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Abstract

The technology and applications of optical fibers have progressed very rapidly in recent
years. Fiber-optic sensors have been commercially successful and well established in
various industries from biomedical to defense. They exhibit many advantages over their
electrical counterparts, including higher responsivity, higher detection bandwidth, higher
temperature performance, better immunity to electromagnetic interference, all-dielectric
composition, greater environmental ruggedness and distributed sensing capability.
However, the physical dimensions and the minimum bend radius of the optical fiber sets
a lower limit on the final package size. In applications where the working space is
stringent or where physical intrusion must be minimized, it becomes highly desirable to
develop ultra-compact sensors that can maintain the level of performance despite the
miniaturization. The recent emergence of optical microfibers has opened up a new era of
technological innovations. Microfibers have the potential to solve the problem with its
range of enabling properties, including large evanescent field, strong optical
confinement, bend insensitivity, low stiffness and high configurability. This thesis
focuses on the innovative development of relatively unexplored areas of microfiber-
based sensing as well as the envisioning of performance-enhancing techniques that can
shape the on-going development of such sensors. In particular, extensive advancement
was made in light of the simple demonstration of a novel current sensor with potentially
gigahertz detection bandwidth. This includes the development of the resonator design to
achieve higher compactness, and the first reported fabrication of the spun optical
microfiber to counter the effects of linear birefringence. Well established and
successfully proven sensing configurations such as the flexural disc and air-backed
mandrel were adopted to create miniaturized microfiber-based accelerometers and
microphones, with potential responsivity enhancements of at least one order of

magnitude.
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Chapter 1

1. Introduction

In the past few decades, fiber-optic sensors have seen an immense rise in
applications which has attracted a great deal of attention from both research
institutions and industries Fiber-optic sensor technology offers the possibility of
sensing different measurands such as RI, bio-chemical, temperature, current,
displacement/strain, bend/curvature, roughness, acceleration, force/pressure, rotation,
acoustic, electric field and magnetic field in harsh and remote locations. Information
about the measurand is typically conveyed by a modulation in power, phase,

polarization or wavelength of the received light.

Indeed, fiber-optic sensors have been the subject of an intense research and
development effort. The most important and well-known applications in terms of
commercial value are the fiber-optic gyroscope and hydrophone. They have been
extensively studied and optimized over the years, offering unprecedented reliability
and the benefit of being very low cost. The growing interest in fiber-optic technology
stems from its inherent benefits of high responsivity, high detection bandwidth, high
temperature performance, excellent immunity to electromagnetic interference (EMI),
all-dielectric composition, environmental ruggedness and distributed-sensing
capability. These advantages of fiber-optic sensors over their electrical equivalents
make them popular in a wide range of applications such as manufacturing processes,

quality control systems and medical diagnostics.

Optical microfibers and nanofibers (MNF) are a new lineage of optical fiber that
confine light due a refractive index (RI) difference between the solid core and the
external medium cladding. The fraction of light that propagates in the cladding
depends on the ratio of the fiber diameter to the wavelength of light. It has now been
a decade since the first experiments on low-loss MNFs were conducted by Tong et al
[1]. Interest in this early work quickly mushroomed out to laboratories worldwide,
generating a thriving research community which has sustained a strong focus on this
technology through the 2000s to the present time. The motivation behind this on-

going research is to establish micro- and nano-scale optical fibers as a new sensor
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technology which can create devices that are extremely small size, ultra-light weight

and have the potential to be manufactured at low cost.
1.1 Scope and objectives

This thesis is based on the development of optical microfiber (OM)-based
temperature, current, acceleration and acoustic sensors. The main objective of this
research is to design and implement novel sensor heads that exhibit at least one order
of magnitude improvement in compactness, responsivity, detection bandwidth and
response time. When integrated with the appropriate detection system, the
improvement in responsivity can yield a superior sensitivity to the measurand. Such
devices are to be theoretically modeled, fabricated, characterized and tested in-house.
Although optical nanofibers (ON) have the potential to surpass OMs in terms of
performance, their fragility currently limits the extent of their use. The key topics

underlying this work can be summarized as follows:

e To develop an understanding of the theory and experimental design of
interferometric and polarimetric-based sensors, as well as the fundamental

properties and fabrication methods of MNFs.
e To generate ideas for novel sensors and performance enhancing techniques.

