDM transmission line. In
recent work, differential delay reduction techniques including FMFs designed with
graded-index based profiles [1-31], [1-32] and a differential delay managed
transmission line [1-22] have been aggressively studied. High-resolution delay
measurements are required if we are to characterize such low-differential delay
transmission lines accurately.

The main purpose of this thesis is to realize the effective maintenance and
management of future optical fiber networks by expanding and improving the
capability of differential delay measurement for SDM transmission line. Figure 1-7 is a
schematic illustration of the study approaches employed in this thesis. There are
basically two kinds of approaches:

(1) Realizing the distributed measurement of differential delay/delay spread,

(2) Improving the resolution of differential delay measurement.

10
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In this thesis, | focus on the FMCW method and its utilization, because it has the
potential for meeting the above challenges with a simple configuration. The techniques
described in this thesis are performed mainly with signal processing after acquiring
FMCW beat signals, thus they can be easily applied to the conventional FMCW setup.

Figure 1-8 shows the organization of this thesis, which consists of 6 chapters.
Chapter 1 is an introduction including an overview of SDM transmission and its
characterization method. Chapters 2 to 4 relate to the distributed measurement of
differential delay and delay spread for both non-coupled and coupled SDM fibers.
Chapter 5 concerns a technique that improves the delay resolution of the FMCW
method.

After this introduction, chapter 2 describes the basic principle of C-OFDR
(reflection-type FMCW method) for measuring the Rayleigh backscattering signature,
which is utilized for the distributed measurement of the differential delay in SDM fiber.
The fundamental characteristics of the Rayleigh backscattering signature are also
described in this chapter. Then, a signal processing technique for improving the
repeatability of the backscattering signature degraded by laser phase noise is
demonstrated with several experiments including long-range measurement in a
temperature-changing environment.

In chapter 3, the distributed measurement of differential mode delay (DMD) along a
FMF is proposed and demonstrated using the Rayleigh backscattering signature with
the signal processing technique described in chapter 2. This measurement method is
realized by carrying out the C-OFDR measurement with each propagation mode of an
FMF, and comparing the delay times, which correspond to the fiber position where the

backscattering signature spectrally shifts due to environmental disturbances.

11
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In chapter 4, which focuses on the characterization of coupled-MCF, the distributed
measurement of spatial mode dispersion (SMD), namely the delay spread caused by
differential mode delay and mode coupling, is proposed and demonstrated. Rayleigh
backscattering measurement with C-OFDR is also performed with coupled MCF, and
local SMDs are characterized by auto-correlating the backscattering amplitude at
arbitrary fiber positions. This chapter also describes a technique for improving the
measurement accuracy of this method.

Chapter 5 describes the high-resolution end-to-end measurement of DMD in an
FMF link. The high-resolution measurement is performed by comparing the temporal
phase variations of beat signals with different modes obtained with a transmission-type
FMCW method. This chapter also discusses the effect of mode coupling on this
measurement and a technique for its reduction.

Chapter 6 concludes this thesis. | summarize the results obtained in this study for

the characterization of SDM transmission line.

12
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Figure 1-8. Thesis organization.
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2. Rayleigh backscattering signature
measured with C-OFDR

2.1.Introduction

Rayleigh scattering measurements performed using an optical reflectometer have been
widely used for fault detection and evaluation in optical fiber networks and optical
components [2-1]-[2-3]. Recently, some attractive applications of Rayleigh scattering
measurement including a fiber identification [2-4], highly sensitive temperature or
strain sensing [2-4]-[2-6], and 3D shape sensing [2-7] have been proposed. In these
applications, a randomly jagged scatter amplitude waveform which is measured by
employing optical reflectometry with coherent detection is used as a “signature” for
identification or sensing. The origin of the jagged appearance is interference between
Rayleigh backscatters caused by random refractive indices generated when fiber is
manufactured [2-8]. The measured waveforms are thus identical and unique for
individual fibers and for fiber segments when the fiber and measurement conditions are
the same. In the applications mentioned above, the signature must be measured with
high repeatability.

Certain methods have been proposed for measuring the Rayleigh scatter signature.
Reference [2-5] proposed a highly-sensitive temperature measurement using coherent
optical time domain reflectometry (C-OTDR) with a gas-stabilized distributed
feedback laser whose frequency was precisely controlled. This approach makes it
possible to perform measurements on long fibers (over tens of kilometers) with a
temperature resolution of 0.01 °C and a spatial resolution of one meter. However, the

C-OTDR setup is complex, especially as regards frequency stabilization and control

15



2. Rayleigh backscattering signature measured with C-OFDR

when the aim is to achieve measurements with high repeatability. Moreover, it requires
a lot of time to undertake many measurements at different laser frequencies. In contrast,
an approach using C-OFDR (reflection-type FMCW method) is very attractive because
Rayleigh backscatter responses in both the time and spectral domains are easily and
quickly obtained by sweeping the optical frequency of the laser. For this reason,
C-OFDR is now the most common approach for scatter signature applications [2-4],
[2-6], [2-7]. However, the use of C-OFDR for scatter signature applications is limited
to short measurement ranges (up to several hundred meters) since scatter signature
repeatability is not maintained for long fibers beyond the laser coherence length due to
laser phase noise. The expansion of the scatter signature measurement range with
C-OFDR would be useful as it would mean the possibility of using the approach for
identification or sensing in, for example, telecommunication-scale fiber networks.

In this chapter, as a basis of the SDM characterization method described in chapter
3, | present a way to realize scatter signature measurements with C-OFDR for the
range beyond the laser coherence length. The laser phase noise limitation is overcome
by introducing the optical power spectrum of local Rayleigh backscatter as the
signature. | also investigate the influence of the remaining phase noise on the
repeatability of the proposed method with various measurement ranges and spatial
resolutions. In addition, | employ signal averaging for the proposed method to enhance
the repeatability degraded by the detector noise for long-range measurement and
discuss the effect of signal averaging on the proposed method. With this method, |
demonstrate distributed spectral shift measurement of the backscattering signature over
a 100-km range with a temperature sensitivity of better than 0.01 °C and confirm the
potential for long-scale applications.

This chapter is organized as follows. Section 2.2 reviews the theoretical background

16



2.1. Introduction

to the scatter signature measurements with C-OFDR using the conventional and
proposed methods. Section 2.3 describes the C-OFDR configuration | used in the
experiment. Section 2.4 includes our experimental results and discussion, and Section

2.5 provides the conclusion of this chapter.

17



2. Rayleigh backscattering signature measured with C-OFDR

2.2.Measurement principles

2.2.1. Complex scatter spectrum with conventional method

In this section, | review the principle of the conventional method used to obtain the
scatter signature with C-OFDR.

Figure 2-1 shows an example of a C-OFDR setup. A continuous light wave whose
frequency is swept with respect to time is divided by the coupler and used as probe and
local lights, and the backscattered lights are mixed and then detected by a coherent
receiver. Then, the beat signal 7z(¢) produced by the interference between the local and
backscattered lights can be written as [2-9], [2-10] (see Appendix A.)

I,(1) i ay,; Cos| 277(v, + %)Zn% +0(t)- H(t - Zn%ﬂ L)

i=1

where M is the number of scatterers in the fiber, ar; is the ith scatter amplitude, zz; is
the position of the ith scatterer, 15 is the initial frequency of the probe light, y is the
frequency sweep rate, n is the effective refractive index of the fiber, ¢ is the speed of
light in a vacuum, and &) and &t-2nzg; /c) are the laser phase noises of the local and
backscattered lights, respectively. Here, | define a one-dimensional scatter model [2-5],
[2-8], in which discrete scatterers are distributed along the fiber as shown in Fig. 2-2.
Since the beat frequency of Ix(¢) is proportional to z; the complex amplitude of the
scatter as a function of distance can be obtained by Fourier transforming /z(z). After the
Fourier transform, a complex optical spectrum of the Rayleigh backscatter for a local
segment of the fiber can be obtained by performing an inverse Fourier transform on
windowed distance domain data (a segment of OTDR-like traces) [2-6], and it is used
as a fiber signature in the conventional method. Since the optical frequency of the
probe light is swept, the inverse Fourier transformed data can be translated to the

optical frequency domain. If the segment size is much larger than the spatial resolution

18



2.2. Measurement principles

of C-OFDR, the complex scatter spectrum for the segment zz ,<zz [<zgs, ous(t), can be

represented by

2nz

o,t)= Zb: Ay, eXp{j|:27Z'(VO + 1) 21y, +0(t)- H(l e H} (2-2)
i—a c

c

Here the complex scatter spectrum is written as a function of ¢ since the probe light
frequency is swept with respect to time. It is noteworthy that the difference between
the phase noises of the local and backscattered light, &)-&t-2nzg/c) depend on the
scattering position. Thus the phase component of o,,(¢) is perturbed randomly at every
measurement if the scattering position is far beyond the laser coherence length. This
leads directly to the degradation of the scatter signature repeatability. Therefore, the
maximum measurable range with the conventional method is limited by the laser

coherence length.

