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Abstract

In the past few years, coherent detection has achieved dramatic success due to
adoption of powerful electronic digital signal processing (DSP). In the meantime,
direct detection (DD) based optical communication systems have also attracted
attentions because of its low cost and simple implementation. The directly-detected
optical channel, however, is nonlinear due to the square-law detection of the photo-
diodes. In order to remove the nonlinearity, it is necessary to calibrate the response

for each optoelectronic component.

In the meantime, the rapid growth of the bandwidth-rich internet applications
has driven the research in maximizing the capacity of optical transport. As the
spectral efficiency (SE) in single-mode fiber (SMF) is ultimately limited by the fiber
nonlinearity, the natural solution is to use large effective-area SMF, or even multi-
mode fiber (MMF) with center launch technique to excite only the fundamental
(LPo1) mode to mitigate the nonlinearity penalty. Most importantly, MMF or few-
mode fiber (FMF) supports many spatial modes, and therefore the fiber capacity can
be increased in theory by taking advantage of this additional degree of freedom in

space aided by multiple-input multiple-output (MIMO) transmission.

In this thesis, we propose and demonstrate a novel digital signal processing (DSP)
algorithm for photodiode characterization probed by three wavelengths. The DSP
algorithm has low computational complexity and scales only with logarithmic of
number of the spectral points. We verify our proposed algorithm by measuring the
phase response of an electrical filter. We also characterize the frequency response
for a high-speed optical receiver with 30-GHz bandwidth photodiode, and a low-

speed optical receiver with 14-GHz bandwidth photodiode, respectively.

For the investigation of few-mode fibers (FMFs), we present novel design and
fabrication of few-mode fiber based optical sensors. Particularly, we report two FMF
based discrete sensors, one is a fiber Sangac loop sensor based on polarimetric

interference, and the other is a few-mode interferometer sensor based on



intermodal interference. We also continue to introduce the concept of FMF based
distributed sensors. We demonstrate characterization of SBS in a FMF based on
Brillouin optical time domain analysis (BOTDA) technique and propose two BOTDA
methods for the FMF. The proposed setup can also be used as a Brillouin distributed

sensor.

For the characterization of the modal propagation in few-mode fibers (FMFs), we
propose and implement a novel method called complex imaging to recover both
amplitude and phase images and coherently detect the in-phase and quadrature
components of the heterodyne signal simultaneously with a pair of charge-coupled
device (CCD) cameras. In this way, both amplitude mode pattern and phase mode
pattern (or mode image) for modes transmitted in optical fibers could be
characterized. In this thesis, we characterize mode patterns of pure fundamental
mode and higher-order modes in FMFs as a validation of our imaging method. Then
our method is also applied to mode decomposition and modal content analysis of an
arbitrary mixed mode pattern. Finally, we also sweep the input wavelength and

measure differential mode delay (DMD) in FMFs.
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1 Introduction

1.1 Introduction

The rapid growth of the bandwidth-rich internet applications has driven the research
in  maximizing the capacity of optical transport. Meanwhile, tremendous
breakthrough in high- speed optical transmission networks has been made by
utilizing polarization multiplexing, high-order modulation and coherent optical
detection, in both coherent single carrier and multi-carrier formats. As the spectral
efficiency (SE) in single-mode fiber (SMF) is ultimately limited by the fiber
nonlinearity, the natural solution is to use large effective-area SMF, or even multi-
mode fiber (MMF) with center launch technique to excite only the fundamental
(LPO1) mode to mitigate the nonlinearity penalty. Most importantly, MMF or few-
mode fiber (FMF) supports many spatial modes, and therefore the fiber capacity can
be increased in theory by taking advantage of this additional degree of freedom in
the form of multiple-input multiple-output (MIMO) transmission [1]. To date, three
types of SDM transmission experiments have been demonstrated: (i) core-
multiplexed transmission over multi-core fiber (MCF), (ii) MDM transmission over
single-core FMF, and (iii) core multiplexed MDM transmission over FM-MCF. The
highest capacity (1.01 Pb/s) of core-multiplexed transmission is demonstrated by
Takara et al. [2] in a 52 km single span of 12-core MCF in 2012. In the other
experiment by Igarashi et al. in 2013 [3], the reach is extended to 7326 km and net
total capacity is 140.7 Tb/s, leading to a record capacity—distance product of 1030.8
Pb /s X km. Recent developments on FMF fabrication and FM-EDFAs have enabled
demonstration of long-distance MDM transmission. Long-haul transmission using
FMF with inline amplification via parallel single-mode EDFAs was first demonstrated
in 2012 [4] with maximum transmission distance of 4200 km. Enabled by an FM-
EDFA with modal gain equalization, the first loop experiment with an inline FM-EDFA

was demonstrated in 2013[5].

1.2 Fibers types for fiber-optic communications



% Single-mode fibers (SMF)

SMFs are optical fibers which are designed such that they support only a single
propagation mode (LPO1) per polarization for a given wavelength. Higher-order
modes like LP11, LP2o, etc., do not exist, except for only cladding modes which are not
localized around the fiber core. SMFs usually have a relatively small core (with a
diameter of only a few microns) and a small refractive index difference between core
and cladding. The mode radiusis typically a few microns. However, there are

also large mode area fibers with a relatively large mode area [6-8].

A peculiar property of SMFs is that the transverse intensity profile at the fiber
output has a fixed shape, which is independent of the launch conditions and the
spatial properties of the injected light, assuming no significant birefringence in the
fiber. The launch conditions only influence the efficiency with which light can be

coupled into the guided mode.

Intermodal dispersion can of course not occur in SMFs if we temporarily ignore
the polarization dispersion. This is an important advantage for the application
in optical fiber communications at high data rates (multiple Gbit/s), particularly for
long distances. Essentially for this very reason, as well for their extremely low
propagation losses, SMFs are exclusively used for long-haul data transmission, and
for most of the outdoor short-reach applications. For short-reach indoor
use, MMF are more common, mostly because that allows the use of cheaper
multimode data transmitters which can couple the light into the MMF more

efficiently.
% Multi-mode fibers (MMF)

MMFs are optical fibers which support multiple transverse guided modes for a given
optical frequency and polarization [9]. The number of guided modes is determined
by the wavelength and the refractive index profile. For step-index fibers, the relevant
qguantities are the core radius and the numerical aperture (NA), which in
combination determine the V number. For large V values, the number of modes is

proportional to V2. Particularly for fibers with a relatively large core (right-hand side
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in Fig. 1.1), the number of supported modes can be very high. Such fibers can guide
light with poor beam quality (e.g. generated with a high-power diode bar), but for
preserving the beam quality of a light source with higher brightness it can be better
to use a fiber with smaller core and moderate NA, even though efficient launching

can then be more difficult.

Compared with standard SMFs, MMFs usually have significantly larger core areas,
but also generally a higher NA in the order of 0.2-0.3. High NA leads to robust
guidance, even under conditions of tight bending, but also to higher propagation
losses without bending, as irregularities at the core—cladding interface can scatter
light more effectively. The refractive index profile can be rectangular (step-index

fibers), or parabolic, etc.

Cladding

Y N\

N

Core

Single-mode fiber Multi-mode fiber

Fig. 1.1. A single-mode fiber (left, the core to cladding diameter ratio is
usually 9 microns to 125 microns in construction) has a core which is very
small compared with the cladding, whereas a multi-mode fiber (right, the core
to cladding diameter ratio is usually 50 microns to 125 microns and 62.5

microns to 125 microns in construction) can have a large core.
% Few-mode fibers (FMF)

There is the distinction between SMF, supporting only one guided mode per
polarization, and conventional MMF, supporting hundreds of guided mode. For the
multimode fibers supporting only a relatively small number of guided modes — for

example, from 2 to 15 modes, the term ‘few-mode fiber’ (FMF) is commonly used.

The guided modes are usually characterized as linearly polarized (LP)

modes under weakly- guiding condition. For example, a six-mode fiber may have the
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LPo1 (fundamental mode), LP11, LP21, LPo2, LP31 and LPiz. As all modes with non-
zero azimuthal index exist with two different spatial orientations, the full number of
spatial modes is actually2+4x2=10. Also counting polarization directions, one
would arrive at the total number of modes of 20. Similarly, a two-mode fiber (with
LPo1 and LP11) actually possesses 6 different modes considering spatial and

polarization degeneracies [10-13].

In contrast to SMF, in FMF one can have intermodal nonlinear effects such
as inter-modal cross-phase modulation and parametric amplification, and also those
involving nonlinearities with a delayed response such as stimulated Brillouin
scattering. The tendency for such phenomena can be increased in fibers with low

differential mode delay (DMD).
1.3 Motivations for using few-mode fiber devices

Compared to the MMF solution, FMF can have three advantages: first, with FMF,
mode selective coupling/splitting can be controlled more accurately by fiber-based
or free-space optics, and therefore the performance of mode multiplexer and de-
multiplexer of FMF can be improved over MMF. Second, in spatial-mode multiplexed
systems aided by MIMO signal processing [14], the group delay between selectively
launched propagation modes can be equalized either by a time or frequency domain
filter, or by a large cyclic prefix (CP) overhead in the case of orthogonal frequency-
division multiplexing (OFDM). This computation complexity is directly related to the
number of modes involved because the channel delay and channel matrix size are
proportional to the mode number. Utilizing only a few modes can reduce the
computation complexity to a manageable level. Third, existence of only few modes
can result in negligible modal mixing in the FMF due to large mismatch of modal
effective indices. Subsequently we could achieve simple capacity improvement by
having an efficient method of individually exciting and selectively detecting the

orthogonal modes in a FMF.

Initial effort has been concentrated on TMFs [1, 15-17], having V-numbers

between 2.4 and 3.8, which support two spatial modes, namely the LPo; and LP11
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modes in the weakly guiding approximation. Precise measurement of propagation
velocities of the two modes is possible using prism output coupling of the
evanescent fields. The beat length between the two modes for a given fiber shows a
small variation over the operating wavelength range, and commercially available
fibers have beat lengths ranging from a few tens to a few hundreds of microns
depending upon the core size and the index difference between the core and
cladding. A more complete manipulation of the guided modes could be achieved
using an inter-modal coupler and a highly selective modal filter. The inter-modal
coupler coherently couples optical power from one mode to the other using an
externally applied periodic microbend whose period is the same as the beat length
between the two modes. The modal filter provides means of separating the two
guided modes into two separate fibers through an evanescent field directional
coupler formed by a TMF and a SMF. This device demonstrates more than 25 dB
mode selectivity. These components form the basis for advanced forms of TMF

devices.

A potentially important application of highly elliptical core TMF is fiber optic
interferometric sensors, where two arms of the interferometer consist of the two
spatial modes [10]. The basic components are again inter-modal couplers and modal
filters that combine and separate the optical waves for the two modes. This type of
interferometer is compact and can be very sensitive to certain parameters while
immune to others due to the fact that the two arms of the interferometer occupy
the same physical space. Basically it senses the differential phase shift between the
two modes in response to environmental perturbations. Several unique
characteristics of this kind of interferometer stem from the fact that the group
velocities of the two modes are the same at a particular wavelength for a given fiber
while the phase velocities are different. This implies that a low coherence source or
short optical pulses can be used without losing the interference signal, and that

source phase induced intensity noise can be eliminated.

1.4 Thesis outline

The content of the thesis is structured as follows:



Chapter 1 Introduction This chapter reviews different fiber types for fiber-

optic communications, their properties and advantages/disadvantages. The
motivation for using few-mode fiber devices is also introduced in this chapter. We
focus on the advanced optical characterization and photonic measurement, which
includes characterization for optical systems, investigation of FMF optical sensors,

and demonstration of advanced coherent complex imaging.

Chapter 2 Literature Review in this chapter, the motivation of the

frequency response characterization is illustrated first. Then, we review the
principle, the architecture and the development of space-division-multiplexed
systems for ultra-high-capacity optical transmission. Finally, we review recent
developments in fiber optic sensors (FOSs) and the potential to use FMFs as in-line

FOSs.

Chapter 3 Characterization of Frequency Response for

Optical Receivers with Laser Phase Noise Robustness this

chapter first introduces the motivations and fundamentals to characterize the
frequency response of the optical receivers. Then the chapter introduces the
principle of 2 - A approach for amplitude response and 3 - A approach for phase
response, which includes theoretical fundamentals, algorithm derivation, and
calibration arrangement of the approach. After that, we verify our proposed 3 - A
approach by comparing the phase response of an electrical filter calibrated through
the proposed 3 - A approach with that calibrated through conventional back-to-back
electrical signal. For the experiment, we demonstrate the frequency response
calibration of a high-speed optical receiver with 30-GHz bandwidth photodiode, and

a low-speed optical receiver with 14-GHz bandwidth photodiode.

Chapter 4 Few-mode Fiber Based Optical Sensors in this
chapter, we review our recent progress in the design and fabrication of FMF based
optical sensors. Firstly, we review some fundamentals of fiber-based optical sensors
and FMFs. Secondly, we report two FMF-based discrete sensors, one is a fiber

Sangac loop interferometer sensor based on polarimetric interference, and the other
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is a few-mode interferometer sensor based on intermodal interference. The system
configurations of both sensors are illustrated and their sensitivities to the
temperature and strain are shown and compared. Thirdly, we move on to FMF based
distributed sensors. We review the basic concept of stimulated Brillouin scattering
(SBS), and demonstrate characterization of SBS in a FMF based on Brillouin optical
time domain analysis (BOTDA) technique. We also propose two BOTDA methods for
FMF used as a Brillouin distributed sensor. We launch a pump and a probe signal
through specific LP modes into a FMF, and monitor the Brillouin frequency shift (BFS)
in each mode. By analyzing the temperature and strain coefficients of the BFS of the
two lowest order (LPo1, LP11) modes, discrimination of temperature and strain is

successfully demonstrated.

Chapter 5 Complex Imaging via Coherent Detection in this

chapter, we propose and implement a novel method to recover both amplitude and
phase images and to coherently detect the in-phase and quadrature components of
the heterodyne signal simultaneously with a pair of CCD cameras. Firstly, we
introduce the motivations and review current technologies of complex imaging.
Secondly, we give the fundamentals of our proposed complex imaging technique
including the principles and theoretical algorithms. Thirdly, we introduce the system
configuration and the digital signal processing (DSP) procedures of complex imaging,
and then demonstrate mode fields in the far-field and near-field of a TMF using
complex imaging technique, including theoretical fundamentals and simulation
results for comparison. Finally, we use our proposed imaging technique for fiber
characterizations. We firstly characterize mode patterns of pure fundamental mode
and higher-order modes in FMFs as a validation of our imaging method. Next our
method is also applied to mode decomposition and modal content analysis of an
arbitrary mixed mode pattern. Furthermore, we sweep the input wavelength and

measure differential mode delay (DMD) in FMFs.

Chapter 6 Conclusions in this chapter the main results of the thesis are

reviewed and summarized.

1.5 Contributions



The contributions of this work in thesis are listed as follows:

Chapter 3 We propose a novel DSP algorithm for photodiode characterization

probed by three wavelengths. The DSP algorithm has low computational complexity
and scales only with logarithmic of the number of spectral points. We verify our
proposed algorithm by measuring the phase response of an electrical filter.
Specifically, we demonstrate the frequency response calibration of a high-speed
optical receiver with 30-GHz bandwidth, and a low-speed optical receiver with 14-
GHz bandwidth, respectively. For the first time, the phase response of photodiode is

characterized up to 20 GHz.

Chapter 4 We report our recent progress in the design and fabrication of FMF

based optical sensors. Firstly, we characterize the performance of discrete optical
sensor based on interferometer structure. The first kind is polarimetric
interferometer sensor in a polarization-maintaining (PM) FMF utilizing mode beating
between the polarizations (x and y), and wavelength shift of the interfering
transmission spectrum against temperature and strain is characterized as -1.72
nm/°C and 24.5 pm/ue. The second kind is intermodal interferometer sensor in a
TMF utilizing mode beating between the spatial modes (LPo1 and LPi1), and its
wavelength shift against temperature and strain is characterized as -0.043 nm/°C
and -0.0023 nm/pe. The proposed TMF intermodal interferometer sensor exhibits
great potential due to high interfering visibility, good linearity, high sensitivity, and
low cost. We then present the concept of a distributed optical sensor based on SBS
effect in a FMF. We demonstrate efficient generation of Brillouin dynamic grating
(BDG) in a FMF using two counter propagating pump waves in LPog1 mode and one
probe wave in LP11 mode. Combined with coherent detection and optical time-
domain analysis, we propose a unique FMF based multi-parameter optical fiber
sensor for distributed measurement of temperature and strain, with an accuracy of

1.2°Cand 21.9 pe.

Chapter 5 We propose the concept of complex imaging via coherent detection

for acquiring two-dimensional nearfield optical image that recovers amplitude and



phase simultaneously. We then illustrate the system configurations and the DSP
procedures for our novel imaging technique, and also demonstrate the experimental
results of mode fields in the far-field and near-field for a TMF. Based on the
proposed coherent complex imaging, we experimentally demonstrate the technique
by imaging FMF modes with high extinction-ratio of > 17 dB. Complete mode
decomposition is also performed using complex imaging in FMFs, and cross-
correlation coefficients between the experimental complex fields and reconstructed
complex fields are above 0.99. Finally we also characterize the FMF DMD which

agrees well with the theoretical predication.
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2 Literature Review

2.1 Introduction

Humans have continuously devised new technologies for communication. Thus,
many forms of increasingly complex communication systems have appeared over the
long history of civilization. The basic motivations behind each one are either to
improve the transmission fidelity so that fewer errors occur in the received message,
or to increase the transmission capacity of a communication link so that more
information could be sent, or to increase the transmission distance so that messages
can be sent farther without the need to restore the signal fidelity periodically along

its path.

Prior to the nineteenth century, all communication systems operated at a very
low information rate and involved only optical or acoustical means, such as signaling
lamps or horns. One of the earliest known optical transmission links, for example,
was the use of a fire signal by the Greeks in the eighth century B.C. for sending
alarms, calling for help, or announcements of certain events [18]. Improvements of
these systems were not pursued very actively because of technological limitations at
the time. Thus it turned out to be faster, more efficient, and more dependable to

send messages by a courier over the road networks.

The invention of the telegraph by Samuel F. B. Morse in 1838 ushered in a new
epoch in communications—the era of electrical communications. In the ensuing
years increasingly sophisticated electrical communication systems with progressively
larger information capacities were developed. This activity led to the birth of free-
space radio, television, microwave, and satellite links, and high-capacity terrestrial
and undersea wire lines for sending voice and data to virtually anywhere in the

world.

However, since the physical characteristics of both free-space and electric wire-

based communication systems impose an upper bound on the transmission
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capacities, alternative transmission media were investigated. A natural extension
was the use of optical links. In 1969, Charles K. Kao with M.W. Jones measured the
intrinsic loss of bulk-fused silica at 4 dB/km, which is the first evidence of ultra-
transparent glass and awarded the 2009 Nobel Prize in Physics [19]. After extensive
research and development on the needed electro-optical components, optical fiber
communication systems started to appear in the 1970s. It is this technology that the

thesis addresses.

In this chapter, we first review the receiver for optical communication systems,
including coherent detection receiver and direct detection receiver. Principle and
system architecture for each scheme is reviewed respectively. The motivation of the
frequency response characterization is also illustrated. Then, we review the principle,
the system configuration, and the development of space-division-multiplexing (SDM)
for ultra-high-capacity optical transmission. Finally, we review recent development

in fiber optic sensor (FOS) technology and the potential to use FMFs as in-line FOSs.

2.2 The receiver for optical communication systems

Since its introduction nearly two decades ago, optical fiber has become the preferred
medium for high-throughput point-to-point digital communications. The primary
advantages of optical fiber are its large bandwidth, low attenuation, immunity to
interference, and high security. There are four distinct generations of fiber-optic
transmission systems [20-24]; each new generation overcame a limitation of its

predecessor.

The first generation, deployed in the 1970‘s, uses MMFs at short wavelengths
near 850 nm. First-generation systems suffer from three severe limitations:
attenuation, chromatic dispersion (CD), and modal dispersion (MD). The attenuation
of optical fiber, which limits the distance between transmitter and receiver, is about
2 dB/km for wavelengths near 850 nm. The dispersion of fiber, due to the different
wavelengths in a light beam arriving at their destination at slightly different times,
causes short rectangular pulses to spread temporally into long smooth pulses as they

propagate, which limits the speed at which data can be transmitted. CD occurs
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because light at different frequencies travels through the fiber at different speeds.
Similarly, multimode dispersion occurs because the different modes of light that can

propagate down the large core of a MMF travel at different speeds.

Second-generation systems, introduced in the 1980°‘s, avoid CD by operating at
1300 nm, the wavelength of minimum CD in fiber. In all silica-based optical fibers,
minimum material dispersion occurs naturally at a wavelength of approximately
1300 nm, when material dispersion and waveguide dispersion cancel one another. A
secondary advantage of 1300 nm is its lower attenuation, only 0.5dB/km. Again, this

generation uses MMF, and thus still suffers from MD.

Third-generation systems came of age in the mid-1980’s, again operating at 1300
nm, but this time through SMFs; the core radius of a SMF is chosen small so that only
a single mode can propagate. Hence, third-generation systems avoid MD as well, but

still suffer from a transmission loss of about 0.5 dB/km.

The minimum attenuation of optical fiber, about 0.2 dBlkm, occurs for
wavelengths between 1450 and 1650 nm. To exploit this immense low-loss
bandwidth of over 25 000 GHz, fourth-generation systems shifted operation up to
1500 nm. However, there is a significant amount of chromatic disperison at these
wavelengths, so only spectrally pure lasers - single-frequency lasers with a single

longitudinal mode - can be used.