e To provide theoretical and experimental demonstrations of OM-based

temperature, current, acceleration and acoustic sensors.
1.2 Thesis outline

The work carried out in this thesis is based on the author’s own research. Use of any
material from other sources is clearly referenced. This thesis is divided into seven
chapters. Chapter 2 introduces the background of MNF technology, including the
fabrication techniques, waveguide properties, sensing parameters, and an overview
of prominent MNF-based sensors reported in literature. Chapter 3 describes the
resonant wavelength shift detection schemes that are typically employed for
resonator-based temperature sensing, before presenting the theoretical and
experimental demonstrations of a sliding microfiber coil resonator (MCR)-based

thermometer for the rapid inspection of insulation faults along electrical wires.
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Chapter 4 focuses on the core subject of this thesis, namely current sensing using
OMs. Firstly, a range of polarization rotation detection schemes are compared to
identify their merits and demerits. Lessons learnt from this critical analysis are used
to select, combine and develop the most promising schemes to be exploited. To
begin with, the compactness and gigahertz detection bandwidth capability of OM-
based current sensors are introduced. This is followed by a short study on the
possible materials for improving the performance of the sensor head. Next, the
resonance ability of the sensor head is demonstrated both theoretically and
experimentally for responsivity enhancement. To solve the stability issues of the
resonator, techniques based on RI chirping (passive) and piezo-electric tuning (active)
are discussed. To further refine the sensor head, the problem of birefringence is
considered by first critically appreciating the previous contributions relating to
eliminating bend- and packaging-induced birefringence, before presenting a solution
in the form of spun optical microfiber (SOM). The fabrication details and
characterization results are followed by current sensing trials. Moreover, the means
to achieve efficient Faraday rotation in both birefringent and non-birefringent optical
microfiber loop resonators (MLRs) is theoretically analyzed. Lastly, a novel post-
fabrication technique is proposed as an alternative to SOM for countering the

birefringence-induced reduction in the responsivity of MC-based current sensors.

Chapter 5 initially explores the existing range of interferometers and phase
demodulation schemes to identify their pros and cons, before discussing issues such
as drifting, ambiguity, signal fading and noise. The benefits of combining OM with
interferometry for acceleration sensing are then presented, with the experimental
demonstrations of a flexural disc (FD) accelerometer supported by simulations.
Similarly, Chapter 6 briefly describes the polarimetric variant of interferometry,
before exploring the benefits of using OM for acoustic sensing. A compact air-
backed mandrel (ABM) microphone is presented to further illustrate the potential of
OM-based sensors. This sensor design can be modified for operating underwater as a
hydrophone. In addition, the development and testing of a new tapering rig
specialized for making long fiber tapers is reported. The aim is to deliver sufficient
lengths of OM to realize the full potential of OM-based sensors. Finally, Chapter 7
concludes the thesis with a summary of results and a discussion on future work

aimed at overcoming challenges and scaling the performance of OM-based sensors.
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Chapter 2

2. Background of optical microfiber and

nanofiber-based sensors

The field of optical MNF sensing has witnessed an explosion of activity since they
were first introduced a decade ago. Rapid advances in MNF-based sensors have been
driven by prospective powerful industries such as automotive, biomedical and
defense, with increasing demands for highly responsive/sensitive, high detection
bandwidth, fast response, highly selective, non-intrusive, compact, light and robust
sensors that can perform in-situ measurements at remote and harsh environments. A
diverse range of MNF-based sensors have been developed for measuring RI, bio-
chemical, temperature, current, displacement/strain, bend/curvature, roughness,
acceleration, force/pressure, rotation, acoustic, electric field and magnetic field.
Therefore, it is imperative to review the sensors and techniques developed so far in
order to comprehend the current status and future opportunities. This chapter
provides an introduction to MNFs in terms of the fabrication techniques, optical and

mechanical properties, sensing parameters, and an overview of MNF-based sensors.
2.1 Introduction

MNFs are the uniform waists of biconical fiber tapers, with diameters comparable to
the wavelength of light. MNFs are usually manufactured by heating and stretching [2]
regular-sized optical fibers whose diameter are often in excess of 100 pm. The result
is a biconical taper that provides a smooth, lossless connection to other fiberized
components. By controlling the pull rate during the fabrication process, the taper
diameter profile can be fine-tuned to suit the application [3, 4]. Optical materials
other than silica have been used to manufacture MNFs, including phosphate [5],
tellurite [5], lead silicate [6], bismuthate [6], chalcogenide glasses [7], and a variety
of polymers [8—11]. The remarkable optical and mechanical properties exhibited by