19
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Figure 2-1. Basic setup of C-OFDR.
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Figure 2-2. One-dimensional scatter model.
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2.2. Measurement principles

2.2.2 Scatter power spectrum in proposed method

To obtain the scatter signature with high repeatability for long distances beyond the
laser coherence length, | introduce the square of the absolute value of the complex
scatter spectrum, which we call the scatter power spectrum. The scatter power
spectrum | ou»(2)|? can be written as [2-11]

o)

0t +2Y Sapan, {< ﬂ{)HMH} (2-3)

i=a j=i+l c c c c

where the first term shows the summation of the optical power of the scatters in
Zra<zr:<zpp, and the second term stands for the interference between the backscattered
lights from different scatterers in the segment. It is noteworthy that the phase noise of
the local light is cancelled out in the second term, which indicates that the influence of
the laser phase noise in | a,(#)|* does not depend on the scattering position, whereas the
difference between the phase noises of the scatter remains in the segment,
&t-2nzg j/c)- At-2nzg /c). Therefore, the repeatability of the scatter power spectrum is
not limited by the measurement range. In contrast, the segment size determines the
influence of the laser phase noise. The scatter power spectrum is expected to be given
precisely when the segment size is enough small compared with the laser coherence
length. Although the scatter power spectrum does not contain the phase components of
the Rayleigh backscatter, it can be handled by the signature for individual fibers as
well as the complex spectrum because its waveform is randomly jagged due to random
refractive index fluctuations in the fiber. The scatter power spectrum can be considered
as a reflected power spectrum from a weak and random period grating, thus a spectral
shift in the scatter power spectrum also occurs when the temperature or strain is

changed as in the reflection spectrum of fiber Bragg gratings [2-12].
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2. Rayleigh backscattering signature measured with C-OFDR

2.3.Experimental setup

Figure 2-3 shows our experimental setup. | prepared two lasers with different
coherence lengths, namely Lasers 1 and 2, to investigate the influence of the laser
phase noise. The coherence lengths of Lasers 1 and 2 were about 10 km and 500 m
respectively, which were estimated in [2-13]. The optical frequencies were swept with
a single side band (SSB) modulator [2-14], and the sweep range and rate were
controlled by changing the modulation signal generated by an RF synthesizer. In this
study, the sweep range was set at 2 GHz, which corresponds to the ideal spatial
resolution of 5 cm if the laser phase noise is not taken into account. I changed only the
sweep rate in the experiment. A 100-km long SMF was used as the FUT, and placed in
a soundproof box to reduce acoustic noise. To investigate the temperature response, |
placed a relevant fiber section in a temperature-controlled water bath whose
temperature was accurate to 0.01°C. A polarization diversity scheme was employed in
the interferometer to eliminate polarization-dependent effects due to such factors as
birefringence. The Rayleigh backscatter of the P- and S-polarization states were
individually detected by two balanced photodetectors, and acquired by a two-channel
A/D converter. A Fourier-transform and an inverse Fourier-transform were performed
on these two sets of polarization data individually, and a vector sum was calculated to
generate a polarization-independent spectrum. The repeatability of the scatter signature
was evaluated by calculating the cross-correlation between the two sets of

measurement results.
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Figure 2-3. Experimental setup of C-OFDR.
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2. Rayleigh backscattering signature measured with C-OFDR

2.4 .Experimental results and discussion

2.4.1. Rayleigh scatter signatures beyond laser coherence length
Figure 2-4 (a) and (b) show the cross-correlation of the complex scatter spectrum and
the scatter power spectrum at each segment position of the FUT. The optical frequency
sweep rate and the segment size were 100 GHz/s and 100 m, respectively. The time
interval of the measurements was 0.1 sec during which the fiber conditions were
expected to remain stable. The complex scatter spectrum was not maintained at
positions beyond the coherence length. On the other hand, the scatter power spectrum
was identified over a long range. The repeatability degradation of the scatter power
spectrum in the region beyond 70 km seemed to be affected by the detector noise
whose power relative to the signal was increased by the attenuation of the FUT.

Figure 2-5 (a) and (b) show the scatter power spectra and cross-correlation
measured at temperatures of 35.00 and 35.02 °C, respectively. | changed the
temperature of a fiber section at around 40 km, and carried out the measurement with
Laser 1. The scatter power spectrum was shifted after the temperature change, resulting
in a correlation peak shift. Figure 2-6 shows the temperature dependence of the
spectral shift of the scatter power spectrum. Applying a linear least squares fit to the
plot, | estimated the sensitivity of the scatter power spectrum to the temperature change
at -1.28 GHz/°C, which is similar to the result obtained with the conventional method

[2-6].
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Figure 2-4. Cross-correlations of (a) complex scatter spectrum, (b) scatter

power spectrum at each segment position. The segment size was 100 m.
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2. Rayleigh backscattering signature measured with C-OFDR
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Figure 2-5. (a) Scatter power spectra, (b) cross-correlation of the scatter
power spectra at 40 km measured at 35.00 and 35.02 °C. In the
cross-correlation, the spectrum at 35.00°C was used as reference data. The

segment size was 25 m. Laser 1 with L.= 10 km was used.
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Figure 2-6. Temperature dependence of spectral shift of the scatter power
spectrum measured at 40 km. The solid line is a linear least square fit. The

segment size was 25 m.
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2. Rayleigh backscattering signature measured with C-OFDR

2.4.2. Segment size and frequency sweep rate dependence

Figure 2-7 shows the segment size dependence of the repeatability of the scatter power
spectrum at 20 km. The correlation decreased due to the phase noise difference among
the scatters in the segment when the segment size was longer than the coherence length,
as mentioned in Section 2.2. On the other hand, | found that the repeatability of the
scatter power spectrum was also decreased when the segment size was small. This is
due to the broadening of the spatial resolution of the C-OFDR measurement. If the beat
frequency of C-OFDR corresponding to segment position is randomly fluctuated for
each measurement, the scatter power spectra will become less correlated. At the
scattering position z, which is at a distance greater than the coherence length L., the
power spectrum of the beat signal of C-OFDR can be given by a Lorentz function
whose spectral width Af, is twice the laser linewidth Af [2-10]. In that case, the

broadened spatial resolution Az,,,, can be estimated with

2
c

C C
Az, =S A =S onr=
max 2n7/ f;) 2n7/ f 71/6 )

(2-4)
where we assume z=(c/2ny)f» for the relationship between the beat frequency f; and z,
Af=c/7zl. for the relationship between the laser linewidth and the coherence length L..
Equation 2-4 indicates that the influence of the spatial resolution broadening can be
suppressed by increasing the frequency sweep rate of the probe light.

Figure 2-8 shows the sweep rate dependence of the cross-correlation of the scatter
power spectrum measured with Laser 2. As the sweep rate increased, the scatter power
spectra for a small segment size become more correlated. Since the segment size
indicates the spatial resolution for identification or sensing, the use of a higher sweep

rate is an effective way to achieve applications that require high resolution. The spatial

resolution could be further improved by combining a technique that compensates for
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2.4. Experimental results and discussion

beat frequency fluctuations such as a resampling method based on concatenated phase
signals for the region beyond the coherence length as our group has reported in [2-15],

[2-16].
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Figure 2-7. Segment size dependence of the cross-correlation of the scatter

power spectrum at 20 km.
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Figure 2-8. Frequency sweep rate dependence of the cross-correlation of the

scatter power spectrum at 20 km.
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2.4.3. Signal averaging for enhanced measurable range

With a complex scatter spectrum, the laser phase noise perturbs the scatter interference
pattern itself when the position is at a distance greater than the coherence length.
Signal averaging the complex scatter spectrum is thus not effective for long-range
measurement. In contrast, for the scatter power spectrum in the proposed method, the
influence of the laser phase noise is suppressed and does not depend on the scattering
position. The measurable range can thus be further improved by employing signal
averaging to reduce the detector noise such as thermal noise or shot noise.