The modulation/demodulation scheme used by the four generations of
transmission systems mentioned above is called intensity-modulation/direct
detection (IM/DD). Intensity modulation means that information is carried only by
the intensity or power of the transmitted lightwave, not by its frequency or phase.
The term direct detection refers to the receiver configuration, where the received
signal is applied directly to a photodetector. An important performance measure for
optical receivers is the receiver sensitivity, measured by the number of detected
photons per bit (at peak power). Practical IM/DD systems, although easy to

implement, have poor sensitivity.
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The quest for better performance in optical receivers has spurred the recent
surge of interest in coherent detection — the fifth generation. There are two
fundamental advantages of coherent receivers over direct detection receivers; first,
they are more sensitive [19, 23-25]. This increased receiver sensitivity allows, for
example, an increase in repeater spacing in long-haul point-to-point applications.
Second, coherent receivers are more selective; they are better able to select one
channel from a frequency-division multiplexed signal [26-28]; they can perform
channel selection in the electrical domain using sharp digital filters, unlike direct
detection receivers, which are forced to use broad optical filters. The selectivity
promised by coherent receivers is key to exploiting the immense bandwidth of

optical fiber.

2.2.1 Coherent detection receiver of optical digital transmission
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Fig. 2.1. (a) Coherent receiver composed by an optical 90° hybrids and two
pairs of balanced photodiodes. (b) Different subsystems of a digital coherent

optical receiver [29].
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In this section, we review some of the basic principles of optical communications. In
particular, we review the basics of coherent detection and its receiver structure. The
coherent receiver can be used to detect the optical field, including its intensity,
phase and polarization, with the help of local oscillator (LO). Based on where the LO
frequency is placed, coherent receiver can be divided into two categories, the

homodyne receiver and heterodyne receiver.

The homodyne receiver recovers the real and imaginary parts of the signal in
parallel, and therefore needs twice as many photodetectors (PDs) as in the
heterodyne receiver. In contrast, the heterodyne receiver needs an image rejection
filter to recover the real and imaginary parts, and therefore requires twice the

bandwidth as required in the homodyne receiver.

The conceptual diagram of a coherent receiver is shown in Fig. 2.1, which
consists of a 6-port 90° optical hybrid, and a pair of balanced PD [30, 31]. The
received optical signal is mixed with the LO in 90° optical hybrid, generating a 180°
phase shift between the two branches for the balanced PD, and a 90° phase shift

between the / and Q components [32, 33]. Denoting the input signal and LO as E,

and E, , the four outputs of the 90° optical hybrid are E =f[E +E,],
E,=4[E-Eo], Es=34[E -JE,] and E,=F[E +]E,] . The PD takes square

operation for the optical signal. Thus, the output photocurrents of PD1 and PD2, I,

and 1,, are

Il:%{|Es|2+|ELO|2+2Re{ESEEO}} (2.1)

I2=%{|ES|2+|ELO|2—2Re{ESEzO}} (2.2)

Considering the amplified spontaneous emission (ASE) noise of the optical signal and

the relative intensity noise (RIN) of the LO source, we can write the intensity of the

signal and LO, |E,|"and |E,o|’, as

E[" =|E,[ +|n,]" +2Re{E n;} (2.3)
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|ELO|2 =l (1+ I (t)) (2.4)

where E, is the received signal with on ASE noise, n, is the ASE noise, I is the
average power of LO and I, is the RIN of LO. The balanced PD subtracts the

photocurrents obtained from the two PDs, and provides us
l, (t)=1,—1,=2Re{EE,} (2.5)

. The square terms in Egs. (2.1) and (2.2) are cancelled during the subtraction
operation, suppressing the impact from ASE noise and RIN. From the left term, the /
component of the signal is recovered, giving the real part of the beating term.
Similarly, the Q component is recovered by another pair of PDs, PD3 and PD4.
Combining the / and Q components, the constructed complex signal is the replica of

the optical field with frequency down-shifted by the LO.

In a digital coherent receiver, there are three key subsystems as shown in Fig.

2.1(b):

1) Optical front-end, which linearly maps the optical field into a set of
electrical signals.

2) Analog-to-digital converter (ADC), which converts from the electrical signals
into a set of discrete-time-quantized signals at the sampling rate.

3) Digital demodulator, which converts the digital samples into a set of signals

at the symbol rate.

Coherent detection represents the ultimate performance in receiver sensitivity,
spectral efficiency. The advantages are twofold: (1) the linear down-conversion of
the received optical signal, and (2) the suppressing of the common mode noise.
Together with the //Q modulator, the coherent detection, leads to a linear channel,

where complex signal can be transmitted and processed easily using DSP.

2.2.2 Direct detection receiver of optical digital transmission
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In this section, we review some of the basics of direct detection and its receiver
structure. Direct-modulation/direct detection (DM/DD) is the simplest DD scheme
[34-36]. Since the CD introduces severe nonlinear distortion to the signal due to the
square-law photo-detection, the transmission distance of DM/DD is limited to tens
of kilometers. Furthermore, the phase and polarization dimensions are not utilized

by DM/DD, leading to low electrical SE.
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Fig. 2.2. (a) Conceptual diagram of a conventional DD system. (b) Different

subsystems of a digital direct optical receiver

Conventional DD, referring to DM/DD, has the merits of simple implementation
and low cost. As shown in Fig. 2.2, DM/DD modulates the non-negative signal
directly onto a laser, and converts it to the photocurrent by a single-ended PD at the

receiver [36].
2.2.3 Frequency response of a receiver

To support the transmission of hundreds of kilometers, a linear channel is needed
where linear mapping can be obtained between the baseband and optical signal. For
the high-performance short-reach optical networks, we aim to find promising
solutions which can achieve a linear channel in a cost efficient way. By using

coherent detection, the channel response can be compensated by DSP. However,
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characterization of each individual optoelectronic component is still critically
important, especially for direct detection. In direct detection, the channel is
nonlinear, and thus separation of the optical channel and radio frequency (RF)
channel is essential to remove the photodiode nonlinearity arising from its square-
law detection [37]. Consequently, it is necessary to calibrate both amplitude and

phase response of individual optoelectronic components.

Usually, a calibrated electrical vector net-work analyzer (VNA), modulated optical
source, and calibrated optical reference receiver are used to accurately measure the
frequency response of a large class of optoelectronic devices including Mach—
Zehnder modulators, electro-absorption modulators, directly modulated
semiconductor lasers, and linear optical receivers. Although this type of
measurement system is commonly used in the optoelectronics, the theories behind
the measurements and the procedures and restrictions necessary for accurate
calibration are not generally well known. Indeed, these methods are only applicable

to obtaining amplitude response, incapable of detecting phase response [38-41].
2.3 Space-Division-Multiplexing for communications

The capacity of the optical networks has witnessed a huge growth during the last
few decades, due to the exploration of the advanced optical communication
technologies. To sustain the capacity increase, various multiplexing techniques have
been intensely investigated to make full utilization of the available modulation
freedoms in fiber channels. Nowadays, commercial coherent optical transmissions
are able to multiplex the signal in dimensions of time, wavelength, phase and
polarization, in order to pack up more information into a single fiber [42-50]. Using
the multiplexing techniques, the optical system achieves a higher data rate with
reduced cost per bit, making the multiplexing scheme a favorable choice when
upgrading the capacity. With the development of various multiplexing technologies,
the available freedom in SMF has been maximally explored. As a result, the capacity
of SMF is approaching its fundamental limit quickly [49]. To keep up with the
increasing demand of data traffic, one option is to install new fibers to transmit more

information through parallel channels. The cost will increase linearly with the
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capacity using parallel channels. The increased cost will undoubtedly put a pressure

on the capacity growth in the future.

Another option is to find a new dimension for the signal multiplexing. SDM uses
the spatial mode as an additional degree of modulation freedom, sustaining a

constant growth of the channel capacity [51-57].
2.3.1 Fundamentals of few-mode fiber

The guided modes in an optical fiber are referred to the modes that can be well-
confined in the core area, and propagate for a long distance with low loss. The mode
condition in a fiber is usually described by the normalized frequency parameter,

which is also called as V-number [58-60]. The V-number is defined as

V = koay/n? —n? (2.6)

where n, and n, are the refractive indexes of the core and cladding layers, a is the
radius of the core, k, =27/ 1 is the wave-number, and is the wavelength of the

optical signal. For a step-index fiber with a V-number smaller than 2.405, only one
guided mode is supported in the fiber. When the core is enlarged, the V-number
increases as well. The channel capacity is enlarged by N times when N guided modes
are propagated in the fiber. To recover the modes after the random mode coupling
during the propagation, 2N by 2N MIMO DSP is needed at the receiver where the
factor of 2 accounts for polarization degeneracy. To control the DSP complexity to a
manageable level, FMF has been proposed, leading to a small mode number. The
simplest case of FMF is two-mode fiber (TMF), which has a V-number above single-
mode condition but below three-mode condition, 2.4<V<3.8. TMF supports the
propagation of two spatial modes, LPo1 and LPii. Since LP11 mode includes two
orthogonal spatial modes, LP11; and LP11p, @ TMF actually supports the propagation
of 6 modes, considering the two polarization modes for each spatial mode [10-13].
By exciting all 6 modes, the channel capacity can be improved by 3 times compared

to the SMF transmission.
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The Ge-doped TMF used in our lab [1, 15-17] has a step-index profile with a core
diameter of 11.9 um and refractive index step of 5.4x103. The V-number of the TMF
is calculated to be 3.62, which fits into the two-mode condition, 2.4<V<3.8. The CD
of LP11 mode is measured to be 17 ps/nm-km, which is similar to that of the SMF,
while the CD of LPp1 mode is measured to be 22.1 ps/nm-km, slightly higher than the
SMF. With the fiber parameters, the modal index is simulated for different
wavelength. As shown in Fig. 2.3, three spatial modes are supported in the
transmission window around 1550 nm, including the fundamental mode LP¢;, and
two degenerate modes, LP11a, LP11b. The degenerate mode LPi1 is cut off at the
wavelength of 2323 nm, so the fiber can be used as a SMF above the wavelength of
2323 nm. Great difference in the effective refractive index is observed between the
modes, LPo1 and LPi1. As a result, the two modes are subject to a small mode
coupling and a large modal dispersion (MD) of 3 ps/m. The loss of the fiber is

measured to be 0.26 dB/km.
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Fig. 2.3. The modal index of the TMF vs. wavelength.

2.3.2 Mode multiplexing/demultiplexing components
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Fig. 2.4. Schematic diagram of FMF transmission.

For a FMF with N spatial modes, a total of 2N modes can be used for signal
transmission, considering two polarization modes in each spatial mode. Fig. 2.4
shows the schematic diagram of the FMF transmission [15-17]. The transmitted
signals are generated with 2N transmitters as signals for 2N independent channels.
The two polarization modes are first combined using polarization beam combiner
(PBC). Then, the signals are converted to the corresponding spatial modes and
combined using a mode multiplexer before launched into the FMF. After the
transmission, the spatial modes are separated using a mode demultiplexer, and the
high-order spatial modes are converted back to the fundamental mode. The
polarization modes are separated by the polarization beam splitter (PBS), followed
by coherent receivers to detect the signal in each mode. 2Nx2N MIMO DSP is used to
compensate the linear channel impairments, and recover the signals [14]. High-
performance mode converter and mode multiplexing/demultiplexing (MUX/DEMUX)
device are the critical components in a FMF transmission system. Mode converter
can be obtained using different materials and structures, such as long-period fiber
grating (LPFG), spatial light modulator (SLM), free-space phase plate, or fused spatial
mode coupler (SMC). LPFG based mode MUX/DEMUX and SLM based MUX/DEMUX

will be reviewed in the following.

2.3.2.1 Long-period fiber grating based mode multiplexer/

mode demultiplexer

Fig. 2.5 shows the free-space based setup to convert and multiplex modes in a TMF.

The transmitter generates the signal in fundamental mode. To convert the
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fundamental mode to a higher-order mode, SMF is spliced with TMF to transfer the
power into TMF. A mode striper is then used to strip out the higher-order mode in
TMF, leaving fundamental mode in the fiber. After that, mode converter is used to
convert the fundamental mode into desired mode, LP1:. Modes LP112 and LP11p are
combined together using a mode combiner. The mode combiner is carefully aligned
to reduce the insertion loss (IL) and launch the signal into the correct mode of the
transmission fiber. The mode demultiplexing and conversion at the receiver side can
be achieved using a setup constructed in a reverse order of Fig. 2.5. The mode striper,

mode converter and mode combiner are discussed in detail below.
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Fig. 2.5. LPFG based mode conversion and multiplexing setup.

% Mode striper

Mode striper is fabricated based on the mechanism of macro-bending [61]. By tightly
winding the TMF around a post with diameter of 8 mm for more than 20 turns, the
higher-order mode, such as LP11 mode, experiences a huge attenuation, while the
attenuation for the fundamental mode, LPo1, is smaller than 0.2 dB. A rejection ratio
higher than 30 dB is obtained for LP11 mode. Therefore, the LP11 mode is stripped out,

leaving only the LPo1 mode.
<+ Mode converter

In this section, we describe a LPFG based mode converter, where a grating structure
is built in the fiber. Resonant coupling is induced between two spatial modes when

the grating pitch A equals to the beating length of the two modes [62-63]. We use
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the TMF mentioned in Section 2.3.1 to build a mode converter for modes LPo; and
LP11 modes. A metal grating with evenly-spaced grooves is pressed against the TMF,
leading to the deformation of the fiber core. Therefore, the LPFG is built in the fiber.
In order to decide the groove pitch for the metal grating, we measured the MD of

the TMF. The beating length for modes LPo1 and LP11 is expressed as [11-13]

Lg = Zﬁl(ﬂm _1811) (2.7)

where g, and g, are the propagation constants of modes LPo; and LP11. With the

MD of 3 ns/km, the mode beating length is calculated to be 524 um, which
corresponds to the groove pitch for the metal grating. The core deformation has an
s-bend arc shape. With the core deformation radius of 0.2 um, the coupling length of
8.1 mm is needed for the mode converter to achieve its maximum coupling
efficiency. An extinction ratio over 20 dB is measured around the wavelength of
1550 nm for wavelength range more than 10 nm. The metal grating and TMF are
mounted on a 3-axis stage to adjust the angle and pressure applied between the
metal grating and fiber. After careful adjustment, we achieve the maximum

extinction ratio at the wavelength of 1550 nm.
% Mode combiner

Fig. 2.6 shows a free-space based mode combiner to combine three spatial modes,
LP11a, LP11p and LPo1. The combiner consists of three XY translation stages, two 50:50
beam splitters and four collimating lenses. The three XY translation stages are
connected to the input fiber, through which the modes LP11a, LP11b and LPo1 are
launched into the setup. The fiber ends are connected with FC type adapters. The
orientations of the LP11a and LP11, modes are adjusted to be orthogonal to each
other by rotating the fiber adapters axially. The input modes are then collimated to a
spot size of 2 mm by the three collimating lenses with numerical aperture NA of 0.25
and effective focal length f of 11.0 mm. The collimated beams pass through the
beam splitters in either transmission or reflection direction, and arrive at the output
collimator. The beam spot is focused by the output collimator and launched into the

core of the output fiber. To achieve the maximum coupling ratio, the three input XY
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translation stages are carefully aligned to put the beam spots to the correct position.
The free-space beam combiner is polarization insensitive. The minimum loss is 3 dB
for the LPo; mode, and 6 dB for the LP1; modes. The setup can also be used as mode

splitter by exchanging the input and output.
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Fig. 2.6. Mode combiner for three spatial modes LP11a, LP11p and LPos.

2.3.2.2 Spatial light modulator based mode multiplexer/

mode demultiplexer

% Introduction of SLM

A SLM is a device that imposes spatially varying modulation onto a beam of light. A
simple example is an overhead projector transparency. Usually when the phrase SLM
is used, it means that the transparency can be controlled by a computer. In the
1980s, large SLMs were placed on overhead projectors to project computer monitor
contents to the screen. Since then more modern projectors have been developed
where the SLM is built inside the projector. These are commonly used in meetings of

all kinds for presentations.

Usually, an SLM modulates the intensity of the light beam. However, it is also
possible to produce devices that modulate the phase of the beam or both the
intensity and the phase simultaneously. SLMs are used extensively in holographic
data storage setups to encode information into a laser beam in exactly the same way
as a transparency does for an overhead projector. They can also be used as part of a

holographic display technology.
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The Liquid Crystal-on-Silicon (LCOS) based SLM functions through controlling an
active-matrix phase-only liquid-crystal display (LCD), working in reflective mode with
1920 X 1080 resolutions and a 0.7” diagonal. The signal is addressed via a standard
digital visual interface (DVI) signal by a PC’s graphics card. Basically the LCOS phase
display works like an extended monitor, were all phase function (gratings, phase
masks, holograms, etc.) are addressed via DVI. Via the RS-232 interface and with the
provided software, one is able to configure the modulator for different applications
and wavelengths. The SLM used in our lab is the PLUTO-TELCO for common
telecommunication wavelength, which ranges from 1520 - 1620 nm, as shown in Fig.

2.7. The parameters of the phase display are listed in the Table 2.1.

(@) (b)

Fig. 2.7. (a) PLUTO phase modulator. (b) High-definition (HD) phase display

Table 2.1. Parameters for HD phase display

Parameter Unit Value
Type LCOS (reflective), Active Matrix LCD
Mode Nematic
Phase levels 256 (8-bit) grey levels
Active Area 15.36 mm x 8.64 mm
Nominal Resolution 1920 x 1080 pixels
Pixel Pitch um 8.0
Image Frame Rate Hz 60
Oth order intensity 60%
[llumination (max.) W /cm? ~2
Operating temp. °C +10to +70
Wavelength nm 1520 - 1620

% Phase Characterization of SLM

The modulator of the SLM (HOLOEYE, HED600-L) is a ‘Liquid Crystal’ that is optically
active and changes the phase of reflected light by applying an electric field. By
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programming and applying different electric voltage onto each pixel of the ‘Liquid
Crystal’ phase display, different spatial phase patterns can therefore be modulated
on the input signal beam. To apply different electric voltage onto each pixel of the
phase display, greyscale image is programmed and addressed on the phase display
by using the supplied Pattern Generator software (or the SLM Slideshow Player
software or standard image viewer software). For the greyscale image, the grey level
indicates the brightness of a pixel and each gray level also indicates a corresponding
electric voltage value. The minimum grey level is 0. The maximum grey level depends
on the digitisation depth of the image, and for the TELCO, it is 255. In other words, in
the greyscale image displayed on the phase display, a pixel can take on any value

between 0 and 255.

Phase Modulation Measurement

SMF

SMF: Single-modefiber
S: X-Y Stage L
L: Collimating lens
P: Polarizer

M: Double-slitmask

SLM: Spatial light modulator

Fig. 2.8. Experimental setup for phase modulation measurements.

Each SLM has its own properties and specifications, and therefore, the phase
modulation of the phase display needs to be characterized before using. That is to
say, the relationship between the gray level and the phase retardation modulated
onto the reflected light needs to be characterized. The phase modulation
characterization is obtained with two-beam interference setup shown in Fig. 2.8. It is
noted that the incident polarization for phase only modulation should be kept along

the long display axis (parallel to the longer axis of the phase display).

For the measurement, we characterize the curve of phase retardation vs. gray

level and is shown in Fig. 2.9. The TELCO is optimized for applications with typical

28



telecommunication wavelengths. The anti-reflective (AR) coating assures a front
reflection of less than 0.5% between 1520 and 1620nm. The TELCO enables 2mt phase

retardation up to ~1600nm.

TELCO @ 1550 nm
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Fig. 2.9. Phase measurements @ 1550nm with PLUTO-TELCO.
% SLM for Space-Division-Multiplexing (SDM)

SLMs have the ability to manipulate the phase front of a beam with high resolution
in a reconfigurable way. It can be used in the context of mode division multiplexing
(MDM) transmission experiments as the mode multiplexer/demultiplexer [64-65],
and/or to perform processing such as optical MIMO [64] as well as switching [65-67].
In a laboratory setting, the reconfigurable and flexible nature of the SLM also makes
it useful as a means of rapid testing and prototyping. Unlike other multiplexing
methods such as using phase plates [68], offset spots [69] or photonic lanterns [70]
which are designed and optimized for particular type of fiber, an SLM based system
is not bound to any particular fiber type or multiplexing method (LP, orbital angular
momentum (OAM), offset spots, etc.). It can be reprogrammed to launch and receive
in any basis within the NA of the optical system itself. The ability of the SLM-based
system to align itself and compensate for aberrations [71] allows it to achieve better
performance using off-the-shelf components whilst maintaining a compact size and

high degree of automation.
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Fig. 2.10 illustrates an SLM based mode multiplexer/demultiplexer which would
be installed at either end of the fiber under test (FUT). When operating as a mode
multiplexer, Gaussian beams from the SMF array for each channel are incident on
the SLM at different angles after passing through some polarization diversity optics,
which is required to align the incoming polarization of the beam with the
polarization required for the liquid crystals of the SLM. The phase mask programmed
onto the surface of the SLM forms the modes for the different channels at different
angles such that each SMF in the array excites the desired mode for that channel on
the core of the FUT. The principle is similar to the traditional phase mask and
beamsplitter approach [68] except the SLM is performing the function of both the

correlation filter and the beamsplitter.

The primary advantage of SLM-based approach is the compactness and flexibility.
For example, assuming there are sufficient fibers in the SMF array, the number of
channels can be changed without installing/removing bulk optic beamsplitters and
phase masks. The system is also not tied to any particular fiber or basis and can

emulate different launch conditions.

o mm o o=y

Fig. 2.10. SLM based mode multiplexer/demultiplexer. SMF: Single-mode fiber,
CL: Collimating lens, M1/M2: Turning mirror, PBS1/PBS2: Polarizing beam
splitter, HWP1/HWP2: Half-wave plate, SLM: Spatial light modulator.

2.3.2.3 Mode multiplexer/ mode demultiplexer summery

The properties for different mode multiplexers/ mode demultiplexers are compared

and summarized in the flowing Table.
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Table 2.2 Mode multiplexer summery

Mode Insertion loss  Mode dependent loss Bulk size
multiplexer (IL) (MDL)
LPFG based = dggE e (TGRS T i Large
number of modes
SLM based 45~52d8  oweady incease with Small
the number of modes
Offset launch NA LA TAEEHEE T (1 Large

number of modes

2.3.3 Ultra-high-capacity optical transmission in few-mode

fibers

SDM has been widely adopted in wireless communications, usually in combination
with code/time/frequency division multiplexing (CDM/TDM/FDM). The multipath
propagation in SDM system results in multipath fading, inter symbol interference (ISI)
and inter-channel interference (ICl), which needs to be dealt with for minimum
penalty. OFDM is an efficient modulation scheme for mitigating the effects of
multipath channel with excellent transmission performance since the ISl can be

eliminated through insertion of CP.