MNFs make them an excellent platform for optical sensors.
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2.2 Fabrication

Applications of MNFs have previously been limited because of the difficulties in
fabricating low-loss sub-micron structures. With the development of computer-
controllable tapering rigs, it is now possible to manufacture precise and sub-
wavelength tapers. The most conventional way to reduce the fiber diameter is to
taper it. Optical fiber tapers are made by stretching a heated fiber, forming a
structure comprising a narrow stretched filament (i.e. the taper waist) each end of
which is linked to an un-stretched fiber by a conical section (i.e. the taper transition),
as shown in Figure 1. In the down-taper transition, the mode confinement changes
from a core-cladding to a cladding-surrounding interface. That is, the original core
disappears and the original cladding becomes the new core, with the external
medium being the new cladding. If the transition is adiabatic [12, 13], the optical

loss of the transition regions is negligible.

Core

Cladding Transition regions
Figure 1. Schematic diagram of a micro/nanofiber.

In the following sections, the fabrication techniques are either classified as top-down
or bottom-up. Bottom-up techniques grow MNFs from a seed of a few nanometers.
Top-down techniques manufacture MNFs by reducing the size of macroscopic

samples, and thus can provide much longer MNFs.
2.2.1 Flame-brushing technique

The flame-brushing technique was initially developed for manufacturing fiber tapers
and fused couplers. The basic idea involves a moving small flame under the optical
fiber that is being stretched, as shown in Figure 2. Both the burner and the optical
fiber ends are fixed onto stages and controlled by a computer. By fine-tuning the pull
rate and the flame movement, the taper shape can be tailored to a high degree of

accuracy. Moreover, it has been known to provide the longest MNFs (e.g. 110 mm)
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[14] with the lowest measured loss (e.g. 0.015 dB/mm) [15]. Finally, the flame-
brushing technique enables both ends of the MNF to be pigtailed to standard optical
fiber. This feature is extremely important for practical applications, where

connectivity and system integration are highly essential.

Fiber taper

Figure 2. Schematic diagram of the flame-brushing technique.
2.2.2 Modified flame-brushing technique

The modified flame-brushing technique replaces the flame by a ceramic micro-heater
[6] or a sapphire capillary tube heated by a CO, laser beam [16]. In the center of the
micro-heater is a heating element whose temperature can be set by tuning the current
level. For the sapphire tube/CO, laser approach, the temperature is controlled by
varying the focus of the laser beam onto the sapphire tube. The modified flame-
brushing technique provides more flexibility than the original technique due to the
adjustable temperature range. This technique can be applied to manufacture MNFs
from a wide range of low softening-temperature glasses. For silica optical fibers, this
technique can fabricate MNFs with much lower OH content compared with those
manufactured by the flame-brushing technique, which generates water vapor as

combustion by-product [6].
2.2.3 Self-modulated taper-drawing

This technique begins with the tapering of a standard optical fiber to a diameter of
several micrometers using the conventional flame-brushing technique. Then, the
taper waist is broken into two halves with one end wrapped around a hot sapphire
rod, and the other end bent and further drawn to a sub-micron diameter. The sapphire
tip shown in Figure 3 is heated with a flame at a distance from the optical fiber, in

order to maintain a steady temperature distribution. Initially, to draw a thick wire
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would require a relatively large force. Coincidentally, the center of bending occurs at
the thicker part of the taper, which will produce a tensile force to stretch the optical
fiber. As the taper length increases and the waist diameter decreases, the bend
loosens and the center of bending moves towards the thinner end of the taper. This
results in smaller forces for drawing thinner wires, which helps to keep the taper
from breaking under unpredictable drawing conditions. Although this approach
involves a complex fabrication procedure and a relatively high loss (at least one
order of magnitude higher than the other techniques), the so-called self-modulated
taper-drawing technique is capable of providing extremely small diameter MNFs

[17].

Sapphire rod

Fiber taper
3D translation
stage

Figure 3. Schematic diagram of self-modulated taper-drawing.
2.2.4 Acid-etching technique

Etching techniques are mostly used to create or modify MNF tips rather than
uniform waists. To initiate the etching process, an acid droplet-filled dish is raised by
a translation stage to immerse a standard optical fiber, as shown in Figure 4. The
droplet shape, position, immersion depth and time allowed the length and diameter
of the waist region to be tailored for the intended application. As for creating

biconical tapers, optical losses less than 0.1 dB/mm have been demonstrated [18].