Figure 2-9 shows the cross-correlation of the scatter power spectrum after signal
averaging. | used a frequency sweep rate of 400 GHz/s, a time interval of 0.1 s, and a
segment size of 50 m. The repeatability of the scatter power spectrum for long
distances was improved by signal averaging regardless of laser type. I also found that
the repeatability for Laser 2 significantly increased by signal averaging at around 50
km. For Laser 2, it is expected that an uncertainty of the scatter power spectrum due to
the fluctuation of the segment position by the spatial resolution broadening of C-OFDR
is reduced to a certain level by signal averaging. To prove this assumption, | observed
the average scatter power spectra and Fresnel reflection peaks using a 50-km long
SMF and Laser 2, where | used a segment size of 50 m and an averaging number of 10.
Figure 2-10 shows the repeatability of the averaged scatter power spectra when the
relative segment positions were changed. Figure 11 shows the observed Fresnel
reflection intensity. The 3dB spatial resolutions of C-OFDR at 50 km were 80, 40, and
20 m for sweep rates of 100, 200 and 400 GHz/s, respectively, as shown in Fig. 2-11.
These results agreed with the broadening of the correlated relative positions compared
with the used segment size of 50 m shown in Fig. 2-10. Therefore, an effective

segment size after signal averaging that contributes to cross-correlation becomes large
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2. Rayleigh backscattering signature measured with C-OFDR

due to the spatial resolution broadening of C-OFDR, which results in increased
repeatability for the measurement with Laser 2. In other words, the effective spatial
resolution for signature applications is degraded, which should be taken into account
particularly when the segment size is insufficiently large with the actual spatial

resolution of C-OFDR.
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Figure 2-9. Averaging number dependence of the cross-correlation of the

averaged scatter spectra measured with (a) Laser 1, (b) Laser 2.
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Figure 2-10. Dependence of cross-correlation of averaged scatter spectra on
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Figure 2-11. Fresnel reflection at the end of a 50-km long SMF.
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2. Rayleigh backscattering signature measured with C-OFDR

2.4.4. Demonstration of long-range distributed measurement of
spectral shift

In this subsection, | report the demonstration of distributed, highly-sensitive
measurement of Rayleigh backscattering spectral shift caused by temperature change
beyond the laser coherence length. Figure 2-12 shows the configuration of the sensing
fiber we used. | prepared three fiber sections at the end of a 100-km long SMF, and
placed each section in different temperature-controlled water baths. | set stable
temperatures for Sections A and C, and carried out the C-OFDR measurements while
changing the temperature of Section B. Laser 1 was used as a light source, and the
frequency sweep rate was 400 GHz/s. The averaging number and measurement interval
were 200 and 0.1 sec, respectively. The segment size was set at 25 m, which was much
larger than the spatial resolution of 2 m obtained from the Fresnel reflection observed
at the end of the FUT.

Figure 2-13 shows the spectral shift of the averaged scatter spectrum along the FUT
at each temperature. Linear spectral shifts caused by temperature changes were
observed in Section B. The temperature sensitivity in this demonstration was estimated
to be 0.003 °C by converting the full-width at half-maximum of the correlation peaks
to the temperature. The measurable temperature range was estimated to be 1.4 °C,
which would be expanded by using tunable laser sources with a wide frequency sweep

range for a C-OFDR system.
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Figure 2-12. Configuration of sensing fiber.
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Figure 2-13. Spectral shift distribution of averaged scatter spectrum at each
temperature in Section B. The spectrum at 30.5°C was used as reference data

in the cross-correlation.
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2. Rayleigh backscattering signature measured with C-OFDR

2.5.Conclusion

I proposed a technique for the long-range C-OFDR measurement of a Rayleigh scatter
signature beyond the laser coherence length by analyzing the optical power spectrum
of the scatter in a local fiber segment. | confirmed experimentally that the influence of
the laser phase noise did not depend on the measurement range and could be controlled
by changing the signature size and the frequency sweep rate of the C-OFDR used in
the proposed method. Moreover, signal averaging in proposed method was effective in
reducing the detector noise resulting in further improvement of the measurable range. |
also demonstrated distributed measurement of the spectral shift of scatter signature
with a measurement range of 100 km, a spatial resolution of less than 30 m, a
measurable temperature range of 1.4 °C, and a temperature sensitivity of 0.003 °C. |
believe that our proposed method can extend the scalability of scatter signature

applications to a long range.
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3. Distributed measurement of differential
mode delay along few-mode fiber

3.1.Introduction

MDM transmission using FMF and MIMO processing has been attracting considerable
attention as a technique for realizing a large transmission capacity exceeding that of
current SMF based transmission line [3-1]. DMD, which is defined as a relative group
delay within the propagation modes, is an important parameter for designing and/or
characterizing the MDM system, because MIMO processing becomes more
complicated as the DMD increases. In recent studies, the DMD has been measured
using various techniques including a time-domain method [3-2], a frequency-domain
method [3-3], and a low-coherence interferometric method [3-4], which provide the
total link DMD of an MDM system. The link DMD could be affected by the structural
imperfections of FMFs or mode couplings at splice points [3-5], however, neither the
accumulated DMD along an FMF link nor its measurement method has been well
studied. High-resolution optical reflectometry could be one way to evaluate the
accumulated DMD by measuring the Fresnel reflection as reported in [3-3]. However,
such an event does not always occur at the position to be characterized. If we can
measure the DMD at arbitrary positions along the FMF link nondestructively, it would
help us to analyze and design the MDM systems.

In this chapter, | first propose a novel concept for characterizing the accumulation
of the DMD in the FMF link. With the proposed method, the accumulated link DMD
can be nondestructively characterized by measuring the delay between randomly

distributed Rayleigh backscattering spectral shifts with different modes, which are
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3. Distributed measurement of differential mode delay along few-mode fiber

caused by slight natural environmental disturbances. | employ a coherent optical
frequency domain reflectometry (C-OFDR) to achieve a highly accurate DMD
measurement for fiber sections with length of several tens of meters. | experimentally
confirm the feasibility of the proposed method with different kinds of two-LP mode
fiber (TMF) links.

This chapter is organized as follows. Section 3.2 describes the principle of DMD
distribution measurement using our proposed method. Section 3.3 reports the
experimental setup we used. Section 3.4 contains our experimental results and

discussion, and Section 3.5 provides the conclusion.
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3. Distributed measurement of differential mode delay along few-mode fiber

3.2.Measurement principle

The concept of our proposed method is illustrated in Fig. 3-1. This method utilizes
Rayleigh backscattering spectra with different modes that are sensitively and
synchronously shifted with respect to local environmental disturbances such as
temperature or strain as describe in chapter 2 and Ref. [3-6]. In the reflectometry
results, the spectral shifts will appear at different delay times between modes. The
spectral shifts are thus correlated between modes with delay times that correspond to
the accumulated link DMD since the position at which the environmental disturbance

occurs is exactly the same for each mode.

/ Condition change

C-OFDR il
. Accumulated link DMD — - Mode-1
£ —— : Mode-2
©
k3]
[0
Q.
(7]
» Delay time

Figure 3-1. Concept of proposed method.

C-OFDR is an attractive way to support this concept because the spectral shifts of a
short fiber section can be easily obtained by digital signal processing, which results in
a highly accurate characterization of the link DMD. The spectral shifts can be
measured by comparing Rayleigh backscattering spectra, which are calculated by
windowing a relevant segment to the Fourier-transformed data of the beat signal, and
performing an inverse Fourier transform [3-6]. The window size determines the

accuracy of the spectral shift with respect to the environmental disturbances. For
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3. Distributed measurement of differential mode delay along few-mode fiber

example, a window size of several ns (several centimeters) corresponds to a spectral
accuracy of hundreds of MHz, which provides a temperature accuracy of better than
1°C for silica-based fibers. The difference between the spectral shifts to the
environmental disturbances for different modes can be ignored since it would be much

smaller than the spectral accuracy of the measurement.
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3. Distributed measurement of differential mode delay along few-mode fiber

3.3.Experimental setup

Figure 3-2 shows our experimental setup. The laser source was a continuously tunable
laser diode whose wavelength sweep rate was 100 nm/s. | swept 4 nm, which
corresponds to a delay time resolution of 2.15 ps, and a spatial resolution of 223 pm.
The setup included two interferometers namely an auxiliary interferometer to
compensate for the sweep nonlinearity [3-7], and a main interferometer to detect the
Rayleigh backscattering. The probe light was excited into the FUT with the LPy; mode,
and the backscattering generated with the LPy; and LP;; modes was separated with a
PLC-based mode demultiplexer (DEMUX) [3-8]. The backscattering with different
modes was coherently and individually detected in two polarization diversity receivers.
Band-pass filters (BPFs) were used to eliminate the high-frequency noise and the
Fresnel reflection at the mode DEMUX. | calculated the scattering spectra with a
2.15-ns-wide width temporal window, which corresponded to a 22-cm fiber section. A
Fourier transform and an inverse Fourier transform were performed on the beat signals
individually, and the vector sum of the two polarization data was calculated to generate
a polarization-independent spectrum in each mode. Then, the phase components of the
scattering spectra were cancelled out, resulting to high repeatability measurements as
described in chapter 2 and Ref. [3-9]. The configurations of the FUTs we used are
shown in Fig. 3. | prepared two kinds of FUT, namely FUT-3.1 and 3.2, which
consisted of step-index (S1) and graded-index (GI) TMFs whose DMDs per unit length
were 2.2 and 0.07 ps/m, respectively. Thus the link DMD was expected to accumulate
along each FUT as shown in Fig. 3. The fiber ends of both FUTs were bent to reduce
the Fresnel reflection. Both FUTs were unspooled and loosely placed in an

uncontrolled environment at around room temperature. With each FUT, | measured the
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3. Distributed measurement of differential mode delay along few-mode fiber

scatter spectra twice with an interval of 15 minutes, and obtained the spectral shift by

calculating the cross-correlation of the two data sets.
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Figure 3-2. Experimental C-OFDR setup. TLS: tunable laser source, BPD:
balanced photodetector, Al: auxiliary interferometer, MI: main

interferometer.
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FUT-3.1, (b) FUT-3.2.
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3.4.Experimental results

Figure 3-4 shows the distributed spectral shifts along FUT-3.1 and 3.2 measured in the
LPo; and LP;; modes. In Fig. 3-4, the spectral shifts calculated for every 1000 points
(2.15 ns) are plotted with a 1 point (2.15 ps) shift, and smoothed by averaging with the
temporal window size. It can be seen that the spectral shift varied along the FUTs
because of local environmental disturbances. The periodic nature of the spectral shifts
is due to the round-trip configuration of the FUTSs. Figures 3-4 (b) and (d) show the
spectral shifts around 120-m position of the FUTs. The traces between the LPy; and
LP;1 modes are shifted with respect to the horizontal axes due to the accumulated
DMD.