In optical communications, SDM can be achieved through either a MCF or a
MMEF. The different spatial modes can be treated as independent channels to
transmit the signal simultaneously. Compared to the parallel channels, SDM can
increase the channel capacity in a cost efficient way. The fiber capacity is greatly
increased with different spatial modes closely packed in one fiber link. Meanwhile,
the cost per bit is significantly reduced, since the cost of cable and its installation is
reduced by the large capacity. A huge amount of effort has been devoted to develop
the enabling technologies for the SDM transmission. With the innovations of the
high-performance MMFs, MUX/DEMUX components, SDM has become a promising

solution for the high-capacity transmission [72-74].

The crosstalk between the different spatial modes is an important issue in SDM
system [75]. Coherent transmission provides a solution for overcome this problem
by using MIMO signal processing. Similar to the polarization mode dispersion (PMD)

in SMF which can be compensated using 2x2 MIMO with coherent transmission, the
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MD in MMF can be compensated by 2Nx2N MIMO, where N is the number of spatial

modes supported in fiber [76-81].

The FMF channel can be described by a channel matrix, which plays a critical role
in receiver design and determines the ultimate performance of the FMF system. An
in-depth understanding of the statistical properties of fiber channel subject to DMD

is essential to assist the system design and achieve an optimal system performance.

Beside the mode MUX/DEMUX components, few-mode amplifier for FMF
transmission is also very important if there is significant fiber link loss. The loss could
come from the mode MUX/DEMUX or fiber loss. The feasibility of few-mode
amplification using Erbium-doped fiber amplifier (EDFA) or Raman pump has
recently been demonstrated [82-85] with the inclusion of aforementioned mode
convertors. FMF compatible EDFA opens an avenue for the long-haul FMF
transmission [82-83, 85-86]. As is well known, the nonlinear effects in silica fiber
impose a hard constraint on the achievable channel capacity. For FMF based
transmission, there is strong field overlapping between different modes, thus it is
important to analyze the FMF systems taking into account potential inter-modal
nonlinearity [87]. There have already been many theoretical studies on the nonlinear
propagation modeling and simulation of FMF based transmission systems [87-88],
and also some work [89] have shown the experimental characterization of nonlinear
parameters in a FMF. Some other work also proposed a method to mitigate the
nonlinear noise on subsystem level, namely using symbol-rate optimized multi-
carrier formats [90-94] which could fit well for future Terabit/s SDM superchannel

transmission.
2.4 Space-Division-Multiplexing for sensors

Almost forty years have passed since the study of optical fiber sensors began.
Various ideas have been proposed and various techniques have been developed for
various measurands and applications. To date, various types of FOSs have been
commercialized, but it is also true that, among a myriad of techniques that have

been studied, only a limited number of techniques and applications have been
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commercially successful. However, in many fields of application, FOSs have to
compete with other rather mature technologies such as electronic measurements.
To appeal to users already accustomed to other mature technologies, the superiority
of FOSs over other techniques needs to be clearly demonstrated. Typical users are
not interested in specific techniques involved in measurement. They simply desire
sensor systems having good performances with reasonable price except for very
special uses. Hence, FOS systems should be designed in the form of complete
systems including detecting and signal-processing electronics. In some cases such as
electric protection relaying systems, the sensor systems are simply subsystems of
rather larger systems. In some cases such as optical gyroscopes and optical current
sensors, FOSs compete with other optical bulk sensors as well. Even with these
difficulties, considerable efforts have been made to study of FOSs, and some of them

are now approaching maturity.
2.4.1 Recent developments in fiber optic sensor technology

2.4.1.1 Fiber optic sensor principles

Modulation

Intensity

Phase

Color

Polarization

Measurand

|

0
|

Receiver
Laser Optical fiber Photo-detector
LED Bulk material ‘ Amplifier ‘

Fig. 2.11. Basic elements of an optical fiber sensor system.
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The general structure of an optical fiber sensor system is shown in Fig. 2.11 which is
mainly composed of four components including source, measurand, transducer and
detector. In more details, optical fiber as transducer can be either single or
multimode; an optical detector and actuating circuitry could be processing
electronics, oscilloscope, optical spectrum analyzer etc. In an FQOS, the optical
parameters that can be modulated are the amplitude, phase, color (or wavelength),
and state of polarization [95-96]. The optical modulation methods of the sensors

involve the following.

0,

% Intensity-modulated sensors

The variation of the light intensity that is proportional to the perturbing
environmental parameters can be detected by sensors. The concepts associated with
intensity modulation include transmission, reflection, and micro bending. For this, a
reflective or transmissive target can be incorporated in the fiber. Other mechanisms
that can be used independently or in conjunction with the above three primary
concepts include absorption, scattering, fluorescence, and polarization. Intensity
modulated sensors normally require more light to function than phase modulated

sensors; as a result, they employ large core multimode fibers or bundles of fibers.
% Phase-modulated sensors

The phase of the light in a sensing fiber is compared with a reference fiber in a
device known as an interferometer. These sensors employ a coherent laser light
source and two SMFs. The light is split and injected into the reference and sensing
fibers. If the light in the sensing fiber is exposed to the perturbing environment, a
phase shift occurs between them. The phase shift is detected by the interferometer.

Phase modulated sensors are much more accurate than intensity-modulated sensors.

2.4.1.2 Optical fiber sensors’ advantages over traditional

sensors

The advance in research and development of FOS devices has spread their

applications to various fields of technology, such as medical, chemical, and
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telecommunications industries. They have been developed to work on a wide variety
of physical properties, such as temperature, chemical changes, electric and magnetic
fields, vibrations, strain, displacement (position), flow, pressure, rotation, radiation,
liguid level, light intensity, and color. For performance in harsh environments, FOS
proves more reliable and rigid than conventional electronic sensors where they meet

difficulties [95, 97-98].

Optical fiber sensors exhibit a number of advantages over other types of sensors:
(1) small sensor size; (2) non-electrical; (3) sensitivity to multiple environmental
parameters; (4) requiring small cable sizes and weights; (5) permitting remote
sensing; (6) allowing access into normally inaccessible areas; (7) often no need for
physical contact; (8) immunity to radio frequency interference (RFI) and
electromagnetic interference (EMI); (9) no contamination to their surroundings and
are not subject to corrosion; (10) high sensitivity, resolution and dynamic range; (11)

ease interface with data communication systems.
2.4.1.3 Optical fiber sensing applications

Under harsh environmental condition and when sensing over long distances, optical
sensing is considered as the ideal solution for the applications where conventional
electrical sensors such as foil strain gages, thermocouples, and vibrating wires have

proven ineffective or difficult to use.
% Medical field

Optical-chemical and biochemical sensing is being researched extensively around the
world, and these sensors are finding an increasing number of applications in
medicine, biomedicine, and chemical analysis [99]. The main physical phenomena
exploited for optical chemical sensing are absorption and fluorescence, although
chemical luminescence, Raman scattering, and Plasmon resonance have also been
used. Health-care is unquestionably the application field which seems to have the
most potential for future development [100-101]. Optical biosensors are finding

ever-increasing applications in different branches of medicine.
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* Energy field

Fiber Bragg grating (FBG) optical sensing has unique attributes that make it suitable
for traditionally difficult applications. For example, monitoring the structural
integrity of a wind turbine blade with electrical sensors would often result in noisy
measurements because of long copper lead wires. With optical sensing, accurate and
noise-free strain measurements on wind turbine blades are possible with little added
weight to the structure. Furthermore, the nonconductive and distributed nature of
optical fibers lends well for many uses in oil and gas applications, including pipeline
monitoring and downhole monitoring. Applications of energy FOS devices are wind
turbine blade monitoring, pipeline monitoring, power line monitoring, offshore

platform monitoring and downhole monitoring.
% Civil field

Structural health monitoring systems based on electrical sensors often face
significant environmental challenges. An electrical monitoring system would require
the installation of countless wires, a lightning grounding system, periodic external
calibration, and the potential maintenance of corroded and/or degrading sensors.
With an optical sensing solution, these downfalls are all eliminated. The ability to
daisy chain multiple sensors on a single fiber greatly reduces the weight and
complexity of the system. Furthermore, optical fiber does not corrode or conduct
like copper wire, which increases longevity and reduces the risk of damage due to
lightning. Applications of civil FOS devices are large building monitoring, bridge and

road monitoring, airport landing strip load monitoring and dam monitoring.

% Transportation field

To ensure passenger safety, monitoring systems are increasingly deployed to ensure
the proper operation of airplanes, railways, ships, and more. However, weight, size,
and harsh environmental requirements can pose significant challenges to
implementing an electrical monitoring system. FBG optical sensors alleviate these
challenges by providing lightweight distributed sensor measurements that are

immune to corrosion, high voltage, and EMI-induced noise. Also, because of the
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longevity and ease of installation of FBG optical sensors and lack of need for external
calibration, these sensing systems can be deployed reliably for decades without
needing any maintenance; this is especially beneficial for long-term railway and ship
hull monitoring. The ability to have multiple sensors on a single, very thin fiber
dramatically reduces the weight of the monitoring system, which is especially
important in aerospace applications. Applications of transportation FOS devices are
railway monitoring, fuel tank monitoring, airplane wing monitoring, and ship hull

monitoring [102].

2.4.2 Mode control in few-mode fibers

< Mode selective excitation and extraction

In mode-selective launches, only a subset of propagating modes is excited, in order
to mitigate MD. Experiments on selective mode excitation include laser driving
schemes [103-104], masks for spatially filtering [57, 105] and prism coupling [106-
107].

Recent holographic optimization experiments demonstrate the agility of SLMs in
mitigating the mode switching limitations of the static computer generated masks
[105] and the pierced plates [57]. The incident electric field at the MMF input
endface may be swiftly customized by changing the hologram using a computer.
Furthermore, the rapid reconfiguration speed of the SLM allows for adaptive

updating of the incident field on the MMF [108].

% Mode stability

Over the past years, several MUX/DEMUX techniques have been reported. These
techniques include physically stressed fiber [109-110], spot couplers [111], photonic
lanterns [52], 3D-waveguides [112], and spatial phase shaping of the optical profile
with glass plates [113]. Alternatively to the above static mode shaping techniques,
dynamic and adaptive SLMs, such as reflective LCoS devices can also be used for

mode shaping [32—-33]. Regarding the latter, mode multiplexers that shape the phase
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but not the amplitude of the spatial optical profile to be coupled into the FMF have

so far been used.

Some work also [114] investigates and experimentally demonstrates beam
shaping of both phase and amplitude using LCoS modulator and discusses its
relevance for coupling into higher-order modes of few-mode fibers. A practical
approach is to use a phase-only modulator in combination with a spatial filter,
consisting in its simplest form of a two-lens system with a pinhole located in
between. The spatial filter converts spatial phase-modulation (PM) to spatial
amplitude-modulation (AM) and thus generates complex light modulation if an

adequate phase profile is used.

®,

% Mode amplifier

SDM in principle allows up scaling of the capacity per fiber by a factor proportional
to the number of cores or modes. However, operation of such schemes in existing
long haul networks requires the development of suitable high performance in-line
optical amplifiers. Recently a multi-core EDFA has been demonstrated with 4dB of

gain variation between the cores at a net signal gain of 25dB [115].

Use of MMF is another attractive option, where each guided mode can in
principle be used as an independent channel. Neng et. al. [84] have recently studied
numerically the performance of a two-mode amplifier based on a uniformly doped
step-index EDFA. They have shown that controlling the modal shape of the pump
provides a means of tailoring the overall inter-modal gain. Besides experimentally
studying the impact of using different modal pump fields, [82] also investigates the
effect of tailoring the spatial refractive index in the EDFA. Using an optimized active
fiber profile, over 22 dB of small signal gain for both LPo1 and LP11 modes and a
relatively flat gain profile with a maximum gain variation of 3 dB across the full C-

band for LPgs is realized.

2.4.3 In-Line fiber optic sensors in few-mode fibers
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Fiber-optic interferometric sensors that measure strain, but are insensitive to
temperature fluctuations, have been developed, and other application-specific
sensors can be similarly designed [116-117]. The optimal use of a single-fiber sensor
can be obtained if simultaneous measurement of strain and temperature is possible.
A versatile FOS should be capable of performing more than one task simultaneously
or different tasks at different times, with a single fiber. For example, a fiber sensor
embedded in a composite laminate could be used as a temperature sensor during
the cure of the composite and could act as a strain sensor during the lifetime of the
composite structure. This would lead to a reduction in sensor size and a decrease in
the number of components, as well as to the cost-effective implementation of fiber-

optic sensors.

Two-core fiber sensors operated at two different wavelengths have been
proposed to solve this problem [118]. In such a scheme, the variation of light
intensity in each core is a function of strain and temperature and the operation at
two wavelengths may allow, in principle, the discrimination between strain and
temperature effects. The practical implementation, however, requires development
of specialized two-core fibers with specific wavelength sensitivities. The use of two
different wavelengths in a simple polarimetric sensing system can also be considered.
However, the sensitivity of the sensor to strain and temperature at two close
wavelengths does not differ by a significant amount. Also, the fiber should operate
within its single-mode regime at both the wavelengths in consideration. Hence, the
use of two distant wavelengths makes the fiber weakly guiding at the higher

wavelength of operation.

To address above concerns, theoretical feasibility of a three mode fiber sensor
using interference of LPi11 and LPo; with fundamental mode LPo1 has been
demonstrated in [119]. The results obtained by fringe counting show that
temperature influence could be eliminated by simultaneous detection of LP11/LPo1
and LPoy/LPo: interference. Spatial mode separation by matched filters would allow
phase measurement techniques such as heterodyne or phase-shift interferometry
[124], and then enhance the accuracy. If common fibers are used, some limitation is
assigned to such a multimode interferometric sensor by birefringence: the
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polarization variations must be slower than the phase variations, and fading
elimination requires three times more channels in the data recording system than
with a constant polarization state. Besides, a complete analysis of interference

requires decomposition of LP modes on EH and HE modes.

Recently, Huang et al. have proposed a scheme that uses two orthogonally
polarized differential interferometers operated within a two-mode, elliptical-core
fiber [11]. Farahi et al. have considered the effects of heating and straining a
common section of a birefringent fiber [122]. They have proposed a Fabry-Perot
cavity-based sensor that can measure strain and temperature and have formalized a
theory that includes cross-sensitivity considerations. Once a single-parameter sensor
has been characterized in terms of its sensitivity and dynamic range, and calibrated
for a specific application, it is relatively easy to implement the sensor and extract

strain or temperature information from a real-life system.

Since the solution of simultaneous equations is critically dependent on the
accuracy of the measured parameters of the sensing system, it is necessary to take
one extra step in the analysis before a sensor is implemented. This step is that of
determining whether a given sensor transfer function in a multi-parameter
measurement scheme is robust enough to tolerate small measurement inaccuracies

[122].

2.5 Conclusions

In this chapter, we review the receiver for optical communication systems, including
coherent detection receiver and direct detection receiver. Principle and system
architecture for each scheme is reviewed respectively. The motivation of the
frequency response characterization is also illustrated. We also review the principle,
the system configuration and the development of SDM for ultra-high-capacity optical
transmission. Finally, we review recent development in FOS technology and the

potential to use FMFs as in-line FOSs.
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3 Characterization of Frequency Response for Optical

Receivers with Laser Phase Noise Robustness

3.1 Introduction

In the past few years, DD based optical communication system has attracted
attentions because of its low cost and simple implementation. In DD, it is important
to separate the optical channel from RF channel. Consequently, calibration of the
response for each optoelectronic component is necessary under such circumstance.
In this chapter, we propose a novel DSP algorithm for photodiode characterization
probed by three wavelengths. The DSP algorithm has low computational complexity.
The required number of measurements increases logarithmically with the number of
the spectral points. For the first time, the phase response of photodiode is

characterized up to 20 GHz.

The arrangements of this chapter are as the following. Firstly the motivations and
fundamentals to characterize the frequency response of the optical receivers are
introduced. Then the principles of 2 - A approach for amplitude response and 3 - A
approach for phase response are illustrated, which include theoretical fundamentals,
algorithm deductions, and calibration arrangements of the approach. After that, we
verify our proposed 3 - A approach by comparing the phase response of an electrical
filter calibrated through the proposed 3 - A approach and that calibrated through
conventional back-to-back electrical signal. For the experiment, we demonstrate the
frequency response calibration of a high-speed optical receiver with 30-GHz
bandwidth photodiode, and a low-speed optical receiver with 14-GHz bandwidth

photodiode, respectively.

3.2 Fundamentals of frequency response characterization

for optical receivers

The Internet traffic continues to grow unabated and the demand for high-speed
transport is across every level of optical networks [123-125]. In fibre-optic

communications, coherent detection has recently attracted many interests from the

41



optical communication community because of its high SE and robustness against
impairments such as CD and PMD. One example is coherent optical OFDM (CO-
OFDM. The advantage of CO-OFDM is prominent. It has the highest performance in
receiver sensitivity, SE and robustness against linear channel impairments. By
appropriately choosing the length of CP and insert training symbols at the
transmitter, both inline CD and PMD can be fully compensated via DSP. However,
the disadvantages of CO-OFDM also cannot be ignored. It requires a LO at the
receiver, and is more sensitive to phase noise. CO-OFDM receiver also needs two
pairs of balanced receivers therefore it is more costly and complex than. In addition,
CO-OFDM also suffers from high peak-to-average-power ratio (PAPR) that leads to
inferior nonlinearity tolerance than single-carrier system. Subsequently, for cost-
sensitive  short-reach  high-speed communication, such as inter-cabinet
communication, DM/DD is a more desirable option and has been actively explored

[126-132].

One example of DM/DD is direct detection optical OFDM (DDO-OFDM). As well
as compensating for CD, OFDM can correct for linear distortions in the electrical
components, including the optical modulator and photodiode. This means DD-
OOFDM systems are tolerant of linear imperfections and the experimental systems
were implemented using commercial-off-the-shelf components. Another advantage
is DD uses a single photodiode direct detection photoreceiver, which simplifies

implementation and reduce application cost.

By using coherent detection, the channel response can be compensated by the
DSP; however, characterization of each individual optoelectronic component is still
critically important, especially for direct detection. In direct detection, the channel is
nonlinear, and thus separation of the optical channel and RF channel is essential to
remove the photodiode nonlinearity arising from its square-law detection [133].
Consequently, it is necessary to calibrate both amplitude and phase response of

individual optoelectronic components, in the case of this report, the photodiode.

The response of the receiver system (photodiode plus subsequent RF

components) includes the amplitude and phase response. The conventional method
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to calibrate the response of a receiver system is to input two lasers with different
wavelengths (called 2 - A) and measure the output power from the photodiode [134].
By keeping the wavelength of one laser constant while sweeping the other, the
frequency-dependent response of the photodiode can be obtained. However, this
method is only applicable to obtaining amplitude response, incapable of detecting

phase response.

In this section, we propose a novel method of calibrating the phase response of
the receiver system by using 3 wavelengths (called 3 - A approach in this section) and
a novel DSP algorithm. The DSP algorithm has low computational complexity. The
required number of measurements increases logarithmically with the number of the

spectral points.

3.3 Principle of 2 - A approach for amplitude response

and 3 - A approach for phase response

The response of a receiver system, H, is given by H = Ae_j‘b, where A and @ are
respectively the amplitude and phase response of the receiver system. The method

of calibrating amplitude and phase response is described as follows:
s 2 - Aapproach for amplitude response

Two lasers at different wavelengths are coupled into a photodiode and the
frequency difference between the two lasers is adjusted. The amplitude of the
beating signals is measured. This amplitude is then calibrated against the laser
output power at each frequency. The calibrated amplitude gives the amplitude
response. This approach is commonly known and practiced in the telecom

community [135].
% 3 -Aapproach for phase response

The main contribution of this chapter is our proposed 3 - A approach for phase
response measurement. The idea behind the 3 - A approach is to use 3 lasers to
eliminate the phase noise of each individual laser that exists in 2 - A approach. In
what follows, we describe the detailed principle of 3 - A approach.
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3.3.1 Theoretical fundamentals of 3 - A approach
The optical field of the 3 lasers A is denoted as
A =aelin®  (1<i<3) (3.1)

where a,, Q;, and @, are respectively the amplitude, angular frequency, and phase

of each laser. After photo detection, 3 mixed RF signals are generated given by,

A =aa, R eIl (1 <j<31<j<3) (3.2)

where A;, R; and @; are respectively the field, the amplitude response and the
phase response of the mixed RF signal at the frequency of Q; -Q;. As shown in Eq.
(3.2), this phase response of the photodiode is contaminated by phase noise of the
lasers. To eliminate laser phase noise ®,, ®, and ®,, we calculate the phase of

A5/l (A,*Ay) . Using Eq. (3.2), we have

A =angle(A, (A, * A,,))
=(Q,-Q)t+D,(t)-D, )+ D, —(Q,-Q )t + D, () - D, () + D,

(3.3)
HQ, Q)+ D, () -D,@)+ D)

=0,-0, -0,

It follows from Eq. (3.3) that Q,, Q,, Q,, ®,;, ®, and ®,, have all been canceled,
and thus laser phase noise ®,, ®, and ®,, has been eliminated from A, leaving

only the terms of phase responses of photodiode. For simplicity, we use abbreviated
notations for the qualities related to the mixed RF signals including the phase of
P =Dy, @y = DQy3, 3 =@y5, and frequency of v =Q, Oy, @, =0y -Q,, 03 =Q3 - Q.

Using the abbreviated notations and after simple rearrangement, Eq. (3.3) becomes
P;=0,+@,+A (3.4)

It can be seen from Eq. (3.4) that the phase response at high frequency can be
computed by the summation of the phase response at two lower frequencies.