Acid droplets

o006

Fiber taper

Figure 4. Schematic diagram of the acid-etching technique.
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2.2.5 Direct drawing from the bulk

For optical materials that are unavailable in fiber form, it is possible to manufacture
MNFs straight from the bulk material [5]. In this approach, a small hot sapphire rod
shown in Figure 5 is brought into contact with the bulk glass for a localized
softening. Then the sapphire rod is promptly moved away, drawing a glass strand
with micrometer/sub-micron diameter. This technique is extremely flexible and does
not require expensive equipment, but the MNF uniformity and diameter are difficult

to control.

Sapphire rod

Glass strand

Bulk material

Figure 5. Schematic diagram of direct drawing from bulk.
2.2.6 Self-assembly from silica nanoparticles

In a rather different approach, uniform OMs can be created by evaporative self-
assembly [19]. The process initiates from a colloidal silica dispersion of
nanoparticles with a small amount of NH;" ions to prevent aggregation in the
solution. OM formation shown in Figure 6 occurs as a consequence of rising stresses
during the evaporation of the immobilized drop. These stresses arise due to the van
der Waals forces that bind nanoparticles together into a closely packed structure.
During the course of drying, the constriction of the so-called coffee-stain effect leads
to inward-directional stress around the ring. This packing-in effect counteract the
stresses. As the self-assembly propagates following the evaporation front, the rapid
build-up of radial stresses leads to fractures. Although stresses are temporary
relieved, they build up again and the fractured planes act as seeds for further

fracturing. The maintenance of this cycle forms the basis for the fabrication of OMs.
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Silica microwires —p.

Bifurcation

Solution —»

Figure 6. Schematic diagram of self-assembly from silica nanoparticles.
2.2.7 Electro-spinning from a glass-forming melt

To-date, the direct production of sub-micron diameter glass fibers has relied on
mechanical drawing techniques. Electro-spinning [20] is a popular technique which
has been known for decades for its ability to produce sub-micron diameter fibers
from a wide range of polymer solutions. Part of the attraction is its simplicity to
implement. Figure 7 shows that by applying a voltage to the solution and charging its
surface, a liquid jet is ejected from the surface to form nanometer-diameter

continuous glass fibers [21].

Funnel

<«— Liquid jet
High voltage quic e
power supply v

Collector

Figure 7. Schematic diagram of electro-spinning from glass-forming melt.
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To summarize the various fabrication methods, one should consider using the
modified flame-brushing technique if the application requires long length and low
loss. Due to the tunable processing temperature, more fabricators are choosing the
modified version over the original. If the emphasis is on producing the smallest
possible diameter OM, the self-modulated taper-drawing is the best choice. If the
material happens to be in a non-fiber form, one can choose between direct drawing
from the bulk, self-assembly from nanoparticles (silica only), or electro-spinning
from a glass-forming melt. For a non-precise OM geometry, the first method is the
simplest and quickest to carry out. The second method is still in the early stages of
development, so the control over the OM geometry is unlikely to be optimized. The

third method is well established and therefore it may serve as the ideal candidate.
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2.3 Optical and mechanical properties

This section introduces the unique optical and mechanical properties of MNFs,
including mode propagation, evanescent field, optical confinement, propagation loss,

bend loss, mechanical strength, dispersion and nonlinearity.
2.3.1 Mode propagation

In MNFs, light is guided by the cladding-surrounding interface rather than by the
core-cladding interface for two reasons. Firstly, the original core after tapering is
more than one order of magnitude smaller than the wavelength of light. Secondly,
the RI difference at the cladding-surrounding (e.g. air) interface can be up to 100
times larger than the RI difference at the core-cladding interface. Therefore, the core
has a marginal influence on the guiding properties and can be neglected. As light
propagates, the effective index decreases monotonically along the down-taper
transition, and the mode becomes guided by the cladding-surrounding interface. For

the rest of this thesis, the cladding will be considered as the core of the MNF.

Since the weakly guiding approximation is not valid as a result of the large RI
difference between the cladding and its surrounding medium, the exact eigenvalue
equation is used for the propagation constant (f) of various hybrid and transverse

modes [22].