Figure 3-5 shows the accumulated link DMDs obtained from Fig. 3-4. The red
squares show the accumulated link DMDs analyzed by calculating the
cross-correlations of the data sets of the spectral shifts for every 386-ns width (40-m
fiber section) between the LPg; and LP;; modes. Thus the red square indicates the
mean amount of accumulated link DMD in the 40-m fiber section, in other words, the
spatial resolution of the accumulated DMD was 40 m. The blue squares also show the
results measured with the method described in [3-3], where Fresnel reflections caused
by cutting the FUT at each position were measured for both modes. The solid lines are
the calculations with the DMDs per unit length of the TMFs we used. A clear
difference was observed between the DMDs in Sl and GlI, and the accumulated link
DMD was in good agreement with the results obtained from the Fresnel reflections and
calculations. The measurement error was within about 20 ps, which indicates that the
low spectral accuracy of the measurement caused an error in the cross-correlation of
the spectral shifts. | expect that the DMD accuracy could be improved with a larger

window size, which would provide a highly sensitive measurement of spectral shifts as
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reported in [3-5]. With the proposed method, the window size should be as large as
possible in the range of the corresponding fiber section where the environmental
disturbance is considered to be sufficiently uniform for us to obtain the spectral shifts

clearly.
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3. Distributed measurement of differential mode delay along few-mode fiber

3.5.Conclusion

| proposed the nondestructive characterization of the accumulated link DMD along an
FMF by using the spectral shifts of Rayleigh backscattering measured with C-OFDR.
The proposed method was experimentally confirmed with different kinds of TMF links
where SI- and GI-TMFs were concatenated, and the each fiber section could be
identified from the difference of DMD accumulation along the fiber by using the
proposed method. The results agreed well with that of the destructive method and the

estimations from the fiber parameters.
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4. Distributed measurement of spatial mode
dispersion along coupled multicore fiber

4.1.Introduction

Coupled MCF, which is designed with a lower core pitch compared with the
non-coupled MCF, has been recently attracting considerable attention with its potential
for realizing SDM transmission with high spatial channel density. One interesting
property of coupled MCF is its Gaussian-like impulse response whose width increases
in proportion to the square root of the propagation distance L as a result of the strong
random mode coupling along the fiber, when the core pitch is adequately designed.
This property is helpful for reducing the complexity of MIMO processing especially in
long-haul transmissions, and a transmission distance exceeding a thousand kilometers
has been achieved by using such strongly coupled MCF (SC-MCF) with 6 spatial
channels [4-1].

For the purpose of characterizing SC-MCF, SMD has been defined and measured in
a similar manner to polarization mode dispersion (PMD) [4-2], [4-3]. It has been
reported that SMD is sensitively affected by fiber bending and twisting [4-2], [4-4] and
so can be expected to change locally in a transmission line due to the external stress
caused by cabling, cable installation and environmental changes after installation.
However, the distribution of SMD along an SC-MCF has only been measured by
cutting the fiber at arbitrary positions. If we can measure the SMD distribution
non-destructively, it would help us to characterize SC-MCFs in many scenarios such as
when identifying portions of transmission lines that affect the end-to-end characteristic,

which is essential for system design.
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

In this chapter, | propose a non-destructive method for measuring the SMD
distribution along an SC-MCF. The SMD distribution can be measured with the
proposed method using the random interference pattern of the Rayleigh backscattering
amplitudes obtained with coherent optical frequency domain reflectometry (C-OFDR).
I experimentally confirm the feasibility of the proposed method with two kinds of
SC-MCFs by observing their SMDs, which increase in proportion to VL.

This chapter is organized as follows. Section 4.2 describes the principle of SMD
distribution measurement using our proposed method. Section 4.3 reports the
experimental setup we used. Section 4.4 contains our experimental results and

discussion, and Section 4.5 provides the conclusion.
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

4.2.Measurement principles

4.2.1. Basic principle of SMD distribution measurement

Figure 4-1 shows a schematic diagram of SMD measurement with our proposed
method. The Rayleigh backscattering amplitudes obtained with a coherent optical
reflectometry technique is utilized to measure the SMD in arbitrary portions. With
coherent optical reflectometry, the backscattering amplitudes have a randomly jagged
appearance, which results from interference between multiple backscattered lights
which meet in a spatially resolved portion of a fiber [4-5]-[4-7]. When the
reflectometry is performed with an SC-MCEF, the backscattered lights propagate from
an arbitrary portion of the fiber to the launched fiber end with super-modes, which
randomly couple with each other. Since the super-modes in the SC-MCF are associated
with multiple paths with different delays and randomly coupling, the backscattering
amplitude observed with the reflectometry can be considered superposed results of the
delayed replicas of the backscattering interference pattern. Consequently, the
accumulated SMD can be characterized with the auto-correlation of the observed
backscattering amplitudes of an arbitrary portion of the fiber. Assuming that the
backscattering replicas have a Gaussian distribution with a standard deviation of o,

the measured backscattering amplitude at the position of delay zcan be described as

(A7, f

e(r)= Z e_ 20,° pirdlas, )g(r - A7, ) (4-1)

where £(z) and &) are the complex backscattering amplitudes with/without mode
coupling, and Az, and A& Az,) are the relative delay and random phase component of
the mth backscattering replica generated by mode coupling, respectively. Since the
SMD Ar is defined as twice the standard deviation of the impulse response (optical

intensity) [4-2], [4-3], EQ. (4-1) can be rewritten as
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

(Az,, )

E@)=Ye O M- Ar, ), @)

As implied in Eqg. (4-2), the probability distribution of the backscattering replica is

determined by Az An auto-correlation of Z(z), R(7), is performed to analyze the

probability distribution as (see Appendix B.)

o 5.,C(0)+e 27 C(7), (4-3)
with
_2(Az,+7l2f
C(r)=Ye @F olovtan)sosns) (4-4)

where &, is the Kronecker delta, and ~ denotes the complex conjugate. Since &(7)
randomly fluctuates along the delay time due to the interference between backscattered

lights, we assume the correlation of &(7) with itself in Eq. (3) as

I er)e’ (z+7)dr 0,0, (4-5)

The first term of Eq. (4-3) represents a correlation of E(r) with itself, and the second
term accounts for the correlation between backscattering replicas whose delay times
differ. An example of |R(7’)| is shown on the right in Fig. 4-1. In addition to the central
peak, small peaks are distributed around the center, where the square root of the second
moment of |R(7")| except for the central peak reflects the SMD. Therefore, the SMD
distribution can be measured by performing an auto-correlation analysis of the
backscattering amplitude in arbitrary sections [4-9]. It should be noted that the number

of data points for the correlated backscattering section is related to the correlation
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noise, which comes from the imperfect randomness of the waveform used for the
correlation. Many data points are required for the correlation to suppress measurement

error. However, that leads to spatial accuracy degradation in the SMD distribution.
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Figure 4-1. Schematic diagram of proposed SMD measurement.

According to previous reports, the SMD of an SC-MCEF is of sub-us order even with
a distance of tens of kilometers [4-1]-[4-4]. C-OFDR is an attractive way of realizing
the proposed method because it enables us to obtain the backscattering amplitude with
ps-order resolution [4-6]-[4-8].

The principle of our SMD measurement is similar to that of a low coherence
interferometric method standardized as an alternative test method for PMD
measurement [4-10], and our algorithm for characterizing SMD with an

auto-correlation fringe is also based on Ref. [4-10]. With the interferometric method,
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

the overall dispersion is characterized from the auto-correlation fringe of low
coherence signals from a broadband light source using a Michelson or Mach-Zehnder
interferometer [4-10], [4-11]. In contrast, our proposed method uses randomly
fluctuating Rayleigh backscattering amplitudes and their digitally processed

auto-correlation fringes, thus allowing us to obtain the distributed SMD along fibers.
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4.2.2. Correlation noise suppression
In this subsection, | discuss the measurement accuracy of the proposed method and
describe a technique for improving it.