Therefore, the novelty of 3- 1 approach lies in the fact that even the 3 lasers is

44



noisy and uncorrelated, their phase noises can be completely removed without

affecting the phase response measurement. By applying Eq. (3.4) iteratively, phase

response at each frequency can be obtained.

3.3.2 Calibration Arrangements of 3 - A approach
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Fig. 3.1. Principle of dichotomization to minimize number of measurement

iterations.

The iterative procedure is laid out as follows:

(i)

(ii)

In step (i), ¢ and @2, which are respectively the phase responses of @; and
@, , are assumed as known values. It can be also easily shown that
w, = w, + o, . We then compute the phase difference A among the three

beating signals by applying Eq. (3.3). The phase response of @3, @3 can be

obtained by using Eq. (3.4).

Similar to step (i), in step (ii), we generate 3 tones w,, @,

i+17

o,,,(where
®,.,=0,,+). ¢, and ¢, , which are respectively phase responses of o,

i+2

and o, ,are assumed known in the previous steps. The phase difference of

A, is computed and we can calculate the phase response of w,

1+2

using

w

i+2

=w,,, +o, +A,. We repeat step (ii) until », , reaches the maximum

frequency.
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Note that every step generates measurement inaccuracy error. To minimize the
accumulated measurement error, we minimize the number of iterations at each
frequency. One powerful approach is dichotomization, which is shown in Fig. 3.1,

depicting phase response from 0 to Q2 . If we want to calibrate the phase response at
an arbitrary frequency @; within the range of Q/2 toQ, we can obtain its phase
based on the known phase response at the frequency v, = w; —Q/2, which is in the

range of 0 toQ/2. Namely, we generate three beating signals at the frequency of w,,

@; and Q/2, from Eq. (3.4) the phases at these frequencies are related by
P =@+ Poy A (3.5)

where @;, ®; and ¢, are the phase responses at the frequency w,, ®;, and Q/2

respectively, while A]- is the phase difference among the three beating signals by

applying Eq. (3.3). Similarly, if we want to calibrate the phase response in the range
between 0 toQ/2, then we could use the known value in the range between 0 to
Q/4 . In this way, the maximum number of iterations to compute the phase response

is proportional to log,(Q/Q,;,) where Q_. is the minimum frequency of the

calibration.

Following the above procedures, the last task is to obtain two initial values of the
phase response whose frequencies are close to 0 Hz. Theoretically, phase response
of 0 Hz is 0 rad (the photodiode polarity can generate additional phase of 7 which
can be corrected easily in the program). In this way, phase responses of the whole
frequency range could be characterized given that two initial values are 0 rad. In this

report, the initial two frequencies we used are 50 MHz and 100 MHz.
3.3.3 Verification of 3 - A approach

To verify the phase response of the photodiode (DSC-R409) at the frequency close to

zero, we generate one beating signal @, at the range of 20 MHz to 200 MHz. The

resolution is 10 MHz, and another two beating signals w,=5 GHz-a, ,
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w, =5 GHz + o, . Then we calculate the phase difference of the three beating signals
using Eq. (3.4). Since @, is very close to 0 Hz, the phase response ¢, (at the
frequency w,) should also be close to ¢, (at the frequency @,) in the phase

response curve. Consequently, the phase difference A should be approximately
equal to O rad if the phase response ¢, (at the frequency of @, ) is close to 0 rad. The
curve of phase difference A against beating signal o, is shown in Fig. 3.2. From Fig.
3.2, we can see that A at every frequency is in the neighborhood of 0, with
maximum difference value 0.05 rad (approximately 3.1 degree), which is consistent
with the assumption. Thus, we can tell that phase responses at the frequency close
to 0 Hz are close to 0 rad. In this report, we use 50 MHz and 100 MHz as two initial

frequencies given that their phase responses are 0 rad.

0.06

0.03

o

Phase Difference (rad)

-0.03
0 50 100 150 200 250

Frequency (MHz)

Fig. 3.2. Phase difference of the photodiode (DSC-R409) at the frequencies

close to zero.

To verify our proposed 3-1 approach for phase response, we calibrated an
electrical filter using the 3-4 method. First we add an electrical filter (Mini Circuit
VLF- 3000+) whose nominal bandwidth is 3-GHz after the DSC-R409 photodiode and
calibrate the combined phase response of the photodiode and the filter. Then we
calibrate the phase response of the DSC-R409 photodiode alone. As a result, if we
subtract the phase response of the photodiode from the combined phase response,

we can have the phase response of the 3-GHz filter, which is shown in Fig. 3.3. Also,
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we directly calibrate the phase response of the electrical filter using the conventional
approaching of back-to-back electrical signal without electrical-optical (O/E) and
optical-electrical (E/O) conversion as reference. In Fig. 3.3, both responses are flat
from 100 MHz to 2.5 GHz, and then roll off 0.5 rad (approximately 28.7 degree) in
the vicinity of 3 GHz, and 2.5 rad (approximately 143.3 degree) in the vicinity of 4
GHz, which are consistent with the actual phase response of the filter. We can see
that patterns of both curves are similar, with average difference 0.01 rad
(approximately 0.6 degree) between the two curves within 4 GHz. Thus, we can tell

that our 3-4 method is valid for phase calibration.
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Fig. 3.3. Phase response of the 3 GHz filter calibrated using the 3-4 approach

compared with that using electrical approach.

3.4 Calibration of frequency response of a low-speed (14

GHz) and a high-speed (30 GHz) optical receiver

3.4.1 System configuration
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LD
LD PMC PBS PD

Receiver system

Fig. 3.4. System configuration | for phase response calibration: using three
lasers. PD: Photo diode, PBS: Polarization beam splitter, LD: Laser diode,
PMC: Polarization-maintaining coupler, TDS: Time-domain sampling scope.

System configuration for 3-A phase response characterization is shown in Fig. 3.4
and Fig. 3.5. There are two methods employed. In Method |, as shown in Fig. 3.4, 3
external cavity lasers (ECLs) coupled with two polarization maintaining couplers
(PMC) are fed into a polarization beam splitter (PBS). The reason to use a PBS is to
align 3 lasers into one polarization so that signal beating is constrained within one
polarization. The optical signal is then fed into a receiver system which consists of a
photodiode (Discovery Semiconductors DSC-R409 or DSC-R405) and an oscilloscope
(Tektronix DPO72004B). The sampling rate of the oscilloscope is 50 GSa/s, and the
bandwidth of the oscilloscope is 20 GHz.

OA OA

oo

Synthesizer

pF- N
PMC PBS [ PD

Receiver system

Fig. 3.5. System configuration Il for phase response calibration: using two

lasers and a modulator. IM: Intensity modulator, OA: Optical amplifier.

In Method I, instead of using 3 lasers to generate 3 wavelengths as illustrated in
Fig. 3.5, we can also use an intensity modulator to generate two tones from one

laser, and therefore only two lasers are needed, as shown in Fig. 3.5.

3.4.2 Experimental demonstration
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3.4.2.1 Experimental demonstration of frequency response
calibration of a high-speed optical receiver with 30-GHz

bandwidth photodiode

The response of the receiver system with DSC-R409 photodiode is shown in Fig. 3.6 and
Fig. 3.7. The nominal bandwidth of the DSC-R409 photodiode is 30 GHz. In Fig. 3.6 the
amplitude response declines 9 dB at 20 GHz. The roll-off of the amplitude curve
calibrated is due to the limited bandwidth of the oscilloscope since the bandwidth is less

than 20 GHz.
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Fig. 3.6. Amplitude response of the receiver system with DSC-R409
photodiode.

Fig. 3.7 shows the phase response of the receiver system calibrated by Method |
and Method II. The fluctuation and patterns of both curves are similar. Average
phase difference between two methods from 0 GHz to 15 GHz is
0.018 rad (approximately 1.0 degree); average phase difference in the whole band
between the two calibration results is 0.03 rad (approximately 1.7 degree). The
increase in average difference could be resulted from the decline of the amplitude
response which enlarges the calibration error. It can be seen from Fig. 3.7 that the
phase response of the photodiode is flat and fluctuates in the range of +0.2 rad

(approximately 11.4 degree), as the calibration bandwidth is within the bandwidth of
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DSC-R409. Also, the phase fluctuation is not from the intrinsic photo-detection but

from the trans-impedance amplifier integrated in the photodiode.
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Fig. 3.7. Phase response of the receiver system with DSC-R409 photodiode.

3.4.2.2 Experimental demonstration of frequency response
calibration of a low-speed optical receiver with 14-GHz

bandwidth photodiode

The response of the receiver system with DSC-R405 photodiode is shown in Fig. 3.8
and Fig. 3.9 to show different response compared to DSC-409. The nominal
bandwidth of the DSC-R405 photodiode is 14 GHz. The amplitude response gradually
declines 3 dB in the vicinity of 10 GHz, and rapidly declines up to 10 dB from 10 to 16
GHz.
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Fig. 3.8. Amplitude response of the receiver system with DSC-R405
photodiode.
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Fig. 3.9. Phase response of the receiver system with DSC-R405 photodiode
using Method I.

Fig. 3.9 shows the phase response measurement results. The response is flat and
fluctuates in the range of 0.3 rad (approximately 17.2 degree) from 100 MHz to 10
GHz, and rolls off significantly from 10 to 16 GHz, with the maximum phase shift of 1
rad (approximately 57.3 degree) within 16 GHz. The pattern of phase response is
consistent with that of amplitude response, which is flat within the range of the
bandwidth and drops rapidly out of the range. Due to its narrower bandwidth

compared to DSC-R409, DSC-R405 photodiode has larger phase response. Since
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power received after 16 GHz is less than -10 dB, the phase response calibrated may

not be valid.

3.4.3 Results and discussions
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Fig. 3.10. Amplitude response of DSC-R409 up to 26 GHz compared to that of
DSC-R405.
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Fig. 3.11. Phase response of DSC-R409 up to 26 GHz compared to that of
DSC-R405 using Method 1.
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To compare the performance differences between the two receivers, both curves
are shown in Fig. 3.10 and Fig. 3.11. The response curve of DSC_R409 is very similar
to that of DSC_R405, with only difference lies in that the range of fluctuation extend
to 20 GHz, and the range of decline is from 20 to 26 GHz due to its high nominal
bandwidth of the PD DSC-R409. Both patterns of phase response are consistent with
that of amplitude response, which is relatively flat within the range of the bandwidth

and drops rapidly out of the range.

We also note that, for every RF frequency ®, the phase response ¢ is the
function of ® and can be denoted as Taylor expansion with respect to ® , that is,
¢ =f(w) =X"S;w' =Sy +S,w+ R (w), where S, is common phase of the
system, S; w is time delay, and R;(w) is high-order dispersion. As the first two terms
represents the DC phase offset and a common time delay, which does not reflect the
true dispersion of the photo-diode, and thus we have removed the DC term S, and

linear term S; w from the measured data in all the figures.
3.5 Conclusions

In this chapter, we first introduce the motivations and fundamentals to characterize
the frequency response of the optical receivers. Then the chapter introduces the
principle of 2 - A approach for amplitude response and 3 - A approach for phase
response chracterization, which includes theoretical fundamentals, algorithm
deductions, and calibration arrangements of the approach. After that, we verify our
proposed 3 - A approach by comparing the phase response of an electrical filter
calibrated through the proposed 3 - A approach and that calibrated through
conventional back-to-back electrical signal. For the experiment, we demonstrate the
frequency response calibration of a high-speed optical receiver with 30-GHz
bandwidth photodiode, and a low-speed optical receiver with 14-GHz bandwidth

photodiode, respectively.
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4 Few-Mode Fiber Based Optical Sensors

4.1 Introduction

FMFs have found applications in optical communications and sensors with attractive
features that standard single mode fibers (SSMF) do not possess. In this chapter, we
review our recent progress in the design and fabrication of FMF based optical
sensors. The organization of this section is as follows: In Section 4.3, we report two
FMF based discrete sensors, one is a fiber Sangac loop sensor based on polarimetric
interference, and the other is a few-mode interferometer sensor based on
intermodal interference. The system configurations of both sensors are illustrated
and their sensitivities to temperature and strain are shown and compared. In Section
4.4, we introduce the concept of FMF based distributed sensors. We reviewed the
basic concept of Stimulated Brillouin scattering (SBS), and demonstrate
characterization of SBS in a FMF based on BOTDA technique. Furthermore, we
propose two Brillouin optical time domain analysis (BOTDA) methods for the FMF,
the first one is based on the characterization of Brillouin gain spectra (BGS) with a
two-wave pump-probe configuration, and the second one is based on
characterization of the Brillouin dynamic grating (BDG) with a three-wave pump-
probe configuration. The proposed setup can also be used as a Brillouin distributed
sensor. In detail, we launch a pump and a probe signal through specific LP modes
into a FMF, and monitor the Brillouin frequency shift (BFS) in each mode. By
analyzing the temperature and strain coefficients of the BFS of the two lowest order
(LPo1, LP11) modes, discrimination of temperature and strain are successfully
demonstrated. For few-mode fiber based discrete optical sensors (section 4.3), the
thesis author is the main contributor; for few-mode fiber based distributed optical

sensors (section 4.4), the thesis author is the co-contributor.
4.2 Fundamentals of fiber based optical sensors

Optical fiber sensors have been widely studied over the last few decades owing to
their advantages of compactness, high reliability, high sensitivity and low fabrication

cost [136-145]. In such sensors, optical fiber is the most critical sensing element. The
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sensing ability of optical fibers has been realized through fiber-optic technologies
such as FBG [137-140], fiber interferometers [136-142], scattering effects [143-145],
fiber couplers, nanowires, etc. Nowadays, optical fiber sensors can be used to
measure various parameters including temperature, strain, pressure, bending,
ultrasound, and so on, thanks to the above innovative technologies. SMFs are widely
used in optical fiber sensors, which can be SSMF, polarization-maintain fiber (PMF),
or photonic crystal fiber (PCF). For example, Sagnac loop interferometer (SLIs) that
based on the polarimetric interference uses conventional PMF [1] or polarization-

maintaining PCF (PM-PCF) as the sensing element [15].

Early study has shown that the performance of optical fiber sensor (e.g,
sensitivity, reach, etc.) depends not only on the sensing technique but also on the
parameters of the sensing element - optical fiber. However, the sensor performance
is not the only consideration in fiber and sensor design because the cost and
commercial availability of the fiber are also important. Therefore, it is necessary to
develop a fiber with high sensing performance while keeping the fabrication cost at
low level. In recent years, FMF has attracted much research interest because it has
the potential to overcome the capacity limit of SSMF [1, 16]. By exploring the fifth
dimension - the spatial dimension in addition to the four dimensions of time,
wavelength, polarization and phase that have been well studied in SMFs, FMFs can
provide more capacities and flexibilities than the SSMF. With the powerful technique
of SDM, the spatial modes in a FMF can be deemed as independent signal channels
[146-147]. The advance into space dimension has benefited not only the optical
communications but also many other fields like optical sensors. FMF based optical
fiber sensors emerges as an interesting topic which was studied by Kim et al. [9]
since 1980s. Compared with SMF based fiber sensors, FMF based fiber sensors have
many unique advantages such as cost effectiveness, high sensitivity, and
discrimination of perturbation effects [122]. Furthermore, because there is almost
no difference between SMF and FMF except the small change in core refractive
index (RI) and/or core diameter [146-147], the fabrication process of FMF can be as
simple and the cost can be as low as the SSMF, which is much lower than the

conventional PMF or specially-designed PM-PCF [142].
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The optical fiber sensors can be classified into two major categories, (1) discrete
sensors, and (2) distributed sensors. Discrete fiber sensors are mostly based on an
interferometer structure [136-142]. The advantage of interferometric sensors is that
the perturbation effects can be conveniently translated into a phase change in the
interferometer. On the other hand, distributed fiber sensors are very popular
because they can offer continuous and non-disruptive sensing along a fiber over tens
of kilometers [148]. The spatial resolution of distributed sensors can reach
millimeter-order whilst still have good accuracy and sensitivity to the perturbation
effects [149]. Distributed fiber sensors can be realized through utilization of the
scattering effects in a fiber such as Rayleigh scattering [143], Brillouin scattering
[144], and Raman scattering [145]. Among all these scattering effects, the Brillouin
scattering - especially the SBS, is very attractive because it is very sensitive to the Rl
change in a fiber, which can be affected by the external perturbations such as
temperature, strain and pressure. Distributed Brillouin sensing has been efficiently
achieved over SMFs or PMFs using powerful techniques such as the well-known
Brillouin optical time-domain reflectometry (BOTDR) [150] and BOTDA [151]. For
FMFs, the SBS effect is not very well understood because many spatial modes can be
involved. Most reported early work focuses on the generation of inter-modal SBS in
a FMF, e.g., Russell, et al. demonstrated the forward SBS between co-propagating
LPo1 and LP11 modes in a dual-mode fiber [151], Song, et al. [152] reported the SBS
between the counter-propagated LPo; and LP11 modes in an elliptical-core two-mode
fiber (e-TMF), Li, et al. [153] demonstrated all-optical generation of BDG in a FMF,
and Kim, et al. [154] also measured the intermodal beat length distribution in an e-
TMF based on BDG. All these experiments touch the interesting topic of SBS effect in
a FMF, yet the distributed sensing capability of FMFs are not revealed or fully
understand. Therefore it remains an interesting question that whether FMFs are

suitable sensing element for the distributed sensors.

In this chapter, we report our recent progress on FMF based optical sensors with
a few proof-of-principle experiments to demonstrate the potential of utilizing the

additional dimension of spatial mode in the optical sensing field.
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4.3 Few-mode fiber based discrete optical sensors

Discrete sensing in SMFs can be realized by interferometric sensors which have been
widely studied for years. There are many types of interferometric sensors including
the Michelson interferometer (Ml), Fabry-Perot interferometer (FPI), Sagnac loop
interferometer (SLI), Mach-Zehnder interferometer (MZI), etc. The interference
pattern in an interferometric sensor can be generated from signal in same
polarization but different paths, or signal in two orthogonal polarizations with
birefringence, e.g., using a high bifringence (Hi-Bi) single mode PMF. For a
polarization-maintaining FMF (PM-FMF), the interference could happen between
both the polarizations and spatial modes, known as the polarimetric and intermodal
interference [155]. Similar as the SMF (or PMF), a FMF (or PM-FMF) is also sensitive
to external perturbations such as the temperature, pressure and strain. The
responses of polarimetric and intermodal interference to the external perturbations
in a PM-FMF are normally very different [156], which could potentially improve the
fiber sensitivity. The additional information from spatial dimension could also be
utilized to discriminate different perturbation effects. In the following subsections,
we will demonstrate the polarimetric and intermodal interference and their

response to the temperature and strain in a PM-FMF and a circular-core FMF (c-FMF).
4.3.1 Definition of Strain

Strain is the amount of deformation of a body due to an applied force. More
specifically, strain (g) is defined as the fractional change in length, as shown in Fig.

4.1 below.

1
Force * | Force

Fig. 4.1. Definition of Strain

Strain can be positive (tensile) or negative (compressive). Although

dimensionless, strain is sometimes expressed in units such as in./in. or mm/mm. In
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practice, the magnitude of measured strain is very small. Therefore, strain is often

expressed as microstrain (ue), which is € x 10-6.

When a bar is strained with a uniaxial force, as in Fig. 4.1, a phenomenon known
as Poisson Strain causes the girth of the bar, D, to contract in the transverse, or
perpendicular direction. The magnitude of this transverse contraction is a material
property indicated by its Poisson's Ratio. Poisson's Ratio for steel, for example,

ranges from 0.25 to 0.3, while
e=AL/IL. (4.1)
4.3.2 Polarimetric interferometer sensor

4.3.2.1 Theoretical fundamentals

The polarimetric interference in a single-mode PMF can be simply generated by a SLI,
which has attracted a lot of interest recently due to its simple structure and
environmental robustness. To demonstrate the feasibility of using PM-FMF for the
polarimetric interferometer sensor, we build a PM-FMF based SLI sensor and the
experimental setup is introduced in next Section. Similar as in the PMF or PM-PCF
case [141-142], from the transfer matrix of the proposed PM-FMF SLI sensor device,
we can simply get the interfered pattern between the two polarizations of LPo1 mode
in the PM-FMF as

t=sin2£z Bxij=ﬂ (4.2)
A 2

where t is the optical intensity transmission, Lis the length of PM-FMF, B, is the

birefringence between x- and y- polarizations of LPop1 mode in the PM-FMF,

B, =An,, =ny,, —ny,, and ¢ is the phase difference between the two polarizations
of LPo1 mode in the PM-FMF, ¢=(27/2)B L. As can be seen, the transmission peaks

occur when ¢=m-2z where M is an integer. The wavelength spacing of the

transmission peaks AA in the vicinity of 4 can thus be obtained, given by
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(4.3)

If both the birefringence B and fiber length L are temperature dependent, the

phase-shift sensitivity of the SLI can be written as

dB
d_¢_2_”|_ Y +B dL

_ d, 4.4
ar =2 g B ) (4.4)

Assuming there is no fiber elongation effect (dL/dT =0), with the calculation
d¢=(27z/lz)BxyLd/1 the wavelength shift of the transmission peak (or minimum)

will be given by

di_AaLdB, 1 dB,
dT 42 dT B, dT '

Xy

(4.5)

Similarly, assuming strain change is €, the phase-shift sensitivity can be written as

d¢ 27, dB, _ dL
A=, —= 4.6
de A ( de Py dg) (4.6)

and the wavelength shift of the transmission peak (or minimum) will be given by

dB dB
P2 Pyp Ly e LT AL (4.7)
de By, L de Y de By, de '

where L is fiber length, AL is the elongation. It can be seen that the spectral shift is

also linearly proportional to the strain change.
4.3.2.2 System configuration

As mentioned in Section above, Fig. 4.2 shows the experimental setup of the Sagnac
loop polarimetric interferometer sensor. The light source is a broadband amplified
spontaneous emission (ASE) source generated from an EDFA. The broadband light
passes through an isolator to remove the influence of back-reflection to the EDFA,
and is split into two paths by a conventional 3-dB SMF coupler. The upper and lower

paths of the 3-dB SMF coupler are connected with the fiber under test (FUT, here we
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use the PM-FMF as the FUT) using center launch technique so as to generate only
the fundamental (LPo1) mode. The output of the interferometer is connected to a

high resolution (0.16 pm) optical spectrum analyzer (OSA).