For HE,,, and EH,,, modes:

B | kw1 [ | ndekin) 1 (w8 2 (v \*
UJ»(U) WK,,(W)] [Uj,,(u) nMNFWK,,(W)]_(anNF) (UW) 2.1)

where the f solutions are denoted with two indices v and m. v originates from the
detailed calculations of the fields and describes the azimuthal dependence. m denotes
the m™ root of the eigenvalue equation. J, is the v" order Bessel function of the first
kind and K, is the v order modified Bessel function of the second kind. nvnr and

ng, are the refractive indices of the MNF and its surrounding medium respectively.

For TEy,, modes:

J1(U) Ky(W)
Ujo(U) ~ WKo(W) 0 (22)
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For TM,,, modes:

niynp)1(U) | ndurki (W) _
UJo(U) wiew) =0 (2.3)

where U = 1 - \Jk2niyr — B2, W =1 - /B2 — k3nZ,,
V=NUZ+W?Z=ky-1 iy — 0y ko = =

77

ko is the propagation constant of light in free-space. r is used to denote the core
radius and corresponds to the core-cladding interface from the center in standard
optical fibers, and likewise the cladding-surrounding interface from the center in

MNFs.
2.3.2 Optical confinement

MNFs can confine light to the diffraction limit for lengths that are only limited by
loss. As shown in Figure 8, when r starts to decrease, the /' number decreases and
light becomes more tightly confined until the mode field diameter (@) reaches a
minima (A). For smaller V, the core-cladding interface does not confine light
anymore and the spot size expands into the cladding, causing w to reach a maxima
(B). By further reducing V, light is then guided only by the cladding-surrounding
interface. w decreases until it reaches a minima around V' = 2 (C), before increasing
again. The region below V' <2 is typical of MNFs, where w can be much greater than
r and a large fraction of the power resides in the evanescent field. For V' < 0.6, w can

continue to expand until it becomes orders of magnitude larger than r.
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Figure 8. Dependence of the mode field diameter on the J number of a

micro/nanofiber [23].
2.3.3 Evanescent field

When V' « 1, a large portion of the optical power resides in the evanescent field
outside the MNF. The extension of the evanescent field and the fraction of power
(ner) propagating in it depend on the A/r ratio and can be obtained from the
component of the Poynting vector along the direction of the beam propagation S.

[22]:

foutssz _ f:OSZdA
= - =
finSZdA+foutSZdA fo SZdA+f.r S,dA

(2.4)

Ner =

where [ S,dAand [  S,dA are over the MNF cross-sectional area (4) inside and
mn out

outside the MNF respectively. Figure 9 shows the nonlinear dependence of 7z on
the A/r ratio for silica MNFs (i.e. RI of n = 1.444) with different surrounding RI.
When the surrounding medium is air, #gr reaches 0.5 at A/r = 4, meaning that half of
the power is propagating outside the MNF when its radius is a quarter of the
wavelength of light. gz increases with increasing surrounding RI for the same A/r
ratio. Therefore, to enhance the evanescent field, low-loss polymers can be used to
embed (i.e. submerse) the MNF. To improve the #7zr even further, hollow MNFs

have been proposed [24]. A large evanescent field is particularly important in
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resonators, where a significant fraction of the propagating power needs to interact

with surrounding medium.

1.0

Ner

Nr

Figure 9. Dependence of the power fraction propagating in the evanescent field on

the wavelength-to-radius ratio in different refractive index surroundings [23].
2.3.4 Propagation loss

The greatest contributions to loss come from surface roughness, diameter non-
uniformity, and impurities associated with the MNF and its surrounding medium
[25]. The loss increases for decreasing MNF diameter, regardless of the fabrication
technique. This can be explained by the stronger interaction between the field
intensity of the guided light and the surface of thinner MNFs. A theory of non-
adiabatic intermodal transitions was developed to investigate what is the smallest
MNF which can still transmit light [26, 27]. The guided mode was found to vanish at
a threshold value of what is approximately one order of magnitude smaller than the
wavelength of light. The propagation loss is also time-dependent [28] and a high
temperature treatment is necessary to restore the loss to its near-initial condition [14].
MNFs with smaller diameters were found to degrade faster in air and this was
attributed to the formation of cracks at the surface as a consequence of water
absorption [14]. A method of reducing the time-related degradation was
demonstrated by embedding MNFs in low-RI materials such as Teflon (n = 1.315)
[29].
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2.3.5 Bend loss