There are two factors that degrade the measurement accuracy;

(1) Correlation fluctuation overlapping the Gaussian-like correlation fringe,

(2) Noise floor caused by uncorrelated backscattering components,

as shown in Fig. 4-2. The first factor is caused by the random interference between
backscattering replicas, which is described as C(7’) in Eq. (4-3) and (4-4). The second
factor results from the imperfect randomness of the backscattering waveform.

To suppress these error factors, frequency-shift averaging (FSAV) is applied to the
auto-correlation fringe. Figure 4-3 illustrates the FSAV technique in the SMD
measurement. With this technique, the measurement process including the C-OFDR,
extraction of the backscattering amplitude with an arbitrary section, and its
auto-correlation, are performed multiple times, where the center optical frequencies
(wavelengths) of the probe lights are different. After that, the multiple auto-correlation
fringes are averaged. The phase differences between the backscattering replicas change
with respect to the wavelength of the probe light. As a result, the correlation
fluctuations are different for each measurement. Moreover, the backscattering
waveform itself varies with respect to the probe wavelength [4-12], and so the noise
floor of uncorrelated backscattering components also varies. Therefore, both of the
above two error factors can be suppressed by averaging the auto-correlation fringes

obtained with different wavelengths.
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Figure 4-2. Error factors in SMD measurement.
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4.3.Experimental setup

Figure 4-4 shows the C-OFDR setup used in our experiment. The laser source was a
continuously tunable laser diode whose wavelength sweep rate was 100 nm/s. | swept
8 nm centered at 1550 nm, which corresponds to a delay time resolution of 1 ps, and a
spatial resolution of 100 um. The probe light was launched into an arbitrary core of the
FUT with a fan-in/fan-out (FI/FO) device. The backscattered light was coherently
detected with a polarization diversity receiver, and acquired by an A/D converter with
a sampling rate of 1.25 GS/s and sampling points of 100 MSa. In this setup, the
measurable distance range was about 4 km, which was limited by the sampling rate.
The measured delay resolution was almost the theoretical value over the measurement
range achieved by compensating for the sweep nonlinearity of the laser with the
concatenative reference method [4-13], [4-14] based on the reference signal obtained
with the Mach-Zehnder interferometer shown on the left in Fig. 4-2. The
backscattering amplitudes in the delay time domain were obtained by
Fourier-transforming the beat signals. In the auto-correlation analysis, the inner

product of the Jones vectors was calculated with two different polarization signals.
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Figure 4-4. Setup for C-OFDR measurement. TLS: tunable laser source,
SMF: single-mode fiber, BPD: balanced photodetector, BPF: band-pass

filter.

| prepared three kinds of two-core fibers, FUT-4.1, 4.2 and 4.3 as shown in Tab. 4-1
and Fig. 4-5. To introduce strong mode coupling, the core alignments of FUT-4.3 were
twisted along the fiber with a twisting rate of 4z rad./m, which was achieved by
rotating the preform during the drawing process [4-4]. | estimated the overall SMD and
SMD coefficient of each FUT by using a fixed analyzer method [4-2], [4-4], [4-10].
Figure 4-6 shows the setup used for the fixed analyzer method. In this setup, SMFs
were spliced under a cladding alignment condition on both the input and output sides
of the FUT. The overall SMD was characterized by Fourier-transforming the output
spectrum pattern and calculating the second moment of the transformed data. Figure
4-7 shows the Fourier-transformed results measured for 1550 + 8 nm. The SMD
coefficients of FUT-4.1, 4.2 and 4.3 were estimated to be 35, 38 and 15 ps/vkm,

respectively.
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

Table 4-1. Characteristics of FUTs. D: core pitch, A: refractive index

difference, <z>: SMD coefficient, R: bending radius, L: fiber length.

D(um) | A®%) | <z (ps/Nkm) | R (mm) L (m)

FUT-4.1 20 0.35 35 80 10307
FUT-4.2 25 0.35 38 80 9069
FUT-4.3 (twisted) | 25 0.35 15 50 794

FUT-4.1 FUT-4.2 FUT-4.3
(D =20 um) (D=25um) (D= 25 um, twisted)

Figure 4-5. FUT cross-sections.

FUT (MCF)

0.

TLS ——% *—
& PC
™~ SMF/

Figure 4-6. Setup for fixed analyzer method. PD: photodetector.
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(D= 25 um,
twisted)

20 ps/div.
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Figure 4-7. Fourier transforms of output spectra measured with fixed

analyzer method.

61



4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

4.4 Experimental results and discussion

Figure 4-6 shows auto-correlation fringes measured at arbitrary positions for each FUT.
The auto-correlation of each position was calculated with 400000 data points of
backscattering amplitude, which corresponds to a 40-m fiber section. A Gaussian-like
correlation distribution was observed with each FUT, and their widths broadened with
distance. Figure 4-7 shows the SMDs along each FUT characterized by calculating
with the square root of the second moment of the auto-correlation fringes shown in Fig.
4-6. The calculations were performed with an algorithm based on that in the appendix
of Ref. [4-10], where the central peak with a width of several times the delay
resolution was eliminated. | observed the SMD growth, which was proportional to VL
for each FUT, as expected. By applying least square fittings to the measured SMDs,
the SMD coefficients of FUT-4.1, 4.2 and 4.3 were estimated to be 40, 35 and 21
ps/Vkm, respectively, and these values were in good agreement with the results
characterized with the fixed analyzer method. The variation in the measured SMDs
along each FUT was considered to be the result of measurement error caused by the
correlation noise mentioned in Section 2, or the randomly fluctuating appearance of the
correlation fringe caused by the phase difference among backscattering replicas as

implied in Eq. (4-4).
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Correlation (a.u.)
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twisted)

Figure 4-8. Auto-correlation fringes of backscattering amplitudes.
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Figure 4-9. SMDs along (a) FUT-1, (b) FUT-2, (c) FUT-3.
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4.4. Experimental results and discussion

Next, | connected FUT-4.2 to the end of FUT-4.3, and investigated the SMD growth
along the concatenated fibers, with a view to distinguishing the SMD difference caused
by fiber twisting. Figure 4-8 shows the SMDs along the concatenated fibers plotted
with respect to the square root of distance. A clear difference between the SMD
coefficients of FUT-4.3 and 4.2 could be observed. According to the fittings, the SMD
coefficients of the fiber sections of FUT-4.3 and 4.2 were estimated to be 21 and 38
ps/vVkm respectively, which agreed with the single-fiber characteristics shown in Fig.
4-7. With our method, the measurable distance range is in a trade-off relationship with
the SMD resolution due to the sampling rate limit of the A/D converter. A higher
sampling rate would help us to observe the SMD growth and distinguish the SMD

difference more clearly over a long range.

FUT-4.3
(twisted)
[

FUT-4.2
(non-twisted)

70

0 Experiment
---- Linear fitting

SMD (ps)

I I |
0.5 1.0 15 2.0

Square root of distance (vkm)

Figure 4-10. SMDs along FUT-4.2 and 4.3.
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

Finally, I investigated the effect of FSAV with FUT-4.1 experimentally to improve
the measurement accuracy. C-OFDR measurements were performed up to 10 times
while the center wavelength was shifted with 4 nm intervals in the C-band. Each
C-OFDR measurement was performed with a wavelength sweep range of 4 nm, and
the auto-correlation at each position was calculated with 100000 data points of
backscattering amplitude, which corresponded to a 23 m fiber section. Figure 4-11
shows the auto-correlation fringes obtained with averaging numbers of 0, 2, and 10, at
fiber positions of 0.5, 2, and 3.5 km, respectively. The correlation fluctuations and
noise floors were reduced by FSAV, and a Gaussian-like distribution could be clearly
observed after averaging 10 times. Figure 4-12 shows the results of SMD distribution
measurements with/without FSAV. While the measured SMDs were randomly varied
along the fiber before applying FSAV, a clear VL-dependence could be observed in the
FSAV results. Figure 4-13 shows the averaging number dependences of the SMD
fluctuations. The SMD fluctuations were characterized with the least mean square error
from VL-fitting in a 2 to 4 km section. For comparison, | plotted the results obtained
with the backscattering lengths of 6 and 90 m that we used for the auto-correlation. In
spite of the 15-fold difference in the correlation lengths, the SMD fluctuation of the
6-m-length with FSAV could be reduced to smaller than that of the 90-m-length
without FSAV. That means FSAV can be applied as a technique for improving the

spatial resolution of SMD distribution.
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Figure 4-11. Auto-correlation fringes obtained with/without FSAV.
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Figure 4-12. SMD distribution with/without FSAV.
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Figure 4-13. Averaging number dependence of SMD fluctuation.
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4. Distributed measurement of spatial mode dispersion along coupled multicore fiber

4.5.Conclusion

| proposed a technique for measuring the SMD distribution along an SC-MCF by
auto-correlating the Rayleigh backscattering amplitudes obtained with C-OFDR. | used
the proposed method to demonstrate SMD distribution measurement with three kinds
of SC-MCFs, and the results agreed well with those obtained with the conventional
method. Our method also enabled us to distinguish the difference between the SMDs in
twisted and non-twisted fiber sections in concatenated SC-MCFs. | believe that our
method will prove a powerful tool for investigating structural uniformity after fiber

manufacture or cabling, or maintaining transmission lines after installation.
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5. High-resolution measurement of
differential mode delay of few-mode fiber
link

5.1.Introduction

DMD in an FMF link is an important parameter as regards MDM systems. Recent
studies have proposed some DMD reduction techniques including low-DMD fibers
designed with graded-index based profiles [5-1], [5-2] and a DMD managed
transmission line where positive- and negative-DMD fibers are combined [5-3] with
the aim of reducing the complexity of MIMO processing. High-resolution DMD
measurements are required if we are to characterize such low-DMD transmission lines
accurately.