(@ (b) Water Bath
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Fig. 4.2. (a) Schematic diagram of a fiber SLI sensor based on a PM-FMF with
a temperature chamber. (b) Photo of the actual water bath employed in the

experiment. FUT: fiber under test.

To measure the temperature dependence of the PM-FMF SLI sensor, the PM-
FMF is placed in a water bath with digital proportional-integral-derivative (PID)

control and liquid crystal display (LCD).
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(b) Fiber Stretcher

Fig. 4.3. (a) Schematic diagram of a fiber SLI sensor based on a PM-FMF with
a strain controller. (b) Structure of the fiber stretcher employed in the

experiment.
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For strain characterization, bare fibers are used with one end of the fiber
fastened to a fixed stage and the other end glued to a metal plate mounted on a
motorized linear stage (Klinger Programmable Stepper Motor Driver). By tuning the
position of the linear stage, we can elongate the test fiber and control the applied

strain which is shown in Fig. 4.3.
4.3.2.3 Experimental demonstration

To characterize the performance of polarimetric interferometer sensor, the FUT is a
PANDA fiber (PM2000, THORLABS) which has a core diameter of 7.0 um and cladding
diameter of 125 um. The second mode cut-off wavelength is at 1720 £ 80 nm. The
beating length is 5.2 mm and the attenuation is < 11.5 dB/km @ 1950 nm. When
operating at 1550 nm window, it becomes a bi-modal PM-FMF that supports two
spatial modes: LPo; and LP1; even mode (LP11e), while the LP11 odd mode (LP11o) is
intentionally cut-off. In this experiment, the ASE noise from EDFA spans from 1526
nm - 1566 nm; the insertion losses of the free space coupler is 0.7 dB; the output of
the interferometer is connected to a high resolution (= 0.16 pm) optical spectrum

analyzer (OSA).

We first measure the temperature dependence of a 10-meter PM-FMF sensor
and some of the measured power spectra around 1550 nm are shown in Fig. 4.4(a).
The temperature is measured from 30 °C to 70 °C with a step size of 1 °C. As can be
seen, the wavelength spacing between two transmission minima is ~0.667 nm, and
the extinction ratio is about 12.1 dB at the transmission minimum located at 1550
nm. From the spectra we calculate the wavelength shift of the minimums as a
function of temperature, as shown in Fig. 4.4(b). We then replace the PM-FMF with a
typical single-mode PANDA type PMF (AFW Technologies, DGD = 1.3 ps/m) that has a
same fiber length (10 meter) and measure again the temperature response of the SLI
sensor for comparison. The result is also shown in Fig. 4.4(b). The measured
temperature coefficient is -1.25 nm/°C for PMF and -1.72 nm/°C for PM-FMF,
respectively. Obviously, PM-FMF based SLI sensor shows better temperature

sensitivity as the temperature coefficient is about 1.4 times that of conventional
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PMF based SLI sensor. The reason for improved sensitivity of PM-FMF fiber is that it

has smaller polarimetric birefringence By, than conventional PMF.

(a) (b)
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Fig. 4.4. (a) Measured output power spectra (smoothed over 0.1 nm) of the 10-
meter PM-FMF SLI under different sensor temperatures, and (b) wavelength
shift of the transmission minimum around 1550 nm against temperature. y1 and
y2 are the linear curve fittings for the 10-meter PMF and PM-FMF,
respectively.

We continue to measure the strain dependence of a 1-meter PM-FMF sensor
with 0.6-meter sensing length and some of the measured power spectra around
1550 nm are shown in Fig. 4.5(a). The strain is measured from 0 pe to 5000 pe with a
step size of 500 pe. As can be seen, the wavelength spacing between two
transmission minima is ~6.299 nm, and the extinction ratio is about 20.5 dB at the
transmission minimum located at 1550 nm. From the spectra we calculate the
wavelength shift of the minimums as a function of strain, as shown in Fig. 4.5(b). We
then replace the PM-FMF with a typical single-mode PANDA type PMF (AFW
Technologies, DGD = 1.3 ps/m) that has a same fiber length (1 meter) and sensing
length (0.6 meter), and measure again the strain response of the SLI sensor for
comparison. The strain is measured from 0 pe to 5000 pe with a step size of 166.7 pe.
The result is also shown in Fig. 4.5(b). The measured strain coefficient is 2.0 pm/pe
for PMF and 24.5 pm/ue for PM-FMF, respectively. Obviously, PM-FMF based SLI
sensor shows better strain sensitivity as the strain coefficient is about 12.2 times
that of conventional PMF based SLI sensor. The reason for greatly improved strain
sensitivity of PM-FMF fiber is that it has smaller polarimetric birefringence B,y than

conventional PMF.
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Fig. 4.5. (a) Measured output power spectra (smoothed over 0.1 nm) of the 1-
meter PM-FMF SLI under different sensor strains, and (b) wavelength shift of
the transmission minimum around 1550 nm against strain. y1 and y2 are the

linear curve fittings for the 1-meter PMF and PM-FMF, respectively.

4.3.3 Intermodal interferometer sensor
4.3.3.1 Theoretical fundamentals

As was discussed earlier, intermodal interference could also happen between the
spatial modes in a FMF. The intermodal interferometer sensor has the same
sensitivity equations (Eqs. (4.2)-(4.7)) as the SLI sensor, except that the birefringence

factor B, now becomes the modal birefringence B; between two spatial modes i and
j (e.g., LPo1 and LP11 mode), for example, B; =Ny, =Ny, or B; =ny, —ny,, if the input

light is aligned with x- or y-polarization in the FMF.
4.3.3.2 System configuration

We build an intermodal interferometer temperature sensor to demonstrate the
intermodal interference response of the FMF. The experimental setup is shown in Fig.
4.6. Similar as in Fig. 4.2, the light source is the same broadband ASE generated from
an EDFA. The SMF that carries the ASE light is coupled to one end of the FMF using
free-space fiber coupler and offset launch technique so as to generate both the LPo:
and LP1; mode. The offset axis is aligned with the fast axis of the FMF so as to
generate LP11 mode. The power distribution between LPp1 and LP11 mode is
determined by the offset distance, and we adjust the offset so that LPo1 and LP11

mode has equal power. The other end of the FMF is coupled to another SMF using
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free-space fiber coupler that is connected to the high resolution OSA. The offset axis
is also aligned with the fast axis of the FMF and the offset distance is adjusted where

both LPo1 and LP1; mode can be received and the optical power reaches maximum.

Free-space
EDEA Input /%.fibercoupler Temperature
—> vy T T T A | Meter
I
l : K _|- PM-FMF I : XY stage

A

Poiarizer
/% ______ N O : Collimating lens

OSA : Hl_lr <- Water bath
<— |
Output

Fig. 4.6. Schematic diagram of a fiber interferometer temperature sensor based

on the intermodal interference between LPo; and LPi;e modes in a PM-FMF.

PC: polarization controller.
4.3.3.3 Experimental demonstration

<+ PM-FMF based sensors

We first measure the temperature dependence of the 10-meter intermodal PM-FMF
sensor. To characterize the performance of intermodal interferometer sensor, we
also use the 10-m PANDA fiber (PM2000, THORLABS) as the fiber under test (FUT).
With the same temperature range and step as in Section 4.3.2, we measure the
transmission spectra of the PM-FMF intermodal interferometer under different
temperatures, some of which are as shown in Fig. 4.7(a). The wavelength shift of the
minima as a function of temperature is shown in Fig. 4.7(b). The input polarization is
aligned with the slow- (x-pol) or fast-axis (y-pol) of the PM-FMF at the input port by a
film linear polarizer which is placed between the two collimating lenses in the free-
space fiber coupler. The measured temperature coefficient is 0.12 nm/°C for LPoix-
LP11x mode and 0.09 nm/°C for LPo1,-LP11y mode, respectively. Compared with the
polarimetric interferometer based on the same PM-FMF, intermodal interferometer
shows less sensitivity whose temperature coefficient is only 7% (LPo1x-LP11x) and 5%
(LPo1y-LP11y) of that of the polarimetric interferometer (LPoix-LPo1y). This much

reduced sensitivity is because the modal birefringence is much larger than that the
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polarimetric birefringence in a PM-FMF, B, > B, . The temperature coefficient also

change signs for the polarimetric and intermodal interference. The low temperature
sensitivity implies that the PM-FMF based intermodal interferometer may not be

attractive for temperature sensing.

(a) o (b)
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Fig. 4.7. (a) Measured output power spectra (smoothed over 0.02 nm) of the
10-meter PM-FMF intermodal interferometer under different sensor
temperatures, and (b) wavelength shift of the transmission minimum around
1550 nm against temperature. yland y2 are the linear curve fittings for x- and
y-polarization, respectively.

We continue to measure the strain dependence of a 1-meter intermodal PM-FMF
sensor with 0.6-meter sensing length. With the same strain step as in Section 4.3.2,
we measure the transmission spectra of the PM-FMF intermodal interferometer
from O pe to 5000 pe with a step size of 500 pe, and some of which are as shown in
Fig. 4.8(a). The wavelength shift of the minima as a function of strain is shown in Fig.
4.8(b). The input polarization is aligned with the slow- (x-pol) or fast-axis (y-pol) of
the PM-FMF at the input port by a film linear polarizer which is placed between the
two collimating lenses in the free-space fiber coupler. The measured strain

coefficient is 2.0 pm/ ue for LPoix-LP11x mode and 1.0 pm/ pe for LPo1y-LP11y mode,

respectively.
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Fig. 4.8. (a) Measured output power spectra (smoothed over 0.1 nm) of the 1-
meter PM-FMF intermodal interferometer under different sensor strains, and (b)
wavelength shift of the transmission minimum around 1550 nm against strain.

yiand y, are the linear curve fittings for x- and y-polarization, respectively.

R/

< TMF based sensors

On the other hand, we replace the PMF with a custom-designed circular-core two-
mode fiber (c-2MF) as the FUT. It has a step-index profile between core and cladding
and supports five spatial modes, LPo1, LP11 (including LP11a and LP11p) mode at 1550
nm. To generate the interference between two different modes, we use a mode
converter (MC) to convert pure LPo1 mode into a combination of LPo; and LP11 modes.
The MC is constructed by pressing the TMF against a metallic slab with a surface

grating and has a nominal conversion ratio of 50%, exciting both the LPo; and LP11

mode equally into the TMF.

We first measure the temperature dependence of the 8.6-meter intermodal TMF
sensor and some of the measured power spectra around 1550 nm are shown in Fig.
4.9(a). The temperature is measured from 30 °C to 95 °C with a step size of 5 °C. Fig.
4.9(a) shows the transmission spectrums at 25°C (room temperature), 30 °C, 35 °C
and 40 °C, with spacing between two adjacent transmission minimums is 0.26 nm.
Then we obtain the wavelength shift-temperature curve, which is shown in Fig.
4.9(b). The temperature sensitivity is characterized as -0.043 nm/°C, with a good
linear correlation coefficient value R? of 0.9979. The heating is repeated for 4 times,
and for each time the wavelength shift-temperature data is recorded. The similar

performance for the several measurements shows good stability of the TMF sensor.
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We can therefore tell that the TMF temperature sensitivity is about two times better

than that of FBG sensor and almost the same as that of high sensitivity MMF sensor.
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Fig. 4.9. (a) Measured output power spectra (smoothed over 0.02 nm) of the
8.6-meter TMF intermodal interferometer under different sensor temperatures,
and (b) wavelength shift of the transmission minimum around 1550 nm against
temperature. y is the linear curve fittings for the 8.6-meter TMF.
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Fig. 4.10. (a) Measured output power spectra (smoothed over 0.1 nm) of the
1.5-meter TMF intermodal interferometer under different sensor strains, and (b)

wavelength shift of the transmission minimum around 1550 nm against strain. y
is the linear curve fittings for the 1.5-meter TMF.

We continue to measure the strain dependence of a 1.5-meter intermodal TMF
sensor with 0.6-meter sensing length. During the measurement, we rotate the
polarizer to maintain maximum extinction ratio for the interference spectrum. Fig.
4.10(a) shows transmission spectrums at 500 peg, 1000 pe, 1500 pe and 2000 pe. We
then apply strain continuously from 0 to 5000 pe with a step size of 500 ue, and the
results are shown in Fig. 4.10(b). The measured TMF wavelength shift-strain

coefficient is -0.0023 nm/ue, with a good linear correlation coefficient value R? of

68



0.9998. The elongation is repeated for 3 times, and for each time the wavelength
shift-strain data is recorded. The similar performance for the several measurements
shows good stability of the TMF sensor. TMF strain sensitivity is comparable with

that of PM-PCF based high sensitivity interferometer sensor.
4.3.4 Discussions and comparison

To compare the performance and sensitivity for the sensors mentioned above, we
put all the temperature curves together and the temperature sensors are shown in
Fig. 4.11. For polarimetric sensor, the measured temperature coefficient is -1.25
nm/°C for PM-SMF and -1.72 nm/°C for PM-TMF, respectively. PM-FMF based SLI
sensor shows better temperature sensitivity as the temperature coefficient is about
1.4 times that of conventional PMF based SLI sensor. The reason for improved
sensitivity of PM-FMF fiber is that it has smaller polarimetric birefringence than
conventional PMF. For intermodal sensor, we can see that temperature sensitivity of
the TMF is only 3.5% of that of PM-SMF and 35% of that of PM-TMF, which makes
TMF based sensor very attractive because of its relatively low sensitivity to

temperature perturbation.
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3 0
£ © 10m PMF (Polarimetric)
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& s 10m PM-FMF (Intermodal: x-pol)
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Fig. 4.11. Wavelength shift of the transmission minimum against temperature,
Y1, Y2, Y3, Y4 and ys are linear fitting curves for TMF, PM-SMF (polarimetric),
PM-TMF (polarimetric:LPO1lmode), PM-TMF (intermodal: x-polarization),
PM-TMF (intermodal: y-polarization), TMF (intermodal), respectively.

Similarly, we put all the strain curves together and the strain sensors are shown

in Fig. 4.12. Result shows that TMF has strain sensitivity comparative to PMFs, which
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is 2.0 pm/ue for both PM-SMF and PM-TMF; meanwhile, TMF is much cheaper than
PMFs and also fluctuations of temperature would induce an error as low as 30 pe/°C.
We note that in Fig. 4.12, PM-FMF is characterized between LPoix and LP11px, and has
highest strain sensitivity among all the combinations (0.36 pm/ pe for LPoix /LP11ax,

0.60 pm/ pe for LPo1y/LP11ay and 1.04 pm/ pe for LPo1y/LP11by).
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Fig. 4.12. Wavelength shift of the transmission minimum against strain yi, y2 ,
ys and y4 are linear fitting curves for TMF, PM-SMF (polarimetric), PM-TMF
(intermodal: x-polarization), PM-TMF (intermodal: y-polarization), TMF
(intermodal), respectively.

In Conclusion, compared with the polarimetric interferometer based on the same
PM-FMF, intermodal interferometer shows less sensitivity whose temperature
coefficient is only 7% (LPoix-LP11x) and 5% (LPo1,-LP11y) of that of the polarimetric
interferometer (LPoix-LPo1y). The low temperature sensitivity implies that the FMF
based intermodal interferometer may not be attractive for temperature sensing. On
the other side of strain sensing, the result shows that the strain coefficient is as high
as 1.4 pm/ue for an intermodal interferometer sensor based on TMF, which is
comparable with a special-designed high sensitivity PM-PCF based strain sensor (~2.8
pm/ue) [157]. Therefore, it is reasonable to expect that FMF based intermodal
interferometer can also be a promising solution for highly sensitive strain sensor

with low temperature sensitivity.
4.4 Few-mode fiber based distributed optical sensors

4.4.1 Theoretical fundamentals
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SBS has been well known and studied for SMFs. For FMFs, because many spatial
modes can be involved, the SBS effect can take place not only in a same spatial mode
but also between different spatial modes, which is denoted as the intra- and inter-

modal SBS. As a generalized form, we define the concept SBS in a FMF as follows,
when a (pump) light in wavelength 4, and mode i is propagating through a FMF,

due to the interaction between the light photons and acoustic phonons, a fraction of
the light will be backscattered. The scattering effect can happen spontaneously
(known as the spontaneous Brillouin scattering) in which the acoustic phonons are
generated from thermal fluctuations. By contrast, as the optical power gets higher,
the acoustic phonons are generated mostly from the optical field of the propagating
light, leading to a stimulated effect which is known as the SBS. In both cases, the
scattered light will experience a frequency downshift (Stokes) due to the Doppler
shift associated with the moving grating by the acoustic wave, which depends on the

acoustic velocity and is given by [6]

2nV, . (6
VB :TSJn E (48)

where v, is the Brillouin frequency shift (BFS), n, is the effective refractive index (ERI)

of mode i, V, is the effective velocity of the acoustic wave, and 8 is the angle

between the pump and Stokes fields. For forward direction (& =0 ) the frequency

shift v, vanishes asv, =0, and for backward direction (€ = 7 ) the frequency shift

Vg IS maximum,

— 2niVa
A4

Vg (4.9)
Since the forward and backward direction are the only relevant directions in a
SMF, the SBS only occurs in the backward direction in SMFs, although spontaneous
Brillouin scattering can occur in forward direction due to the guided nature of
acoustic waves, which is known as the guided-acoustic-wave Brillouin scattering.
Furthermore, when another pump light is counter-propagating along the fiber, which

is in the same mode i and is frequency downshifted from the pump light by v, the
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counter-propagated light will be amplified which is called the Brillouin gain, and an
acoustic wave (or so-called BDG) is also built up. This effect is commonly known as
the intra-modal SBS. If the counter-propagating light with wavelength 4, is sent
through another mode j, inter-modal SBS may happen. The frequency shift Vg will
be related to the ERIs of both spatial modes based on the phase-matching condition,

given by [153]
N,
V... =V ﬂ_{__l z\ﬁ(n__f_n_) (410)
B.ij a ﬂl i j

where n; is the effective refractive index of mode j. Time-domain analysis on the

gain spectrum can provide information on the distributed ERI. In addition, if we
generate intra-modal SBS with two counter-propagating pump waves in mode i and
send a probe wave of wavelength 4, through another mode k, it will be reflected by

the BDG with the same frequency shift v, if the phase matching condition is

satisfied, given by [154]

2nV, 2nV, 2(n—An, )V,

A 2 A =AMy

Vg = (4.11)

ni;nk A ==K (4.12)

Ny == 2 =

where n, is the effective refractive index of mode k, B, is the modal birefringence
between mode i and k, B, =An, =n. —n, . Egs. (4.11)-(4.12) assume that the ERI is

constant for all the wavelengths of pump, probe and BDG reflection. More precise

derivations considering the wavelength dependence of ERI have been given in [155].

Depending on the content of analysis there are two major schemes of BOTDA, (1)
analyzing the BGS by using a counter-propagating two-wave configuration, and (2)
analyzing the BDG by using a three-wave configuration [158]. Because the ERI of
modes are temperature and strain dependent, we can fabricate a Brillouin

temperature or strain sensor based on the BOTDA technique. Using temperature as
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an example, we can fabricate a sensor based on the BGS scheme in which the BFS is
used as the indicator of temperature. For intra-modal SBS, the temperature

dependence of BFS can be derived from Eqg. (4.10) and is given by

dve =3(Va%+ni dvaj (4.13)
aT 4\ tdT T

and for inter-modal SBS, the temperature dependence of BFS can derived from Eq.

(4.11) and is given by

dv, . | dn.
ﬂ:l[\/&ﬂmi dVaj+i v, &g 9V
daT A4\ *dT  'dT ) 4 *dT i dT

(4.14)
zi{vam_k(ni +nj)%:|

A dT dT

We can also fabricate a temperature sensor based on the BDG scheme, in which
the wavelength shift of BDG reflection is used as the indicator. The temperature

dependence of wavelength shift can be derived from Eq. (4.12) and is given by

dA4, :ﬁz(ni %_Bik ﬂjziz[nk%_ni dﬂj (4.15)
dT nZ{ " dT dT) n?{"dT 'dT

From Egs. (4.13)-(4.15) we can see that the perturbation effects can be translated
into a change of the BFS or the wavelength of BDG. Therefore, characterizing the SBS
effect (BGS or BDG) in a FMF is a feasible approach to realize distributed fiber

sensing.

If the temperature and strain responses are much different for the two spatial
modes (i and j), we are able to discriminate both effects by measuring the detuning

of BFS in each mode, given by

Avg, _H AT H < B, -B (4.16)
Avg; ) (Agj’ A A '
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where H is the sensitivity matrix, A ;and B, are the temperature and strain

coefficients for modei(j), respectively. By solving Eq. (4.16), we can obtain the

change of temperature AT and strain A¢ as

AT) (A B -1 Avg, e Avg;) 1 B, -B \[Avg, ' 17
(Agj_ A B) (Avg; ) Avg;) det(H)(-A A J(Avg, (447)

where ‘det’ stands for matrix determinant. Denominator det(H) in Eq. (4.17) must

have significant value in order to achieve high discrimination accuracy.
4.4.2 System configuration

% Parameters for fiber under test (FUT)

As a proof-of-concept trial of Brillouin distributed sensor we experimentally
demonstrate characterization of SBS effect in a FMF. We build a reconfigurable few-
mode Brillouin optical time domain analyzer (FM-BOTDA) which can characterize SBS
in arbitrary combination of mode pairs, including both the intra- and inter-modal SBS.
To realize this functionality, we generate and combine all the supported spatial
modes before launching into the FUT. The FUT is a 3-km custom-designed circular-
core five-mode fiber (c-5MF). It has a step-index profile between core and cladding

and supports five spatial modes, LPo1, LP11a, LP11b, LP21a and LP215 mode at 1550 nm.
s Free-space mode multiplexer/ de-multiplexer

In order to generate SBS in arbitrary spatial modes, the pump or probe wave which is
sent through the fundamental mode in the SSMF is converted to one of the
supported spatial modes and launched into the c-5MF using a free-space mode
multiplexer (MMUX), as shown in Fig. 4.13(a). The MMUX can also be a mode de-
multiplexer (MDMUX) if the signal is launched through the opposite direction. To
maximize the system flexibility and to make the mode conversion reconfigurable,
four LCOS based SLMs are used in the MMUX for mode generation. Unique phase

patterns can be programmed onto the SLMs, and the relationship between the SLM
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phase patterns and the spatial modes as shown in Fig. 4.13(b). The insertion loss of

the mode launcher (ML) is about 1.4 dB for LPo:mode and 3.9 dB for LP1: mode.