MNFs have excellent mechanical properties which allow them to be bent and
manipulated without inducing physical damage. Due to the large RI contrast between
silica and air, bend radii of the order of micrometers can be readily achieved with
relatively low bend-induced loss (e.g. <1 dB for 90° turn with a bend radius of 5 um
in an air-clad 530 nm diameter silica MNF [30]). This gives rise to highly compact

devices with complex geometry.
2.3.6 Mechanical strength

Although MNFs have very small dimensions, they possess an extraordinarily high
strength due to the smaller flaw size of surface imperfections. The tensile ultimate
strength of MNFs fabricated by the modified flame-brushing technique was found to
be much higher than those made by the self-modulated taper-drawing technique [17].

2.3.7 Dispersion

MNFs have a remarkable potential for tailoring the dispersion properties, to a greater
extent via the waveguide contribution rather than the material contribution. By
controlling the MNF diameter it is possible to move the zero-dispersion to a shorter
wavelength [31]. Furthermore, since a considerable fraction of the mode can
propagate outside the MNF’s physical boundary, its dispersion properties can also be

modified by changing the surrounding medium (e.g. using transparent liquids).
2.3.8 Nonlinearity

The optical nonlinearity (y) of a MNF is at its maximum when @ reaches its
minimum in the high confinement region (V' = 2 in Figure 8). While standard optical
fibers such as the telecom single-mode fiber (SMF-28) have y =~ 10° W'm™, y in
silica MNFs are about seventy times larger due to the inverse relationship between
the effective y and w. By producing MNFs from highly nonlinear materials (e.g. lead
silicate, bismuth silicate and chalcogenide glasses), y can be up to five orders of
magnitude larger than that of SMF-28 [6]. This makes them superior hosts for

observing nonlinear effects.
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2.4 Sensing parameters

The performance of sensors is typically conveyed by a set of parameters including
responsivity, resolution, sensitivity, response time, detection bandwidth and
operating range. There are also non-numerical parameters such as repeatability,

reproducibility, stability, practicality and compactness.
2.4.1 Responsivity of sensor

The responsivity of the sensor head describes the change in the detected parameter as
a result of a change in the measurand. For example, in the case of refractometric
sensors a change in the RI, measured in units of RIU, is very often understood in
terms of a wavelength shift relative to an initial wavelength. This detection

parameter is measured in nanometers, yielding the responsivity in nm/RIU.
2.4.2 Resolution or sensitivity of detection system

The resolution or sensitivity of the detection system denotes the smallest observable
change in the parameter (e.g. wavelength or phase) used for detection. The resolution
or sensitivity is related to the precision with which the measurement is made, and
thus it is governed by the specifications of the detection system. For example, the

phase sensitivity is usually based on the phase of the noise-equivalent signal.
2.4.3 Sensitivity of measurand

The sensitivity of the measurand represents the smallest value of the measurand that
can be detected by the sensor. It is calculated by dividing the resolution/sensitivity of

the detection system by the responsivity of the sensor.
2.4.4 Response time

Response time (7k) is sometimes defined as the time taken for the detection
parameter to rise from 10-90% of its final value, or to fall from 90-10% of its initial
value. In this case, it is governed solely by the time delay of the sensing mechanism
rather than that of the electro-optic system. In other cases, such as this thesis, 7% is
associated with the time delay of the sensing mechanism plus the transit time of light
to reach the photoreceiver. The excess delay of the electronics/software/firmware is

not included, because it depends much on the user settings (e.g. averaging).
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2.4.5 Detection bandwidth

Detection bandwidth (B,,) is the maximum signal frequency of the measurand that

can be detected without significant fading or distortion (e.g. £3 dB response).
2.4.6 Dynamic range

Dynamic range (DR) is the range of values of the parameter that can be measured by

the sensor head, and hence by definition a large DR is highly desirable.
2.4.7 Repeatability

Repeatability provides an indication of the agreement between the measured
performances of the same sensor head taken under the same experimental conditions

at different times. The repeatability reflects the life-time of the sensor head.
2.4.8 Reproducibility

Reproducibility is based on the agreement between the measured performances of
different sensor heads taken under the same experimental conditions. A good

reproducibility is essential for the mass production of a qualified sensor.
2.4.9 Stability