Certain DMD measurement methods have been reported including a time-domain
method [5-4], and a frequency-domain (FMCW) method [5-5]-[5-8]. In the
time-domain method, the temporal pulse width corresponds to the DMD resolution,
and is typically a few tens of picoseconds. However, a shorter pulse width inevitably
leads to a wider spectral width. As a result, the achievable resolution is limited by the
pulse broadening caused by chromatic dispersion. Moreover, the setup needed for the
time-domain method is complicated and expensive for introducing an ultra-short pulse
source and a fast detection system. In contrast, the FMCW method is very attractive
because the DMD measurements can be easily performed with a simple configuration
and a slow detection system. However, the resolution of the FMCW method is also
limited by chromatic dispersion because it is inversely proportional to the frequency

sweep range of the probe light [5-8], [5-9]. Although the effect of chromatic dispersion
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5. High-resolution measurement of differential mode delay of few-mode fiber link

can be compensated for by using an auxiliary interferometer where the dispersion of
the delay fiber is equal to that of the FMF for the FMCW setup [5-8], [5-9], such a
delay fiber is not always available, and the dispersion is typically different for each
propagation mode.

In this chapter, | present a way of realizing a high-resolution DMD measurement in
a narrower optical bandwidth than with the conventional FMCW method. With our
proposed method, the DMD is characterized by referencing the phases of the FMCW
signals for different modes, and the resolution depends not only on the frequency
sweep range but also on the temporal phase fluctuations. | also employ signal
averaging with the proposed method to enhance the resolution by reducing the phase
fluctuations caused by random noises or mode couplings.

This chapter is organized as follows. Section 5.2 reviews the principle of DMD
measurement with the FMCW method using the conventional and proposed methods.
Section 5.3 describes our FMCW configuration and experimental results. Section 5.4

provides the conclusion.
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5. High-resolution measurement of differential mode delay of few-mode fiber link

5.2.Measurement principles

5.2.1. Fourier-transforming analysis with conventional method

In this subsection, | review the principle of the conventional transmission-type FMCW
method used to measure the DMD.

Figure 5-1 shows an example setup for the FMCW method. A continuous light wave
whose frequency is swept with respect to time is divided by the coupler and used as a
probe light and a local light. The probe light is launched into an FMF with multiple
propagation modes, and detected with a coherent receiver. When the interference
between the probe and local lights is taken into account, the beat signal /() can be

written as

1(2) Zam coS 2yt t | (5-1)

where a,, and z,, respectively, are the amplitude and delay time of the probe light in
the mth mode, and y is the frequency sweep rate. The phase noise is ignored in Eq.
(5-1) for simplicity. As described in Eq. (5-1), the beat frequency of () is proportional
to the delay time, thus a Fourier transform of /(¢) is performed for DMD analysis.
Since the spectral resolution of the Fourier transform is inversely proportional to the
measurement time 7, and the beat frequency is proportional to y the DMD resolution

Az of the conventional method is

1 1

At=—=—
I F'

(5-2)

where F is the frequency sweep range. The resolution is directly related to the sweep
range, thus a widely swept light is required for a high-resolution measurement.
However, a large F' increases the effect of chromatic dispersion, and as a result, the

resolution actually becomes larger than 1/F.
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Figure 5-1. Basic setup for conventional FMCW method.
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5.2. Measurement principles

5.2.2. Phase reference technique with proposed method

| introduce a phase reference technique for the FMCW method to realize
higher-resolution DMD measurements without expanding F. Figure 5-2 shows the
FMCW setup we used for the proposed method. With this method, we obtain the
FMCW signals of different modes individually by utilizing a mode MUX and DEMUX.
After that, the phase component of each beat signal is extracted by performing a
Hilbert transform, in which the phase of the signal shifts by —n/2, and by calculating an
arc tangent with the original and transformed signals. The phase signal of the mth

mode 4,(¢) can be written as

0 (t)=tan™ % =2y, t+@, )+ <, (5-3)

where 1,,(¢) and H[1,,(¢)] are the beat signal of the mth mode and its Hilbert-transformed
function, respectively, ¢,(¢) is phase noise, and &, is a phase constant. Then, the phase
difference between the mth and nth modes is

0,)-06,0) =27z, -7,)+9,() -0, O+, -0 o)
Figure 5-3 shows an example of the phase difference after unwrapping. The phase
difference increases linearly with respect to time while randomly fluctuating due to the
phase noise. Then, the temporal phase change rate, which is the angular frequency
difference between the mth and »nth modes, is related to the DMD as z,-7,. Thus the
DMD can be characterized by applying a linear fitting to the phase difference and
analyzing the change rate. Since the change rate can be determined when the total
phase change in the measurement time is larger than the phase noise, the DMD

resolution of the proposed method can be defined as

At=_— (5-5)
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5. High-resolution measurement of differential mode delay of few-mode fiber link

where o denotes the standard deviation of the phase fluctuation from linear fitting. The

resolution depends not only on F but also on o; thus a higher resolution can be realized

without expanding F by reducing o with certain methods such as the resampling

technique reported in [5-9] and [5-10]. Moreover, the effect of chromatic dispersion on

the proposed method depends on the differential dispersion between different modes,

while the conventional method is affected by the individual dispersion of each mode.

Since the differential dispersion is generally very small, the proposed method has the

potential to achieve much higher resolution than the conventional method.

et

Frequency-
swept laser

Mode
MUX

FMF
@) Mode

DEMUX

*o
J}Q

Detector and
phase analyzer

Figure 5-2. Setup for phase-referencing FMCW method.

Phase difference

‘
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Figure 5-3. Unwrapped phase difference of beat signals.
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5.2.3. Mode coupling effect in proposed method
In Subsection 5.2.2, | assumed that the beat signals of different modes are detected
individually. However, there are actually some undesired coupling modes in the FUT
or mode MUX/DEMUX. In this subsection, I describe the effect of mode coupling in
our proposed method and a technique for its reduction.

When mode coupling is taken into account, the beat signal obtained through the mth
mode ports of the mode MUX/DEMUX can be written as a superposition of the signals

whose beat frequencies (delay times) are different,

I', (f) < cosd, () + > e, cosg () (5-6)

i#=m
@, (t)=2nyr t+& (5-7)
where ¢; Is the relative amplitude of the ith coupled mode. | neglected the phase noise
in Eq (5-6) for simplicity. In a similar manner to Eq. (5-3), the phase component of
I’ () can be calculated as (see Appendix C.)
sing, (1) + > e, sing, (1)
' -1 i#=m
7, () =tan cosg (¢)+ ia,. cos ¢ (1)

i=m

> a,sin[g, () - ¢, (1)]

=g, (f) +tan™ —=2 (5-8)

1+ a, coslg, (1) - ¢, ()]

i#=m

The first and second terms are the phase signals of the non-coupled mth mode, and the
third term represents the temporally nonlinear phase fluctuation caused by the mode
coupling. Since the DMD resolution of the proposed method is determined by the
phase fluctuation, Equation (5-7) implies that the mode coupling causes the resolution

degradation in our proposed method.