(a) SMF  SMF  SMF (b)  EiberMode SLM Phase
Portl Port2 Port3

Mode MUX/DMUX
1 1 - » [}
--F |
LPlla ..
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Fig. 4.13. (a) Schematic diagram of a free-space mode multiplexer (MMUX),
only one polarization is illustrated (both polarizations are used in experiment).
(b) Spatial modes in the 5SMF and the corresponding SLM phase patterns.
CL1~CL3: collimating lens, M1/M2: turning mirror, BS: non-polarizing beam
splitter.

% System configuration of FM-BOTDA

The setup of our FM-BOTDA is shown in Fig. 4.14. A 1550 nm external-cavity laser
(ECL-1) is used as the light source. Continuous-wave (CW) from ECL-1 is divided into
three paths by two 3dB single-mode fiber couplers. The signal flow on each path is as

follows:

(i) CW light in upper path (pump-1) is modulated by an electro-optic
modulator (EOM) driven by a 2-channel arbitrary function generator (AFG),
which generates 30 ns Gaussian pulse with 5-kHz repetition rate. After
amplification by an EDFA, the pulsed pump wave is then selectively
converted to a specific spatial mode, and finally fed into the FUT through a

mode multiplexer (MMUX-1).

(ii) CW light in middle path (pump-2) is modulated by an intensity modulator
(IM) driven by a RF synthesizer. The IM is biased at null point so that a
double-sideband (DSB) signal is obtained (frequency @ +vr and — vg). The
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DSB signal then passes through a tunable optical band-pass filter (OBPF) to
remove lower sideband (vr). The single sideband signal is then amplified by
an EDFA, selectively converted to a specific spatial mode, and finally fed into
the FUT in the opposite direction through another mode multiplexer
(MMUX-2). The average launch power into the FUT is 11.7 dBm for pump 1

and 9.6 dBm for pump 2. The launch power of probe wave is 8.2 dBm.

CW light in lower path (LO1) is used for providing LO to the 6x6 coherent
receiver. The measured insertion loss is 3.5 dB for LPO1 mode and 6.5/ 7.2

dB for LP11a / LP11b modes, respectively.

Synthesizer 1
Pump-2 OBPF  pc EDFA Pump-2
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) sw1
MzZM
Pump-1 ocC FUT
EOM-1 > g

7
L, Pol. Div.
M—E: Co-Rx
L02 Pol. Div.

oy N o0 Co-Rx
LO1 Sw4a

—— Pol. Div.
G0 Co-Rx

Fig. 4.14. Experimental setup for the proposed few-mode Brillouin optical
time-domain analyzer (FM-BOTDA). MZM: Mach-Zehnder modulator; EOM:

electro-optic modulator; OBPF: optical band-pass filter; MS: mode stripper;

MC: mode converter; TDS: time-domain (sampling) scope.

For BGS measurement, the Brillouin amplified signal in pump-2 is de-multiplexed

the 12

reciprocally by MMUX-1 onto three paths, and converted back to LPo1 modes by the
subsequent MCs and MSs. The three de-multiplexed optical signals are then directed
by three optical circulators (OCs) and fed into a 6x6 coherent receiver. The receiver

has 6 optical hybrids and 12 balanced PDs with 3-dB bandwidth of 15 GHz. Finally,

tributaries of electrical signal comprising the in-phase and quadrature
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components of all the modes and polarizations are sampled by three Tektronix
digital oscilloscopes with sampling rate of 25-GSa/s. The three oscilloscopes are

synchronized and triggered by the AFG so that distributed measurement is enabled.

For BDG measurement, we introduce another tunable external-cavity laser (ECL-

2) to generate probe wave with wavelength at 4,. The CW from ECL-2 is divided into

two branches: the upper branch is modulated with another EOM driven by the same
AFG (30 ns Gaussian pulse, 5-kHz repetition rate) to provide pulsed probe wave. The
probe wave is then amplified, converted to LP112 mode, and fed into the FUT in the
same direction as pump-1 through MMUX-1. The lower branch (LO2) is used for

providing LO to the 6x6 coherent receiver.

The choice of LO depends on which scheme the FM-BOTDA is operating. For BGS
scheme LO1 (provided by ECL-1) is used to detect the amplified pump-2 wave, and
for BDG scheme LO2 (provided by ECL-2) is used to detect the BDG reflected probe
wave. It is also possible to simultaneously detect BGS and BDG providing there are
enough coherent receivers. Since the SBS efficiency depends on the state of
polarization (SOP) of the two pump waves, we align the SOP of the two pump waves

at the input end of pump-1 to maximize the SBS efficiency.

R/

¢ System configuration of temperature and strain sensing

Water bath Fiber Stretcher

= 50m —+— 50m ——— 1.18m —

Fig. 4.15. Configuration of the FUT for temperature and strain sensing.

For the experimental setup of the FMF multi-parameter sensor, the FUT is divided
into four sections for the simultaneous temperature and strain sensing, as shown in
Fig. 4.15. The first section (L; = 50 m) is spooled and placed into a water bath with
+0.1 °C tuning accuracy. The second section (L2 = 50 m) is also spooled but placed

outside the water bath for the isolation purpose. The third section (L3 = 1.18 m) is
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pulled straight and fit into a fiber stretcher that can pull the fiber back and forth
along a single axis with £1 um accuracy, so as to apply proper axial strain. The last
section (L4) contains the remaining part of the FUT, which is spooled together and

placed still on the optical bench.
4.4.3 Experimental demonstration

% Measurement of Brillouin gain spectra

We first measure the BGS by launching pump-1 and pump-2 (serving as probe) into
the FUT. The pump (pump-1) power is 10 mW and the probe (pump-2) power is
1ImW. To efficiently generate SBS, we set the center frequency of RF synthesizer vr at

10.5 GHz (= vg). The BFS is roughly pre-estimated from spontaneous Brillouin

scattering.
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Fig. 4.16. Received signal using heterodyne coherent detection. (a) Time-
domain trace of probe signal, (b) Spectrum of probe signal with Brillouin gain
(w. SBS). The frequency of probe is offset from pump by -10.52 GHz. Pump

power is 10 mW.

In each analysis, we scan over a £ 250 MHz frequency range with a step-size of 2
MHz. The signal trace is recorded twice for each frequency and processed offline
with Matlab program. The digital signal processing (DSP) in our program includes the
following procedure: (1) IQ imbalance compensation; (2) Fast Fourier Transform
(FFT) to get spectrum; (3) Peak search in the vicinity of vF; (4) BGS composition; and
(5) Lorentzian curve fitting. The sampling rate of Tektronix oscilloscopes is set at

25GSa/s and the recorded timing length is 40 ps (1 x 106 sample points), which is
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equivalent to the roundtrip delay of a 4-km fiber. The spectra of received signal are

smoothed over 1MHz (10 points) and averaged 2 times to reduce the noise.

Fig. 4.16(a) shows the timing trace of received probe signal. The peaks in the
timing trace are the Fresnel back-reflections of the pump pulse. The first peak is the
reflection occurs at the silica-air interface of ML1 (start of FUT), and the last peak is
the reflection occurs at the silica-air interface of ML2 (end of FUT). The other minor
peaks are the multi-path reflections of the preceding pump pulses. The triangle
shape between the two peaks is the amplified probe signal due to the SBS effect. The
time trace of probe is then divided into 25-ns segments representing the SBS effect
in 2.5-m fiber (5 m roundtrip), which is the maximum achievable spatial resolution
limited by the pump pulse width. The spectrum of received signal is shown in Fig.
4.16.(b), where the main peak near -vr (-10.5 GHz) is the probe signal to analyze, the
middle peak is the pump/LO, and the other minor peaks are electrical noise and/or
harmonics from the oscilloscope. By sweeping the synthesizer frequency and
measure the signal power at -vg, power spectra in each 2.5-m fiber segment can be
composed. The proposed method also makes our analysis immune to most system

variations.

Fig. 4.17(a) shows the power spectra without and with Brillouin gain. The two
spectra are consecutively measured in a same 40-ps time frame, within which the
channel is assumed to be stable. We find that there are noticeable ripples in the
composed spectra, which is due to the modal interference caused by the limited
modal extinction ratio of the mode launchers (~15 dB). To solve this problem, we
subtract the spectrum without Brillouin gain from that with Brillouin gain (w/gain).
The proposed differential method provides clean and stable BGS in each fiber
segment, as shown in Fig. 4.17(b). The BGS is then fit to a Lorentzian curve, from

which the center frequency (= BFS) and width of the gain spectrum are obtained.
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Fig. 4.17 (a) Composed power spectra of the probe signal without (w/o) and
with (w/) Brillouin gain, and (b) calculated BGS distribution (before
Lorentzian fitting) for 0-20 m FUT.

7

% Measurement of the FMF multi-parameter sensor based on

BOTDA technique

The experiment is carried out in three steps.

(i) Setp 1: we measure the temperature and strain sensitivity for LPO1 mode.
Uniform phase pattern is applied onto the SLM. The pump wave has a pulse
width of 25 ns with a repetition rate of 2.5 kHz, and is amplified to 5 mW
before launching into the FUT. The probe wave is CW and the power is 0.5
mW. In each analysis, the synthesizer frequency is swept from 10.45 to 10.64
GHz with a step-size of 2 MHz for the BGS measurement. For each frequency
point, the probe signal is sampled 20 times on the digital oscilloscope and the
data is processed offline with MATLAB program. To measure the temperature
and strain coefficients, we first benchmark the sensor performance under
room temperature (25 °C). We then increase the temperature of water bath
from 30 to 90 °C with 10 °C per step, and measure the BGS for the fiber

segment in L, (in the water bath) on each temperature step using the same
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procedure as described above. After that, we apply axial strain to the fiber by
gradually moving the linear stage from 0 to 2 mm in the fiber stretcher with
0.25 mm (211.86 pe) per step, and measure the BGS again for the fiber

segment in L3 (in the fiber stretcher).

(ii)  Setp 2: we measure the temperature and strainsensitivity for LP1 mode.
Phase pattern with © phase jump is applied onto the SLM. It is known that

LPizmode in a circular-core FMF has two-fold degeneracies (LP11a and LP1).

(iii)  Step 3: we investigate the discrimination of temperature and strain using the
measured coefficients from the two spatial modes. For a fair comparison we
use [159] as reference, and maintain the same accuracy of 0.1 MHz in all the

BFS measurements for both spatial modes.
4.4.4 Results and discussions

% Temperature & strain response of BGS

S
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Fig. 4.18. Measured BGS (after Lorentzian fitting) when (a) temperature is
increased, or (b) strain is increased. Pump & probe is launched through LPo;
mode.
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Firstly, we measure the temperature and strain sensitivity for LPg1 mode and the
temperature & strain response of BGS (after Lorentzian fitting) for LPo1 are shown in
Fig. 4.18, respectively. As we can see, the BGS moves to the higher frequency as the
temperature or strain increases. Since the fiber length in L3 (1.18 m) is shorter than
the spatial resolution (2.5 m), we notice that the BGS measured at L; splits to a dual-
peak shape as the strain increases. The left peak remains at the same frequency,
which is the BGS for the fiber that has no axial strain. The right peak moves to the

higher frequency as the strain increases, which is BGS of fiber that has axial strain.
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Fig. 4.19. Measured BGS (after Lorentzian fitting) when (a) temperature is
increased, or (b) strain is increased. Pump & probe is launched through LPi;

mode.

Because there is no noticeable difference in the sensing performance, we choose
to show only the result of the odd LP1; mode (LP11a). Following the same procedure
as for LPo1; mode, we measure the BGS whilst increasing the temperature or strain
and the temperature & strain response of BGS (after Lorentzian fitting) for LP11 are

shown in Fig. 4.19, respectively.

0,

s Temperature & strain response of BFS
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and (b) applied strain. Pump/Probe: LPo; mode.

By analyzing the center frequency of BGS we obtain the BFS for LPo1 mode, and its

relationship with the temperature and strain is shown in Fig. 4.20(a) and Fig. 4.20(b).

By linear fitting the data, we obtain the temperature and strain coefficients for LPo1

mode, which are Ap1 = 1.01690 MHz/°C and Bo1 = 0.05924 MHz/ue, respectively.
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Fig. 4.21. Measured Brillouin frequency shift as a function of (a) temperature
and (b) applied strain. Pump/Probe: LP1; mode.
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Following the same procedure as for LPp1 mode, we measure the corresponding
BFS for LP11 mode as a function of temperature and strain is shown in Fig. 4.21(a)
and Fig. 4.21(b). Similarly, by linear fitting the experimental data, we obtain the
temperature and strain coefficients for LP1; mode, which are A1 = 0.99099 MHz/°C

and B11 = 0.04872 MHz/ g, respectively.
% Discrimination of temperature and strain

By putting the standard error (Av, =+0.1MHz) into to Eq. (4.17), the accuracy of

temperature/strain discrimination is 1.2 °C and 21.9 pe. Compared with the single-

mode PMF [159], the discrimination accuracy for our FMF sensor is slightly worse

because of the smaller denominator det(H), Due to the limitation of our

experimental setup, we are not able to generate arbitrary temperature and strain
change at the same time. To verify the discrimination capability of the FMF sensor,
we choose two temperature and strain settings, (80 °C, 0 pe) and (25 °C, 1694.9 ue)
for analysis. We use the first setting as the origin, so that the second setting can be
deemed as with simultaneous temperature and strain change. The measured data of
vs under the two settings are (10607.0 MHz, 10580.2 MHz) and (10562.9 MHz,
10552.3 MHz) for (LPO1, LP11) mode. By putting the value into Eq. (4.17), the
estimated temperature and strain changes are AT =-54.2 °Cand As = 1674.8 pe. As
can be seen, the estimation error is only (0.8 °C, 20.1 ue). The result shows that our
proposed FMF sensor has good reliability and accuracy for the discrimination of

temperature and strain.
4.5 Conclusions

In this chapter, we review our recent progress in the design and fabrication of few-
mode fiber based optical sensors. Firstly, we characterize the performance of
discrete optical sensor based on interferometer structure. The first kind is
polarimetric interferometer sensor utilizing the mode beating between the
polarizations (x and y), and its wavelength shift of the interfering transmission
spectrum against temperature and strain (sensitivity against temperature and strain)

is characterized as -1.72 nm/°C and 24.5 pm/ue in a PM-FMF. The second kind is
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intermodal interferometer sensor utilizing the mode beating between the spatial
modes (LPo1 and LPi1), and its sensitivity against temperature and strain is
characterized as -0.043 nm/°C/ and -0.0023 nm/ue in a TMF. The proposed TMF
intermodal interferometer sensor exhibits great potential due to good interfering

visibility, good linearity, high sensitivity, and low cost.

After that, we continue to introduce the concept of FMF based distributed
sensors. We demonstrate efficient generation of BDG in a FMF using two counter
propagating pump waves in LPo1 mode and a probe wave in LP1; mode. Combined
with coherent detection and optical time-domain analysis, we propose a unique FMF
based multi-parameter optical fiber sensor for distributed measurement of
temperature and strain. We launch a pump and a probe signal through specific
linearly-polarized modes into a FMF, and monitor the BFS in each mode. By analyzing
the temperature and strain coefficients of the BFS of the two lowest order (LPo1, LP11)
modes, discrimination of temperature and strain are successfully demonstrated,

with an accuracy of 1.2 °C and 21.9 pe.

In conclusions, we have introduced several novel techniques for FMF based
optical sensors and reviewed their recent progress. With the availability of high
reliability few-mode devices and advance of fiber-optic technology such as SDM and

coherent detection, FMF may have great potential in future fiber sensing systems.
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5 Complex Imaging via Coherent Detection
5.1 Introduction

Optical fibers supporting multiple spatial modes have recently undergone an
abundance of renewed interest, evidenced by the increased use of few-mode and
multimode fibers for high-speed telecommunications [76] and the use of highly
multimode fibers for endoscopic medical imaging [160]. Meanwhile, the technique
of SDM can provide a way to increase the information capacity of a single fiber and
the large modal area of these fibers is beneficial in alleviating detrimental nonlinear
effects and reducing the chance of fiber damage, respectively. This results in a need
to accurately characterize the modal propagation in such fibers. The development of
reliable and accurate techniques to investigate in detail the modal content of

multimode fibers has thus become a topic of great interest.

In recent years many techniques have been developed to measure the modal
content of few mode fibers. For telecommunications applications, this has been
achieved in a number of ways including selective mode launch [161-162], modal
weight solvers [163] and time of flight [164] based on interferometry. In above cases
it is assumed that the underlying propagation modes of the fiber are known, and
that minor deviations from these will simply result in mode-coupling or slight
variations in time delay. Another technique originally developed by Nicholson et al.
[165] is called Spatial and Spectral (S2) imaging technique, which is based on both
spatially and spectrally resolving the image of the output of the fiber under test
without prior detailed knowledge of the fiber properties. For medical imaging
applications, such characterization has been achieved by scanning a diffraction
limited Gaussian spot across the input facet of a fiber and then using a reference
beam, transported by a separate optical path, to produce interferometric images of
the fiber facet on charge-coupled device (CCD) [166] or a single-pixel detector [167].
In [166], a two-dimensional heterodyne detection technique based on the
frequency-synchronous detection method is demonstrated for full-field optical
coherence tomography, which detects the in-phase and quadrature components of

the heterodyne signal simultaneously, offers the advantage of phase-drift
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suppression in interferometric measurement. However, the paper only measures
amplitude profiles, lacking in phase characterization. In [167], the paper measures
amplitude and phase images of a fiber facet in two orthogonal polarizations using a
single-pixel detector and a phase-only LCOS SLM without using a separate reference
beam or a CCD. The main drawback of this technique is speed, as each 29 x 29 phase
image takes about 20 min to capture; also, the quality of the phase image is not ideal

[168].

Therefore, we propose and implement a novel method to recover both
amplitude and phase images and coherently detect the in-phase and quadrature
components of the heterodyne signal simultaneously with a pair of CCD cameras. In
this way, both amplitude and phase mode patterns for fundamental and higher-
order modes transmitted in optical fibers could be characterized. In this chapter, we
first introduce the motivations and review current technologies of complex imaging.
In Section 5.2, we give the fundamentals of our proposed complex imaging
technique including the principles and theoretical algorithms. In Section 5.3, we
introduce the system configuration, digital signal processing procedures of complex
imaging, and then demonstrate mode fields in the far-field and near-field of a two-
mode fiber using complex imaging technique, including theoretical fundamentals,
simulation results for comparison. In Section 5.4, we use our proposed imaging
technique for fiber characterizations. We firstly characterize mode patterns of pure
fundamental mode and higher-order modes in FMFs as a validation of our imaging
method. Next our method is also applied to mode decomposition and modal content
analysis of an arbitrary mixed mode pattern. Finally, we sweep the input wavelength

and measure differential mode delay (DMD) in FMFs.
5.2 Fundamentals of complex imaging

The detection technique of our proposed complex imaging could be regarded as
free-space homodyne detection, which is based on coherent detection technique.
Coherent detection technique has already been widely employed in optical fiber
transmission for ages that is realized by six-port hybrid devices. Using a six-port 90°

hybrid for signal detection and analysis has been practiced in RF domain for decades
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[32-33], and its application to single-carrier and OFDM coherent optical systems can
be also found in [31, 111]. Correspondingly, we could apply the detection technique
to free-space and six-port hybrid device could be replaced by our proposed free-

space hybrid-receiver.

3 B

(Es+ Ep I
£ e
90 CCD1
Free-space '3 *
Hybrid Lo gy
oC (ES +JEI') Q
B, =
CCD2

Fig. 5.1. Conceptual diagram of free-space homodyne coherent detection. Es:
Incoming Signal; Er: Interfering Reference; CCD: Charge-Coupled Device; |

(Q): Inphase (Quadrature) component of the complex signal received from

CCD1 (CCD2);i: Complex Signal.

As shown in Fig. 5.1, free-space homodyne coherent detection uses a free-space
hybrid and a pair of CCDs. The main purposes of coherent detection are (i) to linearly
recover | components and Q of the incoming signal, and (ii) to suppress or cancel the
common mode noise. In what follows, in order to illustrate its working principle, we
will perform an analysis of coherent detection via free-space hybrid receiver

assuming ideal condition for each component shown in Fig. 5.1.

The purpose of the two output ports of the 90° optical hybrid is to generate a 90°
phase shift between | components and Q. Ignoring imbalance and loss of the optical

hybrid, the output signals | and Q can be expressed as

1, =(E,+ EE +E,y =|E[ +|E,[ +2Re{E.E,’} (5.1)
1, =(E, + jEXE,+jE,y =|E[ +|&,[ +2Im{E B’} (5.2)

where £, (X,y,t) =A (X’y)ej(zm%(x,y)) , E. (X,y,t) -4 (X’y)ej(zmwl.(x,y)) Re’ or ‘Im’
denotes the real or imaginary part of a complex signal, x and y are denoted as the

two spatial dimensions of CCD, ¢ is denoted as time, A.(x,y) and A.(x,y) are
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spatially dependent amplitudes for signal and reference respectively, ¢,(x,y) and
¢,(x,y) are spatially dependent phases for signal and reference respectively. For

simplicity, the CCD detection responsivity is set to unity. If we average | and Q over

time, [_]:i{AS2+Ar2}, %:i{ASZJrAf} , and the two components from the pair

of CCDs can be derived as

I;-1,=2Re{E,E,"| (5.3)
Ig-Tg=2Im{EE,} (5.4)

Using the results of Eqg. (5.3)and Eq. (5.4), the complex detected signal I consisting

of both | components and Q becomes
I=1, +jlg = ZESEF* = AS(X,y)A:(X,y)ej(%(X’y)f%(X’y)) . (5.5)

From Eqg. (5.5), the linear down-conversion process via coherent detection
becomes quite clear; the complex product 7 is in essence a linear replica of the
incoming complex signals that is frequency down-converted by a local oscillator
frequency. Thus with linear coherent detection as receiver, we obtain the two-
dimensional (2-D) complex signals with relative amplitude and phase to the
reference. Therefore, the reference beam should be ideally a perfect reference with

flat intensity and phase within the interfering area.