Stability is associated with the susceptibility of the sensor head to external effects
such as temperature, vibrations or EMI. A good stability ensures accurate

measurements over a long period of time.
2.4.10 Practicality

Practicality is about how viable it is for the sensing system to be transported from a
laboratory to real measurement environments. For example, if the sensor head needs

to be redesigned or refabricated for each measurement then it is not practical.
2.4.11 Compactness

Compactness is one of the key considerations for a sensor. For sensing systems that
allow remote interrogation, the size and weight of the detection system is not as
important as those of the sensor head. A small footprint allows easier deployment

and minimizes intrusion in the measurement environment.
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2.5 Sensors overview

This section introduces some of the MNF-based sensors reported to-date for the
measurement of RI, bio-chemical, temperature, current, displacement,
bend/curvature, roughness, acceleration, force, rotation, acoustic, electric field and

magnetic field.

Non-resonator-type (i.e. no closed-loop interference) MNF-based sensors come in
many different forms, as illustrated by Figure 10. The straight MNF shown in Figure
10(a) is a common configuration that exploits the strong evanescent field of the
guided modes to interact with its surrounding medium [32]. The measured effect is
usually a direct change in power or an indirect change in power from a change in
phase of the transmitted light. The straight MNF is either connected to standard
optical fiber pigtails or evanescently coupled to single-ended fiber tapers shown in
Figure 10(b). To enhance the responsivity to certain measurands, the surface of the
MNF shown in Figure 10(c) can be functionalized to respond to specific chemical or
biological species [33]. Fiber Bragg gratings (FBG) [34] illustrated in Figure 10(d)
or long period gratings (LPG) [35] can be inscribed on the straight MNF that

undergo a spectral shift in response to a change in the ambient conditions.

Figure 10(e) shows that two strands of MNF can be manipulated to form a Mach—
Zehnder interferometer (MZI) [36] that features high responsivity to the phase
difference between the sensing and reference arms. Alternatively, abrupt tapered
sections can be exploited for modal interferometry in the configuration of either MZI
[37] (Figure 10(f)) or Michelson interferometer (MI) [38] (Figure 10(g)). Modal
interferometry can also be realized with LPGs on a single MNF [39], and
polarimetric interferometry is possible with rectangular MNFs that have highly
birefringent fiber axes [40]. The MNF tip shown in Figure 10(h) is widely
established as a sensor head for probing and manipulating atoms and molecules [41].
The sub-wavelength cross-section of the tip facilitates minimally invasive analysis of
extremely small areas. Lastly, MNF in an uncoupled helical coil illustrated in Figure
10(i) can be employed for detecting rotations in the state of polarization (SOP)

induced by variations in the local magnetic field [42].
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Figure 10. Schematic diagrams of common non-resonator-type micro/nanofiber

arrangements.

Resonator-type MNF-based sensors comprise all sensors which exploit resonant
structures. MNFs (mostly OMs) have been used to manufacture homogeneous
resonant sensors in the arrangements of loop, knot and coil. Coiling an OM onto
itself allows the guided modes in adjacent turns to evanescently overlap and couple,
thereby creating compact resonators with predicted Q-factors as high as ~10°. These
resonators have many advantages including small size and low fabrication cost that
have attracted much interest to develop them as optical sensors. A variety of
configurations has been reported in the literature, and they are described in the

following paragraph.

The MLR shown in Figure 11(a) is the simplest form of the homogeneous (all-OM)
micro-resonator. Fabrication begins with manufacturing the OM and bending it into
a self-coupling loop [43]. Translation and/or rotation stages can be used to adjust the
loop to the desired size. The resulting MLRs show strong self-coupling due to the
close proximity of the waveguide with itself at the coupling region, with Q-factors of
the order of 10°. The geometrical shape of the MLR is maintained by electrostatic
and van der Waals interactions at the point of coupling, meaning it suffers from a
limited stability strongly dependent on the environmental conditions [44, 45].
Embedding the MLR in polymer has been the preferred solution to provide long
term-stability, though it can considerably modify the transmission spectrum [46].
Fusing the loop contact points with a CO, laser [47, 48] has been proposed.
Although this technique has generally negative effects relating to the Q-factor,
resonators with Q > 10> have nonetheless been demonstrated [48]. The Q-factor is
defined as 2m times the ratio of the stored energy to the energy dissipated per
oscillation cycle. Or equivalently, the ratio of the resonant wavelength to the full-

width at half-maximum (FWHM) linewidth of the resonance shape. Similarly, CO,
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lasers have also been deployed to splice together different silica [49] and soft glass
[50] OMs. An alternative approach to increase the MLR long-term stability relies on
the use of a copper support rod to preserve its geometry [51]. Critical coupling (i.e.
coupling coefficient optimized based on propagation loss to attain maximum
interference visibility) has been demonstrated by tuning the resonator with thermal
effects induced by current flowing in the conducting rod, achieving a Q-factor up to

4000 and an extinction ratio (ER) of 30 dB [52].