77



5. High-resolution measurement of differential mode delay of few-mode fiber link

To reduce the phase fluctuations and improve the resolution, a temporally moving
averaging technique using multiple measurement data sets, namely time-shift
averaging (TSAV), is applied for &,,(¢). Figure 5-4 shows a schematic diagram of the
TSAV. With this technique, multiple delayed phase signals obtained at different times
during the laser sweeping are averaged. Since the initial phases of the multiple signals
are different, the phase fluctuation can be reduced by this averaging process. The
fluctuation reduction mechanism in TSAV is similar to that of a well-known moving
averaging technique. Since the phase fluctuations can be treated as high-frequency
noises, the moving averaging is effective in reducing it by acting as a low-pass filter.
However, when the moving averaging is utilized with single-phase data, the total time
range, which corresponds to £, is reduced by the moving process, while the DMD
resolution is inversely proportional to F as described in Eqg. (5-5). In contrast, the
fluctuation can be reduced while maintaining £ with TSAV by using the delayed
phases obtained with same time length. Note that the total time shift in TSAV is related
to the effect of both the phase fluctuation reduction and chromatic dispersion. As
TSAV is performed with a large time shift, the phase fluctuations can be more
effectively reduced thanks to the low-pass filtering effect, although the fluctuations are
unpredictable due to the mode coupling condition. However, the phase change rate of
the non-coupled mode then becomes inconstant due to the chromatic dispersion. TSAV
should be performed in an adequate range where the effect of chromatic dispersion is

very small.
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Figure 5-4. Schematic diagram of TSAV.
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5. High-resolution measurement of differential mode delay of few-mode fiber link

5.3.Experimental setup and results

5.3.1. Experimental setup

Figure 5-5 shows our experimental setup. The laser source was a continuously tunable
laser diode whose sweep rate was 12.5 THz/s. | swept 125 GHz, which corresponds to
a delay time resolution of 8 ps with the conventional method. The setup included two
interferometers, namely an auxiliary interferometer (Al) used for the resampling
technique [5-9], [5-10], and a main interferometer (MI) to obtain the beat signal for
each propagation mode of the FUT. As with the conventional FMCW method, the Al
and MI had almost the same path length differences to compensate for the phase noise
with the resampling technique. The probe light was excited into the FUT in each mode
by using a mode MUX and DEMUX which consisted of spatial phase plates. The mode
MUX/DEMUX supported the LPo; and LP1; modes, and the crosstalk between them

was less than -20 dB.

LPy; port
Coe—— | Mode
TLS CDTO\LLPH port MUX
FUT
65m
SMF
LPy; port
‘‘‘‘‘‘‘ Mode
LP,; port| DEMUX
Al Q MI
4 A N\
BPD BPD

| |
A/D converter

Computer

Figure 5-5. Experimental setup. TLS: tunable laser source, BPD: balanced

photodetector.

80
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| prepared three kinds of two-mode fibers (TMFs) as FUTs: a 58 m-SI-TMF, a 57
m-GI-TMF, and an offset-spliced SI-TMF whose total length was 157 m. The fiber
lengths were measured with an OTDR whose spatial resolution was 1 m. In the third
FUT, we spliced 100 m- and 57 m-SI-TMFs, and the end of the FUT and the mode
DEMUX, both with offset values of 2 um. The DMDs per unit length of the SI- and
GI-TMFs were 2.2 and 0.07 ps/m, respectively. The respective dispersions of the LPo;

and LP1; modes were 19.9 and 20.0 ps/(nm-km) in both FUTSs.
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5. High-resolution measurement of differential mode delay of few-mode fiber link

5.3.2. DMD measurement without mode coupling

Figure 5-6 shows the Fourier-transformed intensities of the beat signals of the LPy; and
LP;; modes measured with the 58-m-SlI- and 57-m-GI-TMFs. For comparison, the
results obtained without the FUT (mode MUX and DEMUX were directly connected)
are also shown in Fig. 5-6 (c). The beat frequency differences were 3.8, 2.3, and 2.3
kHz for the 58-m-SI-TMF, the 57-m-GI-TMF, and the MUX/DEMUX, respectively.
By comparison with the MUX/DEMUX results, the DMD of the 58-m-SI-TMF was
calculated to be 120 ps (2.07 ps/m). In contrast, Fig. 5-6 revealed no beat frequency
difference between the 57-m-GI-TMF and MUX/DEMUX. This means that the DMD
of the 57-m-GI-TMF could not be characterized with the conventional method in our

experimental setup.

Intensity (20 dB/div.)

Beat frequency (2 kHz/div.)
Figure 5-6. Fourier-transformed intensities of beat signals. (a) 58-m-SI-TMF,

(b) 57-m-GI-TMF, (c) without FUT.

Figure 5-7 shows the phase differences between the beat signals of the LPy and

LP;; modes obtained with our proposed method. As expected, the phase differences
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5.3. Experimental setup and results

increased linearly with respect to time for each FUT. The phase change rates differed
for the FUT and MUX/DEMUX, even with the 57-m-GI-TMF. By applying linear
fitting to Fig. 5-7, the DMDs of the 58-m-SI- and 57-m-GI-TMFs were measured and
found to be 122 ps (2.10 ps/m) and 1.63 ps (0.03 ps/m), respectively. These results
confirmed that our proposed method enables us to measure low DMDs that cannot be

measured with the conventional method.
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Figure 5-7. (a) Phase difference between beat signals of LPo; and LP;;, and

(b) its extended view around 9.9 ms.

Figure 5-8 shows the phase fluctuations from the fittings. Since the DMD resolution
of the proposed method is determined by the phase noise as mentioned in Section 5.2,
the DMD resolutions could be characterized from Fig. 5-8. The resolutions were
estimated to be 501 and 489 fs for the 58-m-SI-TMF and 57-m-GI-TMF, respectively,

which were better than 1/15 the resolution obtained with the conventional method (8

ps).
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Figure 5-8. Phase fluctuation from linear fitting. (a) 58 m-SI-TMF, (b) 57

m-GI-TMF.
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5.3.3. DMD measurement with mode coupling

Figure 5-9 shows the Fourier-transformed intensity of a beat signal measured with the
offset-spliced SI-TMF where the propagation modes were coupled with each other at
the splice points. In addition to the strong main peaks, which represent the non-coupled
modes, small peaks caused by the mode coupling could be seen between the main
peaks. The DMD between the non-coupled LPy; and LP;; modes characterized from

the main peaks in Fig. 5-9 was 304 ps.

—A— P01 —v LP11

Intensity (10 dB/div.)

Beat frequency (2 kHz/div.)

Figure 5-9. Fourier-transformed intensity of beat signals measured with

offset-spliced SI-TMF.

Figure 5-10 shows the phase differences between the LPo; and LP;; modes
measured with/without TSAV. For comparison, the result after non-shifted ensemble
averaging is also represented in Fig. 5-10. The averaging numbers were 100 for both
the shifted and non-shifted averaging. TSAV was performed with a total time shift

range of 5 ms, which corresponded to an optical frequency shift of 62.5 GHz, where

85



5. High-resolution measurement of differential mode delay of few-mode fiber link

the effect of chromatic dispersion could be neglected. | observed that the phase noises
were reduced by averaging even in the non-shifted case. However, nonlinear phase
fluctuations, which were considered to result from the mode couplings, still remained
after the non-shifted averaging. In contrast, TSAV also reduced the nonlinear
fluctuation. From the phase change rate in Fig. 5-10, the DMD was calculated to be
302 ps, which agreed well with the result in Fig. 5-9. | also characterized the DMD
resolution from the phase fluctuation shown in Fig. 5-11. The resolutions obtained with
non-averaging, non-shifted averaging, and TSAV were 685, 330, and 100 fs,
respectively. The unsymmetrical characteristics of the phase fluctuations are
considered to result from the mode coupling effects. By using our proposed method
with TSAV, we achieved 1/80 the resolution of the conventional method without
expanding the frequency sweep range. Our DMD measurement method can be
extended to more than two modes if the corresponding mode MUX and DEMUX are
available. Although the extinction ratio of MUXs/DEMUXs between higher order
modes is generally lower than that between lower order modes, TSAV will be also

effective for suppressing the effect of imperfect extinction.
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Figure 5-10. (a) Phase difference between beat signals of LPy; and LPy;
modes measured with offset-spliced SI-TMF, and (b) its extended view

around 0.25 ms.
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Figure 5-11. Phase fluctuation from linear fitting measured with

offset-spliced SI-TMF.
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5. High-resolution measurement of differential mode delay of few-mode fiber link

5.4.Conclusion

| proposed a high-resolution DMD measurement technique by referencing phases of
FMCW signals with different modes. | confirmed experimentally that our proposed
method could achieve resolution 15 times better than the conventional FMCW method,
while the conventional method could not realize such an improvement without an
increase in the optical bandwidth of the probe light. Moreover, signal averaging with
the proposed method was effective in reducing the phase fluctuation resulting in a
further improvement in the resolution even when there was weak mode coupling. |
believe that the proposed method will be a powerful tool for characterizing low-DMD

or large-dispersion FMF, devices, and MDM transmission systems.
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6. Summaries and conclusions

| have described the development of the FMCW method for characterizing SDM
transmission with a view to realizing the effective maintenance and management of
future optical fiber networks. Utilizing the reflection-type FMCW method (C-OFDR),
| have proposed and demonstrated distributed measurements of differential delay and
delay spread along SDM fibers including both FMF and coupled-MCF. Moreover, |
have also proposed the high-resolution end-to-end measurement of the DMD of an
FMF link by using the transmission-type FMCW method.

In chapter 2, as a basis for the distributed delay measurement that | proposed in
chapter 3, | have described the fundamental characteristics of the Rayleigh
backscattering signature measured with C-OFDR. | have clarified its dependence on
the laser phase noise and fiber temperature/strain change. | have also proposed
techniques for suppressing both laser phase noise and detector noise to improve the
repeatability of the backscattering signature. By applying the techniques, | have
demonstrated the long-range measurement of the backscattering signature and its
spectral shift caused by temperature changes along an SMF.