5.3 Complex imaging for waveguide laser mode patterns

in the near-field and far-field

5.3.1 System configuration

The complex imaging conceptual configuration is shown in Fig. 5.2(a) and
experimental setup is shown in Fig. 5.2(b). The laser source is an ECL, amplified by an
EDFA. A 2-by-2 coupler is then connected to split the lightwave into two paths: the

signal under test and the reference.
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Fig. 5.2. (a) Conceptual diagram of the complex imaging setup. (b) Schematic
of the complex imaging setup. (i) Schematic diagram of a Free-space Phase
Modulator (FSPM). (ii) Schematic diagram of a Free-space Hybrid Receiver
(FSHR). LD: Laser diode; OA: Optical amplifier; CCD: Charge-coupled device.

For the reference path, the beam goes directly to the Free-space Hybrid Receiver
(FSHR) through a SSMF, which functions as compensation for different optical path
lengths between signal and reference. For the signal path, the optical beam is then
coupled into a Free-space Phase Modulator, which is consisted of a 4F system with a
SLM operating in reflection mode.The modulated signal is then coupled back into the
FUT to generate and transmit the modes we would like to test (Please refer to

Section 2.3.2.2 for detailed introduction of SLM).

At the exit of the FUT, the beam goes to the Free-space Hybrid Receiver (FSHR)
and is split into two paths: In-phase path (I) and Quadrature path (Q). The signal in
the two paths is then combined with the reference separately and fed into two far-

field CCDs (Xeneth, Bobcat-320) as | and Q individually. The intensity of the
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interfering patterns detected on CCD1 and CCD2 is then collected and recorded for
further DSP.

To be noted, (1) the two SLMs (SLM2 and SLM3) in the Free-space Hybrid
Receiver (FSHR) are programmed to adjust and generate a 90° phase shift between |
and Q components; (2) the two CCDs are synchronized with a frame rate of 20Hz

(£, =20Hz ) using a pulse generator; (3) a beam expander (Thorlabs, BEO6R/M, 6x)

is added to expand the reference beam so that the beam could be regarded as a
perfect reference with flat intensity and phase within the interfering area, which is
done by using LPo1 mode in SSMF as reference during the experiment; (4) lengths of
the light path for both reference and signal are relatively equal by adjusting the
length of the optical delay fiber; (5) lengths of the light path for | and Q are also

made equal to achieve stable interference pattern.
5.3.2 Digital signal processing procedures

Conceptual diagram for Digital Signal Processing (DSP) procedures is shown in Fig.
5.3. The intensity of the interference pattern detected on CCD1 is denoted as |, the
other one detected on CCD2 is denoted as Q. We collect 400 frames (20 seconds) in
succession for better accuracy. The complex imaging signal processing involves (1)
compensation for spatial imbalance between | and Q; (2) compensation for power
imbalance between | and Q; (3) averaging with time to remove summation intensity
of signal and reference; (4) orthogonalization and compensation for the 90° hybrid
imperfection following the Gram—Schmidt orthogonalization procedure (GSOP) [169];
(5) phase estimation and recovery for the 2-D complex far-field; (6) performing two-
dimensional Fourier Transformation on the 2-D far-field to achieve near-field on the

basis of Near-to-Far-Field Transformation.
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Conceptual diagram for DSP procedures
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Fig. 5.3. Conceptual diagram for Digital Signal Processing (DSP) procedures,
for (i) ~ (v), the experimental constellation diagrams for one single pixel at

each step are plotted. Comp.: Compensation; Ortho.: Orthogonalization.

A constellation diagram displays the signal as a two-dimensional X-Y plane
diagram in the complex plane at symbol sampling instants, which can be used to
recognize the type of interference and distortion in a signal. To better illustrate the
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function of each step in the DSP procedures, we plot the constellation diagrams of |
and Q at each step, which are denoted as (i) ~ (v) as shown in Fig. 5.3. For the
experiment, we generate pure LPO1 mode and the FUT is a 10-meter SSMF. The
beam profiles typically span at least a 128 x 128 pixel area in far-field, and for the
illustration, one single pixel is selected and its constellation diagrams are plotted. We
collect 400 frames (the colleting time frame is 20 seconds) in succession for one
measurement. From the constellation diagrams (i) ~ (v), we can see that steps (1) ~
(4) correct the main optical impairments and hardware imperfections; transform the
ellipse into a circle. The orthogonality for received signals with quadrature imbalance
can thus be restored with the amplitudes of the recovered signals normalized

correctly [169].
5.3.3 Experimental demonstration

Table 5.1. Parameters for custom-designed c-2MF

Parameter Unit Value
Core Diameter pum 11.9
Cladding Diameter pm 109

Refractive Index (Core) 1.4519

Refractive Index (Cladding) 1.4440

Effective Refractive Index (LPo1) 1.4498

Effective Refractive Index (LP11) 1.4468
Chromatic Dispersion (LPoz) ps/(nm*km) 22.1
Chromatic Dispersion (LP11) ps/(nm*km) 17
Effective Area(LPo1) pm?2 94.7
Effective Area (LP11) um?2 99.9
DMD LPo1 - LP11 ps/m 3.0

LP11 Cut-off Wavelength pm 2.323
Fiber Loss(LPoz, LP11) dB/km 0.26

Following the system configurations in Section 5.3.1 and experimental procedures
illustrated in Section 5.3.2, we perform the experiments and obtain complex
coherent imaging for waveguide laser mode patterns in the near-field and far-field.
The FUT is a custom-designed circular-core TMF (c-2MF). The fiber parameters are

summarized in Table 5.1.

5.3.3.1 Mode fields in the near-field
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5.3.3.1.1 Theoretical fundamentals

Buffer Coating

Core

Cladding

Refractiveindex profile Optical fiber construction Optical fiber coordinate system
Fig. 5.4. Schematic for a typical step-index optical fiber structure

In homogeneous isotropic medium where the refractive index is 2z, the propagation

constant is 5, the wavenumber in vacuum is k,, and the wave equations could be

written as

21 L2270 _
VE-kynE=0 (Vector Equations) (5.6)
V:H - k*n’H =0

For a simplification, the cylindrical geometry (homogeneous in the z direction)
suggests a formal decomposition of the vector operators into spatial z- (longitudinal)

and T- (transversal) operators and vectors.

A typical step-index optical fiber construction and its refractive index profile are

plotted in Fig. 5.4, n, and n, are denoted as the refractive index of the core and

cladding, respectively, and a is denoted as radius of the core. And finally, the
solutions for the spatial components are derived by using the method of separation

of variables as

E,=AJ, (kr) [Sm m(”] e P

cosme (Within the core region) (5.7)
Hy = BlJm(kcr){c?sm¢ o ib
sin mge
B, - AZKm(acr)(smmq)jemZ
cosme (Within the cladding region) (5.8)

c?s me\ s

H, = B2Km(acr)[
sin mg
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, Where &2 = k)’n? - %, a% = k,°n,°> - p*; m=0,12,...; J,(k,r) is Bessel function
of the first kind, and the order of the Bessel function is M; K, (a.r) is the modified

Bessel function of the second kind, and the order of the modified Bessel function is

m; A, B, A and B, are unknown constants to be determined by boundary

conditions.

The refractive-index difference of practical fiber is of the order of 1%. Moreover
index differences of the most important single-mode fibers for optical

communication are about 0.3 ~ 0.8%. Then we can approximate asn, /n, =1. Since
an LP mode is derived by the approximation ofn,/n =1, these LP modes,
designated as LP,,, are good approximations formed by exact modes TE, TM, HE and

EH. The mode subscripts | and m describe the electric field intensity profile. There
are 2/ field maxima around the fiber core circumference and m field maxima along

the fiber core radial direction [59, 170].
5.3.3.1.2 Simulation results

Based on the theoretical fundamentals in Section above, we perform the simulations
of mode fields for the near-field with MATLAB®. In the simulations, the FUT is the c-
2MF, with its parameters already given in Table 5.1. The wavelength A is set at 1550
nm and all the field energies are normalized to 1. For the simulation results, the

transverse (X,Y) field patterns propagated in the z-direction for the three spatial

modes are displayed in Cartesian coordinate system.

Fig. 5.5 shows the electric field amplitude profiles of the guided modes of the c-2MF,
and Fig. 5.6 shows the electric field phase profiles of the guided modes of the c-2MF.
The total electric field distribution anywhere in a multimode fiber or a few-mode
fiber is a superposition of contributions from the different modes. The complex
profile depends not only on the optical powers in all the modes, but also on the
relative phases, and there can be constructive or destructive interference of
different modes at particular locations in the fiber. Both the powers and optical

phases are initially determined by the launching conditions, and the relative phases
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(and thus the interference conditions) evolve further due to the mode-dependent

propagation constants. Therefore, the more or less complicated complex pattern

changes all the time, typically with significant changes occurring within a

propagation length of well below 1 mm. Also, the relative phases changes with any

modifications of the launching conditions, bending or stretching of the fiber, changes

of the wavelength or temperature, etc.
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Fig. 5.5. Electric field amplitude
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Fig. 5.6. Electric field phase profiles for all the guided modes of the c-2MF.

Light green areas in the phase graphs indicate regions where the field intensity
is below 5% of the peak field amplitude.
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5.3.3.1.3 Experimental results

After we obtain complex mode field in the far-field, we perform the two-dimensional
Fourier Transformation on the 2D far-field to achieve near-field on the basis of Near-

to-Far-Field Transformation.

Complex mode pattern imaging for the guided modes of the c-2MF (LPo1 mode
and LP1; mode) in the near-field are shown in Fig. 5.7. For the experiment, we (1)
generate pure LPo1 mode of the c-2MF with the extinction ratio of 27.1 dB, and the
electric amplitude image and phase image of the LPo1 mode in the near-field are
shown in Fig. 5.7(a) and (b), respectively. (2) Generate pure LP11 mode of the c-2MF
with the extinction ratio of 20.5 dB, and the electric amplitude image and phase
image of the LP11 mode in the near-field are shown in Fig. 5.7(c) and (d), respectively.
The experimental results are consistent with the simulation results in the Section

above.
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Fig. 5.7. (a) Electric near-field amplitude image for LP01 of the c-2MF. (b)
Electric near-field phase image for LP0O1 of the c-2MF. (c) Electric near-field
amplitude image for LP11 of the c-2MF. (d) Electric near-field phase image for
LP11 of the c-2MF. Light green areas in the phase graphs indicate regions

where the field intensity is below 10% of the peak field power.
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5.3.3.2 Mode fields in the far-field

5.3.3.2.1 Theoretical fundamentals

Most of the power of a guided wave is radiated from the fiber end in the form of a
free diverging wave beam. Essentially, the fundamental fiber mode is transformed
into the fundamental Gaussian beam mode and the second order fiber mode into
the second order Gaussian beam mode. The fiber end acts as transmitting dielectric
antenna, transforming a guided electromagnetic wave into a freely propagating

wave [Neumann 1967a].

®,

s Far-field radiation pattern

-

Optical fiber Source point Observation point

Fig. 5.8. Cylindrical polar coordinates (p’, ®’, 0) of the source point in the
fiber end face and cylindrical polar coordinates (p, ®, z) and spherical
coordinates (r, 0, ®) of the observation point in the field radiated from the fiber

end.

We assume the fiber end to be planar and normal to the fiber axis. The fiber endface
is assumed to lie in the plane z =0, as shown in Fig. 5.8. The half-space z > 0 is filled

with air. A LR, mode is assumed to be incident from z =—o0. We are interested in
the radiation field in a point of observation P with Cartesian coordinates (x, y,z)

and spherical polar coordinates(r,6, ) .

Moreover, the transverse field extent in the radiating aperture is assumed to be
large as compared to the wavelength. There is then no radiation for polar angles 6

much larger than about 10°. In order to get a simple formula for the radiation field,
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the distance r of the observation point P from the center of the radiating fiber

endface is assumed to be much larger than the Rayleigh distance Z, of the radiated

beam:
r>Zy=a0" 12 (5.9)

where @, is the spot size of the fundamental fiber mode. The observation point is

then said to be located in the "far field".
% Relations between the near-field and far-field functions

With these assumptions, one may apply the simpler scalar diffraction theory for

calculating the electric field E, (X, Y, z) at the observation point; this is the so-called

far-field radiation pattern

E.(x,y,z)= t exp(—ﬂrr)” E(x .y )exp []'27[(% + %)]dx'dy' (5.10)

where r = «/X‘? +y* +z* is the distance of the observation point from the center of

the radiating fiber endface.

Conversely, the near field E(x',y’) can be calculated from the far field

E, (x,Y,2) by solving Eq. (5.10) for £ (£, ,£,):
Ep(f,,f,)=—jizexp(jkr)Es(x,y,2) (5.112)

with x =Azfy, v =22[y  and by inserting £,(£,,f,) into the formula for the two-

dimensional Fourier transform:
Eix,y)= ” Ep(£y,fy)expl-j2n(fyx + £,y )df £, | (5.12)

5.3.3.2.2 Simulation results
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Based on near-filed calculation and theoretical functions in Sections above, Fig. 5.9
shows the electric far-field amplitude profiles of the guided modes of the c-2MF, and

Fig. 5.10 shows the electric far-field phase profiles of the guided modes of the c-2MF.
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Fig. 5.9. Electric far-field amplitude profiles for all the guided modes of the c-
2MF.
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Fig. 5.10. Electric far-field phase profiles for all the guided modes of the c-
2MF. Light green areas in the phase graphs indicate regions where the field
intensity is below 5% of the peak field amplitude.

5.3.3.2.3 Experimental results
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Complex mode pattern imaging for the guided modes of the c-2MF (LPo1 mode and
LP11 mode) in the far-field are shown in Fig. 5.11. Fig. 5.11(a) and (b) shows the
electric amplitude image and phase image of LPp1 mode in the far-field; Fig. 5.11(c)
and (d) shows the electric amplitude image and phase image of LP11 mode in the
near-field. The experimental results are consistent with the simulation results in

previous Section.
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Fig. 5.11. (a) Electric far-field amplitude image for LPO1 of the c-2MF. (b)
Electric far-field phase image for LPO1 of the c-2MF. (c) Electric far-field
amplitude image for LP11 of the c-2MF. (d) Electric far-field phase image for
LP11 of the c-2MF. Light green areas in the phase graphs indicate regions
where the field intensity is below 10% of the peak field power.

5.4 Applications of complex imaging to fiber

characterization

5.4.1 Mode pattern imaging for pure modes in FMFs

In the past decade, interest has increased in the use of MMFs and higher-order

modes in many fields including Ay scaling in high power fiber lasers [171-172],

dispersion compensation [173], grating devices [174], and nonlinear optics [175] to
name a few. These applications require a high degree of control in mode excitation

and purity, thus necessitating accurate means to measure modal content. It would
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be particularly useful to monitor modal content in real time, so that parameters like
beam quality, thermal stability, etc., can be measured and adjusted dynamically by
controlling parameters such as coiling radii, alignment, pump/signal power, etc. In
many cases, the fundamental mode operation of a fiber is of particular interest due

to the high beam quality.
5.4.1.1 Theoretical fundamentals

To validate the proposed complex imaging technique, we conduct the following tests:
(1) generate pure LPo1 mode when the FUT is a 10-meter SSMF; (2) generate pure
LPo1 mode when the FUT is the custom-designed 10-meter c-2MF, which supports
two spatial modes, LPo1, LP11 at 1550 nm ; (3) generate pure LP11 mode when the FUT
is the c-2MF (4) generate pure LPo1 mode when the FUT is a custom-designed 10-
meter c-5MF, which supports five spatial modes, LPo1, LP11a, LP11b, LP21a and LP21p
mode at 1550 nm. In each of the above situations, we calculate the overlapping

integral 7 of the recovered (experimental) complex field £ and the theoretical

transverse mode field £,

. 2
‘IErE th

B F(1EF

(5.13)

The extinct ratio of each mode is then given by Cp. inctionratio :1010g10(1i) Ltis
-n

noted that we use a 10-meter fiber only because the length is long enough to filter

out cladding modes in few-mode fibers.
5.4.1.2 System configuration

The experimental setup for complex imaging has been illustrated in detail in Section
5.3. To generate pure fundamental and higher-order modes, the optical beam is
coupled into a free space phase modulator, which is consisted of a 4F system with a
SLM operating in reflection mode, as shown in Fig. 5.12(a). The modulated signal is

then coupled back into the FUT to generate and transmit the modes we would like to
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test. The relationship between the SLM phase patterns and the spatial modes are

shown in Fig. 5.12(b).
(a) Free-space Phase Modulator
Polarizer

SMF x‘-""

Collimating

lens Collimatinglens

X-Y stage

— X-Y stage

FUT

(b)
SLM phase patterns
Pattern

Generator

Phase Pattern Mode
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Fig. 5.12. (a) Schematic configuration of Free-space Phase Modulator. (b)

Spatial modes in the FMF and the corresponding SLM phase patterns.

5.4.1.3 Results and discussions

We first show the measured and reconstructed field for each situation in Fig. 5.13(a)
and (b). The calculated extinction ratios for these modes are shown in Fig. 5.13(c).
Multiple tests are carried out for validation. We can observe from Fig. 5.13(c), for
LPo1 mode in SSMF the extinction ratio is all above 23 dB, for LPo1 mode in c-2MF the
extinction ratio is all above 25 dB, for LP11 mode in c-2MF the extinction ratio is
above 17 dB, and for LPg1 mode in c-5MF the extinction ratio all above 27 dB. These

results with high extinction-ratio of > 17 dB show that the proposed complex
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imaging technique achieves an excellent performance, which is reliable and accurate
for further experiments such as mode decomposition and DMD (differential mode
delay) characterization.
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Fig. 5.13 (a) Experimental (left) and reconstructed (right) intensities of the
input. (b) Experimental (left) and reconstructed (right) phases of the input.
Light green areas in the phase graphs indicate regions where the field intensity
is below 10% of the peak field amplitude. Expt.: Experimental; Recon:
Reconstructed. (c) Measured extinction ratio of pure fundamental and higher-

order modes using complex imaging.
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Fluctuation observed in Fig. 5.13(c) is due to the stability limitation of the devices
used, such as fiber movement or optical table vibration. The fluctuation is more
apparent where the mode is purer and the extinction ratio is higher. The extinction
ratio is mainly limited by the imperfection of our measurement devices and sub-
systems Moreover, spatial or power imbalance between | and Q, non-functional
pixels of the CCDs also add up to the computation error and thus decrease the

extinction ratio.
5.4.2 Complete mode decomposition in FMFs

Table 5.2. Parameters for custom-designed c-5MF

Parameter Unit Value
Spool Length m 3,000
Core Diameter pm 14.4
Cladding Diameter pum 125
Refractive Index (Core) 1.4519
Refractive Index (Cladding) 1.4440
Effective Refractive Index (LPo1) 1.4503
Effective Refractive Index (LP11) 1.4481
Effective Refractive Index (LP21) 1.4453
Chromatic Dispersion (LPoz) ps/(nm*km) 22.56
Chromatic Dispersion (LP11) | ps/(nm*km) 22.66
Chromatic Dispersion (LP21) ps/(nm*km) 9.3
Group Delay(LPo1) ps/km 4908132.3
Group Delay(LP11) ps/km 4911851.2
Group Delay(LP21) ps/km 4913677.8
LP21 Cut-off Wavelength pm 2.825
LP11 Cut-off Wavelength pm 1.777
Fiber Loss dB/km 0.3

On the other hand, high-performance, high-power fiber-lasers [171, 176] demand
excellent output beam-qualities. The design of novel fiber platforms to achieve this
requires the propagation of only one mode in fibers that are not strictly single-
moded [177-181], putting a high premium on modal discrimination. Therefore, it is
essential to develop experimental methods that reveal the modal content and modal
weights. Specifically, technigques that make no assumptions about the fiber under

test are of interest.

The fundamental difficulty in modal decomposition is that the phase information

could not be derived directly. Here we use our two dimensional complex mode field
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to realize modal decomposition for the field at the output end of a generic
waveguide structure. In this work, we have analyzed c-5MF. The fiber parameters

are summarized in Table 5.2.
5.4.2.1 Theoretical fundamentals

The beam profiles typically span at least a 128 x 128 pixel area in far field, and after
Fourier transformed back to nearfield, there are at least a 35 x 35 pixel area in near

field. The calculation is demonstrated below.

The spatial resolution (or the so-called pixel pitch) of the far-field is 20 um (which

is dependent on the resolution of the CCD), and the relationship between the spatial

1
resolution of the near-field dn and the far-field df is 9n :df_L/If , Where A is the

wavelength, f is the focal length of the collimator, L is the FFT size. After putting in all
the terms, we get the value of d, which is 0.3406 um. On the other hand, the mode
field radius (or diameter) was defined as for Gaussian beams. For step-index single-
mode fibers, the mode radius (or diameter) could be estimated from the core radius
and the V-number, using Marcuse's equation [59]. With the specifications of the c-
5MF listed in Table 5.2, the near-field mode diameter is calculated as 11.9 um. As a
result, the pixel number for one dimension is calculated as 11.9 um / 0.3406 um = 35,
and we could say after Fourier transformed back to nearfield the mode span at least

a 35 x 35 pixel area in near field.