In chapter 3, | have proposed a nondestructive method for characterizing the
accumulated link DMD along an FMF for the first time. This method was realized by
utilizing the Rayleigh backscattering signature and its spectral shift described in
chapter 2. | have demonstrated distributed DMD measurements along different kinds
of TMF links with 20-ps accuracy and 40-m resolution by using the backscattering
spectral shifts caused by natural and random environmental disturbances, and the

results agreed well with those obtained with a destructive method and by calculation.
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6. Summaries and conclusions

In chapter 4, focusing on the characterization of SC-MCEF, | have proposed the first
SMD distribution measurement method. The SMD distribution was characterized by
auto-correlating the Rayleigh backscattering amplitude measured with C-OFDR. The
concept of this method was inspired by the randomness of the backscattering
waveform similar to a low-coherence signal, and the auto-correlation analysis was
based on the low-coherence interferometric method. | have also described an FSAV
technique for suppressing the correlation fluctuation and improving the measurement
accuracy. The SMD distribution measurements were demonstrated with several kinds
of SC-MCFs, and the results were in good agreement with an estimation obtained with
conventional end-to-end measurements. After the FSAV, | achieved a measurement
with a delay accuracy of a few ps and a spatial resolution of 6 m over a 4 km range.

In chapter 5, | described the high-resolution DMD measurement of an FMF link
with phase signals obtained with the transmission-type FMCW method as a reference.
While the conventional FMCW method used a Fourier-transform for spectral analysis,
where the resolution is limited by the optical frequency sweep range, the proposed
method overcame this limitation by analyzing the frequency directly from the temporal
phase signal. Although the proposed method was based on the assumption that mode
coupling could be ignored, the mode coupling effect could be mitigated by averaging
multiple phase signals with different detection timings. By using the phase-referencing
and its averaging method, | have achieved DMD measurement with fs-order resolution,
which was 80 times better than the conventional method.

As summarized above, in this thesis | have proposed and demonstrated three new
kinds of SDM characterization methods, namely the measurement of DMD distribution,
SMD distribution, and end-to-end DMD with a high resolution. The feature of these

methods is that the main techniques are performed with signal processing after
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6. Summaries and conclusions

acquiring the FMCW signals. Therefore, we can easily expand and improve the
capability of the FMCW method while maintaining its simple configuration. 1 hope

these methods will assist the future maintenance and management of SDM networks.
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Appendix

Appendix A. C-OFDR beat signal with one-dimensional
scatter model

In this appendix, | describe the deviation of the C-OFDR beat signal used in chapter 2
in detail.

The complex amplitude of frequency-swept light, £(¢), is given by

E(t)=E, exp{ j{Z;z(vo + %t)t + H(t)} , (A-1)

where  is the initial optical frequency, y is the sweep rate, and &) is the phase noise.
Since the reflected or backscattered light can be treated as a time-delayed replica of
E(?), the back-propagated light, which is reflected at position zz, Ex(f), can be described

as

Ey(t)=~RE(t-7,)
— x/EEO eXp{j|:27Z'(VO + %tjt — 27z(v0 + %)Z'R + 7Z'}/Z'R2 +0(t— TR)} . (A-2)

where R denotes the reflectivity at zz. 7z is the round-trip delay, which is related to zz
with

T, =2nz,lc, (A-3)
where n is the refractive index, and c is the speed of light in a vacuum. In Eq. (A-2), =
2 can be neglected because it is much smaller than the other terms. With the

one-dimensional scatter model illustrated in Fig. 2-2, the backscattered light Es(¢)can

be described as a superposition of multiple random reflections,
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E () = ZaR exp{ {27[(1/0 72/ ]t—Zﬂ'(Vo-i—]d‘)Z'R’i +¢9(trR’,.)}}, (A-4)

with
TRi = znZR,i lc, (A-5)
where M is the number of scatterers in the fiber, ag; is the ith scatter amplitude, and zx ;
is the position of the ith scatterer. By mixing the backscattered light with the local light,
the beat signal Zx(¢) is represented as
() =|E@Q) + E;()f

M M
= EO2 + Z aR,l.Z +Z Eqay, COS[27Z'(V0 + }/t)rR,l. +6(t) - 0(t - TR’I.)]

i=1l i=1
MM
+ 221 ZlaR”aR’f COS[Z/Z'(VO + %)(rR,j - Z'R’l)+ ot - rR,j) —-0(t— TRJ)]. (A-
i it
6)
Since the backscattered light is very weak compared with the local light (az; << Ey),
the fourth term can be neglected. By taking only the AC part into account, Eq. (A-6)
can be approximated as
M
I,(t) < leaR‘i COS[27Z'(V0 + ;/t)rR‘i +(t) - 6’(t — Ty, )] (A-7)

which is equivalent to Eg. (2-1) in chapter 2.

94



Appendix

Appendix B. Auto-correlation of Rayleigh
backscattering amplitude in coupled multicore fiber
In this appendix, | describe the detailed calculation of the auto-correlation of the
Rayleigh backscattering amplitude in the SC-MCF used in chapter 4.

With the backscattering amplitude £(z) described in Eq. (4-2), its auto-correlation

is calculated as

R()=[2()e" (z+7")dr

2 (A Tm )2

—_[ Ze /204 (Z'—AZ'm) Ze (acy e_jA'g(AT”’)g*(r—Arm+r') dr

(A7, S Az, )
N Z Z e e Lilaolas, )—M’(Afn)]'[ g(z- —Ar, ).9*(2' A7, + T')dT , (B-1)

m n#m

where £(r) is the complex backscattering amplitude without taking mode coupling
into account, and Az, and AAA+,), respectively, are the relative delay and random
phase component of the mth backscattering replica generated by mode coupling, and
Az is the SMD. Since &7) fluctuates randomly along the delay time due to the

interference between backscattered lights, we assume the following relationship:

J.E(Z' AV )5*(7 -Ar, + Z")dZ' =0,.,, (B-2)

J.E(Z' AV )5*(7 —A7, + T')dT = Opr aryr - (B-3)

By substituting Eq. (B-2) and (B-3) into (B-1), the auto-correlation can be obtained as
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Az, ) (A7, J'+(az, )

_2(Az,,
R(z')=6.,D e (acf 2. (acf - gilaoan)-s0az)] 5

Az, Az, +7'
m n#m

2(Az,, )2 r? 2(Az,+7'12)
2 2 2 . B .
— f'loze (AZ‘) +e Z(AZ') Ze (AZ‘) e][AH(Afm) AH(Afm+f)] (B_4)

1
m

which is equivalent to Eq. (4-3) in chapter 4.

96



Appendix

Appendix C. FMCW phase signal with mode coupling

In this appendix, | describe the calculation of the FMCW phase signal in detail taking
mode coupling into account.
By using the FMCW beat signal of the mth mode 7’,,(¢) described in Eq. (5-6) in

chapter 5, its phase component &,,(¢) can be calculated by

g, (t)=tan™ Al ()]
1,()

sing, (1) + > a,sin¢,(7)

i#=m

N os é,(t)+> a,cosg (1)

i#=m

(C-1)

where H[1,(?)] is the Hilbert transform of 7,(¢), and «; is the relative amplitude of the
ith coupled mode with respect to the mth mode. Equation (C-1) can be schematically
represented in a complex plane as a phasor sum, which is shown in Fig. C-1. In this
illustration, the real and imaginary parts correspond to the beat signal and its Hilbert
transform, respectively. When &,,(¢) can be described as

¢, (1)=¢,)+e@), (C-2)

o(?) can be obtained with the following equations:

tang, () +tang(r) sing, (1) + ;ai sing, (1)

1-tang, (z)tano(z) © cos @, )+ Z a,; CoSg (1)’

i#m

tan[g,, (1) + ()] = (C-3)

[tang,, (£) + tan go(t)]{cos é,(1)+ > a,cosg (t)}

i#=m

i#=m

=[1-tan g, (¢) tan (o(t)]{sin ¢, )+ a,sing, (t)} , (C-4)
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tan (o(l‘){l+ cos @, (1)D a, cos g, (t) +sing, (1) >, sing.(7)

i#m i#m

=c0sg, (1)D a,sing (1) —sing, (1)D_ a, cos g (r),

> asinlg, ()~ 4, ()]
tan p(f) = 1+ Y a,cosg () -4, (O]

i#=m

Therefore, &,,(f) can be described as

 asinlg (-4, ()
0, )=4,@0+tan" — S a, cos[ (1) — 4, ()]’

i#m

Appendix

|

(C-5)

(C-6)

(C-7)

which is also illustrated in Fig. C-2. Equation (C-7) is equivalent to Eq. (5-8) in

chapter 5.
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Appendix C. FMCW phase signal with mode coupling
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Figure C-1. Schematic diagram of Eq. (C-1).
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