Since the field is determined over several hundreds of pixels (35x35=1225), we
can perform a least squares fit of the amplitudes and phases of the 5 modes using
the Moore-Penrose pseudoinverse analysis. This pseudoinverse technique is ideally
suited for over determined problems such as our case in which the image is
completely determined by a small number of coefficients. It conducts a least-squares
fit of the amplitudes and phases given the data over hundreds of pixels. This matrix
manipulation is fast, and the pseudoinverse gives the modal coefficients of the

chosen basis.
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In detail, the propagating field of a step-index fiber can be projected on the Eigen

modes of the fiber. It can be mathematically expressed at wavelength A as

N
E(x,y)= anej'g"ln(x,y) (5.14)

n=1

where E(x,y) is an arbitrary propagating filed and I (x,y) is the nth Eigen mode

of the fiber with modal amplitude p, and modal phased, (pn2 is called modal

weight/ power). The total number of the Eigen modes is N and all of them form an

orthogonal basis set. Normally, the fields mentioned above are normalized unit thus

N
leading tOZpH2=l, x and y is the horizontal and vertical coordinates. In fact, the

n=1

principle of the MD method is to achieve the modal amplitude and phase of
individual Eigen mode. It should be noted that this paper assumes the case of few-
mode step-index (SI) fiber whose Eigen modes can be described in terms of LP mode
[59]. Given fiber specifications and experimental parameters, the nth LP mode field

I (x,y) could be calculated. Through our complex imaging method demonstrated
in Section 5.3, the arbitrary propagating filed £(x,y) could be measured. If we
select M spatial pixels out, we have M equations in the form of Eq. (5.14), with N
unknown modal coefficients (C, = p,e’%, n=1,2,..N'), which could be written in the

form of the following matrices

[EQ ] [ L LA e e o I,O ]G

E©2) (2 1,2 e o Iy(2) | C,

* * ° * (5.15)
|EQD| | LM L) o o o Iy(M)|Cy

when the value of M outnumbers that of N, we could use the Moore-Penrose
pseudoinverse analysis to determine these unknown modal coefficients, and in this

way, the modal decomposition is performed.

Prior to MD, one should firstly calculate the theoretical LP modes according to

the parameters of FUT and the scaled parameters. In addition, the coordinate
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systems of the measured and reconstructed intensities should share the same origin
[182]. The alignment is vital for the accuracy of the MD. For calibration, the beam
centers are determined from signal beams with symmetric profiles. Then, the
decomposition algorithm optimizes this location by minimizing error as a function of
beam center. Since only the relative phases between the modes are important and
also we are not able to measure the absolute phase, we choose the phase of one of
the modes to be 0. In our case, we assume the phase of the fundamental mode

6, =0 and or other phases are relative to g, .

5.4.2.2 System configuration

For the experiment, we excite different mode combinations into the FUT. After

obtaining the 2-D complex mode fields by complex imaging, we perform Moore—

Penrose pseudoinverse analysis to achieve modal coefficient for each guiding mode.
Free-space Mode Generator

Collimatinglens Collimatinglens

SMF FUT

Polarizer

X-Y stage X-Y stage

Fig. 5.14. Schematic configuration of Free-space Mode Generator.

The experimental setup for complete mode decomposition using complex
imaging is the same as explained in the Section 5.3. To excite different mixed-mode
combinations into the FUT, we could either modulate different phase patterns onto
the input beam by using SLM, or simpler, use offset launch technique. The offset
launch is implemented by projecting a small circular spot onto the fiber end at a
position radially offset from the fiber core center. The offset launch allows the
excitation of a well defined subset of predominately higher-order mode groups to be
generated. The modal composition is determined by the offset, and we adjust the

offset so that different mixed-mode combinations could be exited into the FUT. We
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replace the Free-space Phase Modulator for the experimental setup (as shown in Fig.
5.2) with the Free-space Mode Generator (as shown in Fig. 5.14). The offset

adjustment could be realized by adjust the X-Y stage at the fiber end of the FUT.

The DSP procedures after we achieve the 2-D complex near-field through
complex imaging are summarized here: (1) mode decomposition using the Moore—
Penrose pseudoinverse analysis to perform a least-squares fit of the calculated 2-D
complex near-field; (2) mode reconstruction using modal amplitude (or power)
coefficients and modal phase coefficients obtained by step (1); (3) performance
evaluations with the 2-D cross correlation coefficient of the two fields (the recovered

complex near-field and the reconstructed near-field from step (2)).

5.4.2.3 Results and discussions

We first excite one mixed-mode combination (Combination ) into the FUT, and the
modal power (weight) and modal phase for each degenerate mode are shown in Fig.
5.15(a). Repeated tests are carried out which display similar results. The
experimental and reconstructed field amplitude and field phase for the input mixed-
mode field are shown in Fig. 5.15(b), and in Table 5.3, the final cross-correlation
coefficients between the experimental fields and reconstructed fields are displayed.
All the results are ~0.99, which leads to the conclusion that our proposed mode

decomposition technique shows excellent performance.

To demonstrate the repeatability and stability of our technique, we change the
composition of the input mixed-mode (Combination Il) and plot the same figures,
shown in Fig. 5.16. Table 5.4 also shows good correlation between the experimental

fields and reconstructed fields as all the cross-correlation coefficients are above 0.99.
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Fig. 5.15. (a) The recovered modal power and modal phase for each degenerate
mode, repeated for 3 times. (b) Experimental (left) and reconstructed (right)
field amplitude (top) of the input; experimental (left) and reconstructed (right)
field phase (below) of the input. Light green areas in the phase graphs indicate

regions where the field amplitude is below 10% of the peak field amplitude.

Table 5.3. Cross correlation coefficients

Correlation coefficient  Correlation coefficient

for field amplitude for field phase
Test1 0.992 0.996
Test 2 0.991 0.996
Test 3 0.992 0.997
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Fig. 5.16. (a) The recovered modal power and modal phase for each degenerate
mode, repeated for 3 times. (b) Experimental (left) and reconstructed (right)
field amplitude (top) of the input; experimental (left) and reconstructed (right)
field phase (below) of the input. Light green areas in the phase graphs indicate

regions where the field amplitude is below 10% of the peak field amplitude.

Table 5.4 Cross correlation coefficients

Correlation coefficient Correlation coefficient

for field amplitude for field phase
Test1 0.996 0.995
Test 2 0.996 0.992
Test 3 0.996 0.996
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5.4.3 Characterization of DMD for FMFs

Apart from 2-D full-field imaging and mode decomposition, the proposed complex
imaging could also be used to characterize differential group delay (DGD) for

communication systems.
5.4.3.1 Theoretical fundamentals

Modal dispersion is a distortion mechanism occurring in multimode fibers and other
waveguides, in which the signal is spread in time because the propagation velocity of
the optical signal is not the same for all modes. Dispersion could be measured with

group delay or mode delay Tg in the case of modal dispersion. The group delay (Tg)

of an optical element (e.g. a dielectric mirror or a piece of optical fiber) is defined as

the derivative of the change in spectral phase with respect to the angular frequency:

00

= 5.16
r (5.16)

It has the units of a time and generally (in dispersive media) depends on the optical
frequency and optical mode. It is noted that for FMF characterizations, DGD here is

also known as differential mode delay (DMD).
5.4.3.2 System configuration

The experimental setup for characterization of DMD for FMFs using complex imaging
is the same as explained in Section 5.3. To excite one arbitrary propagating mode
into the FUT, we could either use the Free-space Phase Modulator as introduced in
Section 5.4.1, or use the offset launch technique as introduced in Section 5.4.2. The

principles and the procedures for DMD characterization are illustrated as below:

(i) Sweep the wavelength of signal source (LD) within a small range. In our case,
since we would like to characterize the DMD around the wavelength 1550 nm,
the sweeping range is then from 1549.98 nm to 1550.025 nm with the step size

equals to 0.005 nm.
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(ii)

(iii)

(iv)

(vi)

Input an arbitrary propagating mode and collect mode pattern images at
corresponding wavelengths.

Recover the complex field with collected mode pattern images from last
step and perform mode decomposition to achieve the modal phases at
different wavelengths.

Calculate inter-modal differential phase between higher-order modes and
fundamental modes (inter-modal differential phase could also be called
differential mode phase) so that all the phases are referenced to the
fundamental mode and the differential mode phase is related to DMD.
Draw the curve of differential mode phase with change of wavelength.
Differential mode phase is linear to wavelength and the linear coefficient is

do . . dp do 2* .
equal to —= while the DMD per unit lengthr, =—="2"_ and is
q i P &N e = e di 2nc ®

differential mode phase. In this way, the DMD per unit length around the
wavelength 1550 nm is characterized.

We continue the characterization within C-band by repeating all the above
steps at the wavelength around 1530 nm, 1540 nm and 1560 nm. As a result,

the DMDs within the C-band could be characterized.

5.4.3.3 Results and discussions

The experimental result for c-2MF is shown in Fig. 5.17. The recovered modal power
for each degenerate mode (LPo1, LP11a and LP11p) versus wavelength is shown in Fig.
5.17(a). With modal phase data for each degenerate mode, differential mode phases
between LP11a and LPo1, LP11p and LPo; versus wavelength are shown in Fig. 5.17(b),
and the average of the two and its linear fit curve are also displayed in Fig. 5.17(b).
The linear fit curve shows good linearity. And thus, DMD between LP11 and LPo; is

calculated as 3.10 ps/m.
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Fig. 5.17. (a) The recovered modal powers for the 3 modes, versus wavelength
around the wavelength of 1550 nm. (b) Differential mode phase curve versus

wavelength around the wavelength of 1550 nm.

We continue the characterization within C-band by repeating the above
procedures at the wavelength around 1530 nm, 1540 nm, 1550 nm and1560 nm and
the results are shown in Fig. 5.18(a) - (d) are the average of the differential phases
between LP11; and LPo1, LP11p and LPo1, following the same procedures mentioned
above. The linear fit curve is plotted for each figure and with the data of the slope;
DMD between LP;; and LPo1 is calculated at each wavelength point. The final
calculated DMDs within the C-band are displayed in Fig. 5.18(e), and the theoretical
DMDs are also plotted for comparison. The figure shows that our experimental

results are consistent with the theoretical data.

We also measure the DMDs around the wavelength 1550 nm for the 10-meter c-

5MF. The experimental result is shown in Fig. 5.18(f). Both of the two differential
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mode phases show good linearity while different slopes of the curves indicate

different DMDs for LP1; and LP,1. In Fig. 5.18(f), the DMD between LP1; and LPos is

calculated as 3.7269 ps/m, and the DMD between LP,; and LPo; is calculated as

5.3872 ps/m. This agrees extremely well with the theoretical value for the DMD

between LP11 and LPo; of 3.7189 ps/m and DMD between LP;; and LPo; of 5.5455

ps/m, which is provided by the manufacturer.
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Regarding the DGD measurement technique, we are able to measure DGD at any
wavelength by sweeping several steps within a small range around the wavelength.
Therefore, the whole measurement along the C-band could be carried out through
one routing. For the measurement accuracy, we compare the experimental and
theoretical values of DMD for both c-5MF and c-2MF and find the error is below 3%.
For the measurement range, the only limitation is that we need to make sure that

the phase shift Ag is less than 2m since the range of phase characterization is within

2. Due to the fact that the sweep step of the laser source in our lab is above 0.0008

nm, the length of fiber is limited to less than 3000 meters.

5.5 Conclusions

In this chapter, we propose and implement a novel method to recover both
amplitude and phase images and coherently detect the in-phase and quadrature
components of the heterodyne signal simultaneously with a pair of CCD cameras.
We first propose the concept of complex imaging via coherent detection for
acquiring two-dimensional optical image that recovers amplitude and phase
simultaneously. We then illustrate the system configurations and digital signal
processing procedures for our novel imaging technique, and also demonstrate the

experimental results of mode fields in the far-field and near-field in a TMF.

Then we continue our research by demonstrating its telecommunications
applications. Firstly, we experimentally demonstrate the technique by characterizing
mode patterns of pure fundamental mode and higher-order modes in FMFs with
high extinction-ratio of > 17 dB. The experiment not only verifies our technique, but
also shows that the technique achieves good systematic performance and high DSP
accuracy, which is the foundation of further applications such as mode
decomposition and DMD characterization. We also perform complete mode
decomposition using complex imaging in FMF, and cross-correlation coefficients
between the experimental complex fields and reconstructed complex fields are
above 0.99. The advantage of our technique is that both amplitude and phase
information could be used directly for modal content analysis, which simplifies the

process and increases the accuracy as well. Finally we characterize the DMD in the
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FMFs which agrees well with the theoretical predication. The advantage of our
technique is that there is no limitation of the fiber length and the existence of mode
coupling. The measurement error in our experiment is below 3%. In the future, the
complex imaging via coherent detection may have great potential for
telecommunications and biomedical applications where complex field can provide

additional information.
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6 Conclusions
6.1 Summary of this work

6.1.1 Characterization of frequency response for optical

receivers with laser phase noise robustness

In the past few years, DD based optical communication systems have attracted
significant attentions because of its low cost and simple implementation. In DD, it is
important to separate the optical channel from RF channel. Consequently,
calibration of the response for each optoelectronic component is necessary under

such circumstances.

In this thesis, we propose a novel DSP algorithm for photodiode characterization
probed by three wavelengths. The DSP algorithm has low computational complexity
and scales only with logarithmic of number of the spectral points. We verify our
proposed algorithm by measuring the phase response of an electrical filter. For the
experiment, we demonstrate the frequency response calibration of a high-speed
optical receiver with 30-GHz bandwidth photodiode, and a low-speed optical
receiver with 14-GHz bandwidth photodiode, respectively. For the first time, the

phase response of photodiode is characterized up to 20 GHz.
6.1.2 Few-mode fiber based optical sensors

With their high reliability, compactness and low fabrication cost, optical fiber sensors
based on interferometer structure and Brillouin scattering have attracted great
interest for use in assessing the performance of civil and geotechnical structures. In
this thesis, we review our recent progress in the design and fabrication of FMF based
optical sensors. Firstly, we characterize the performance of discrete optical sensor
based on interferometer structure. The first kind is polarimetric interferometer
sensor utilizing the mode beating between the polarizations (x and y), and its
sensitivity against temperature and strain is characterized as -1.72 nm/°C and 24.5
pm/ue in a PM-FMF. Increased temperature and strain sensitivity of PM-FMF is

observed compared to that of conventional PMF. The second kind is intermodal
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interferometer sensor utilizing the mode beating between the spatial modes (LPo1
and LP11), and its sensitivity against temperature and strain is characterized as -0.043
nm/°C/ and -0.0023 nm/ue in a TMF. The proposed TMF intermodal interferometer
sensor exhibits great potential due to good interfering visibility, good linearity, high
sensitivity, and low cost. After that, we move onto the FMF based distributed
sensors. We propose a unique FMF based multi-parameter optical fiber sensor for
distributed measurement of temperature and strain. We launch a pump and a probe
signal through specific linearly-polarized modes into a FMF, and monitor the BDG
and BGS in each mode. By analyzing the temperature and strain coefficients of the
BFS of the two lowest order (LPo1, LP11) modes, discrimination of temperature and

strain are successfully demonstrated, with an accuracy of 1.2 °C and 21.9 ue

In summary, we have introduced several novel techniques for FMF based optical
sensors and reviewed their recent progress. With the availability of high reliability
few-mode devices and advance of fiber-optic technology such as SDM and coherent

detection, FMF may have great potential in future fiber sensing systems.
6.1.3 Complex imaging via coherent detection

Optical fibers supporting multiple spatial modes have recently undergone an
abundance of renewed interest, evidenced by the increased use of few-mode and
multimode fibers for high-speed telecommunications and the use of highly
multimode fibers for endoscopic medical imaging. Meanwhile, the technique of SDM
can provide a way to increase the information capacity of a single fiber and the large
modal area of these fibers is beneficial in alleviating detrimental nonlinear effects
and reducing the chance of fiber damage, respectively. This results in a need for
accurately characterizing the modal propagation in such fibers. The development of
reliable and accurate techniques to investigate in detail the modal content of

multimode fibers has thus become a topic of great interest.

In this thesis, we first propose the concept of complex imaging via coherent
detection for acquiring 2-D nearfield optical image that recovers amplitude and

phase simultaneously. We then illustrate the system configurations and digital signal
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processing procedures for our novel imaging technique, and also demonstrate the
experimental results of mode fields in both the near- and far-field regime for a two-
mode fiber. We continue our research on our proposed nearfield coherent complex
imaging by demonstrating its telecommunications applications. We firstly
characterize mode patterns of pure fundamental mode and higher-order modes in
FMFs as a validation of our imaging method. Next our method could also be applied
to mode decomposition and mode content analysis for an arbitrary mixed mode
pattern. Additionally, we sweep the input wavelength and measure DMD in FMFs.
We experimentally demonstrate the technique using FMF modes with high
extinction-ratio of > 17 dB. We also perform complete mode decomposition using
coherent complex imaging in FMF, and cross-correlation coefficients between the
experimental complex fields and reconstructed complex fields are above 0.99.
Furthermore, we also characterize the FMF differential-group-delay which agrees
well with the theoretical predication. The complex imaging via coherent detection
may have great potential for telecommunications and biomedical applications where

complex field can provide additional information.
6.2 Future work and perspectives

The success of SDM technique will depend on the highly integrated and cost-efficient
components which can exploit the potentials to transmit and process parallel spatial
modes simultaneously. Such components include the low MD, low loss FMFs, the
high-efficiency mode converter, the high extinction ratio multiplexing/de-
multiplexing devices, the few-mode amplifier, the few-mode fiber compatible
coupler, switch, filter, and ROADM. In the future, SDM technologies can be

potentially used for either communications and sensing.

For the sensing area, FMF sensor exhibits the advantages of high strain and
temperature sensitivity compared with that of SSMF sensor. Although the sensitivity
of specially designed SMF or MMF is comparable with that of FMF, FMF-based
sensor is more cost-effective than the conventional PMF and PM-PCF. Also, by
supporting only few modes, FMF sensor is more easily to be controlled and has

better interfering visibility than MMF one. Thus, FMF based sensor shows its
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potential in the future. Meanwhile, by exploring the fifth dimension - the spatial
dimension in addition to the other four dimensions of time, wavelength, polarization
and phase in SMFs, the significant difference in the coefficients for different spatial

modes implies that FMF can be utilized for discriminative multi-parameter sensing.

For the complex imaging, our propose technique could be a powerful tool for
mode imaging and fiber characterization. In the future, we will continue our research
by using the complex imaging technique for measurement of mode coupling,
characterization of transfer matrix, etc. The complex imaging via coherent detection
also has great potential for biomedical applications where complex field can provide

additional information.
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SE
SMF
MMF
FMF
MIMO
NA

LP

CP
OFDM
DSP
PM
TMF
DMD
SDM
FOS
SBS
BOTDA
BFS
BDG
IM/DD
LO

PD

ASE

Appendix A

Acronyms

Spectral efficiency

Single-mode fiber

Multi-mode fiber

Few-mode fiber

Multiple-input multiple-output
Numerical aperture

Linearly polarized

Cyclic prefix

Orthogonal frequency-division multiplexing
Digital signal processing
Polarization-maintaining

Two-mode fiber

Differential mode delay
Space-division-multiplexing

Fiber optic sensors

Stimulated Brillouin scattering
Brillouin optical time domain analysis
Brillouin frequency shift

Brillouin dynamic grating
Intensity-modulation/direct-detection
Local oscillator

Photodetector

Amplified spontaneous emission

140



RIN
ADC
DM
DD
DM/DD
RF
VNA
MUX/DEMUX
CD
MD
PBC
PBS
LPFG
SLM
SMC
IL
LCOS
LCD
DVI
AR
MDM
OAM
CDM
TDM
FDM
ISI
ICI

Relative intensity noise
Analog-to-digital converter
Direct-modulation
Direct-detection
Direct-modulation/direct-detection
Radio frequency

Vector net-work analyzer
Multiplexer/demultiplexer
Chromatic dispersion
Modal dispersion
Polarization beam combiner
Polarization beam splitter
Long-period fiber grating
Spatial light modulator
Spatial mode coupler
Insertion loss

Liquid Crystal-on-Silicon
Liquid-crystal display
Digital visual interface
Anti-reflective

Mode division multiplexing
Orbital angular momentum
Code division multiplexing
Time division multiplexing
Frequency division multiplexing
Inter symbol interference

Inter-channel interference
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MCF
PMD
EDFA
RFI
EMI
FBG
PM

AM
CO-OFDM
DDO-OFDM
PAPR
PD

LD

PBS
PMC
TDS
ECL

IM

OA
SSMF
BGS
PMF
PCF
SLI

RI
BOTDF

e-TMF

Multi-core fiber

Polarization mode dispersion
Erbium-doped fiber amplifier
Radio frequency interference
Electromagnetic interference
Fiber Bragg grating
Phase-modulation
Amplitude-modulation
Coherent optical OFDM
Direct-detection optical OFDM
Peak-to-average-power ratio
Photo diode

Laser diode

Polarization beam splitter
Polarization-maintaining coupler
Time-domain sampling scope
External cavity lasers
Intensity modulator

Optical amplifier

Standard single mode fibers
Brillouin gain spectra
Polarization-maintain fiber
Photonic crystal fiber

Sagnac loop interferometer

Refractive index

Brillouin optical time-domain reflectometry

Elliptical-core two-mode fiber



Ml

FPI

MZI
Hi-Bi
PM-FMF
PM-PCF
c-FMF
OSA

PID

PC
c-2MF
ERI
FM-BOTDA
c-5MF
MMUX/MDMUX
CW

oC

MS

MC

AFG
DSB
OBPS
EOM
SOP

ML

S2

CCD

Michelson interferometer

Fabry-Perot interferometer
Mach-Zehnder interferometer

high bifringence
Polarization-maintaining few-mode fiber
Polarization-maintaining photonic crystal fiber
Circular-core few-mode fiber

Optical spectrum analyzer
Proportional-integral-derivative
Polarization controller

Circular-core two-mode fiber

Effective refractive index

Few-mode Brillouin optical time domain analyzer
Circular-core five-mode fiber

Mode multiplexer/mode de-multiplexer
Continuous-wave

Optical circulators

Mode stripper

Mode converter

Arbitrary function generator
Double-sideband

Optical band-pass filter

Electro-optic modulator

State of polarization

Mode launcher

Spatial and Spectral

Charge-coupled device
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2-D
GSOP
Si
DGD

ROADM

Two-dimensional

Gram-Schmidt orthogonalization procedure
Step-index

Differential group delay

Reconfigurable optical add-drop multiplexer
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