The optical microfiber knot resonator (MKR) shown in Figure 11(b) can be
fabricated by forming a simple knot to couple adjacent OM sections. This design
requires less alignment precision than the MLR and benefits from improved stability.
Q-factors of up to 57000 and finesses of 22 have been achieved [53]. The Q-factor
and spectral properties can be tuned by changing the knot radius and tightness [54].

The MCR shown in Figure 11(c) is a 3-dimensional resonator consisting of self-
coupled adjacent loops in a helix arrangement [16]. The theoretical Q-factor is of the
order of 10°, competing with those achieved using whispering-gallery mode (WGM)
resonators [55-57]. MCRs were first experimentally demonstrated in 2007 [58], and
subsequently implemented in various applications [59-65]. The highest Q-factor
experimentally achieved in an MCR (Q = 470,000 [66]) is still a few orders of
magnitude smaller that the theoretical maximum. Fabrication involves coiling an
OM around a support rod of mm/cm scale diameter using a translation stage that
controls the pitch between the turns of the MCR and a rotation stage to adjust the
rotation angle of the winding. Post-fabrication, the resonator can be packaged in
polymer to improve its life-time by preventing the ingress of dust and moisture. The
multi-turn MCR transmission can be analyzed during fabrication to identify the

eigenmodes present [67].
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Figure 11. Schematic diagrams of the optical microfiber (a) loop resonator, (b) knot
resonator, and (c) coil resonator. The evanescent field couples power between
different sections of the same fiber. The directions of light propagation and coupling

are shown as arrows.

A large number of resonant sensors utilize a single OM to excite or collect light from
high-Q resonators such as micro-rings [68, 69], micro-spheres [70, 71], micro-
toroids [72, 73], micro-capillaries [74, 75] or bottle resonators [76, 77], which are
classified as heterogeneous. By matching the propagation constants of the mode in
the OM and the micro-resonator, coupling efficiencies in excess of 90% have been
demonstrated [78]. Evanescent sensing in these types of high-Q resonators has been
used to monitor chemical and biological elements positioned in proximity of the

resonator surface.
2.5.1 Refractive index sensors

RI sensing is a prominent subject of optical sensing that has a broad range of uses,
including the inspection of concentration levels in aqueous solutions and quality
control in the monitoring of food engineering processes [79]. The compact form of
MNF-based sensors makes sensing RI in micro-fluidic channels and humidity

environments highly feasible and robust.
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2.5.1.1 Micro-fluidic-based sensors

The first experiments with straight MNFs to confirm its applicability for RI sensing
began as early as 1986, when Lacroix et al [32] studied the transmitted core-mode
power as a function of external RI with varying taper lengths. In 2005, Polynkin et a/
[80] reported a simple MNF-based RI sensor consisting of a sub-micron diameter
optical fiber taper immersed in a transparent curable soft polymer. Liquid analyte
surrounded the 3 cm length MNF waist, making the absorption loss sensitive to the
RI difference between the polymer and the liquid. The sensitivity was estimated to
be 5x10™ RIU. Recently, a highly sensitive RI sensor based on a tapered multimode
fiber, rather than the conventional single-mode fiber, was demonstrated by Wang et
al [81]. The MNF diameter and length were 30 um and 675 pm respectively. The
device was able to achieve a responsivity of at least 1900 nm/RIU and sensitivity of

5.23x10° RIU within the RI range of n = 1.33—1.44.

Miniaturized refractometric sensors based on tapered photonic crystal fiber (PCF)
have shown higher responsivity than regular PCFs. Qiu et al [82] investigated, both
theoretically and experimentally, the RI sensing properties of PCFs with different
diameters, achieved using acid-etching instead of tapering. The maximum
responsivity obtained was 750 nm/RIU, 5 times higher than that of the un-etched
version. An enhancement factor of up to 100 times can be expected by optimizing

the etching process to achieve thinner and more uniform PCF-MNFs.

One of the first metal-clad MNFs for RI sensing based on the concept of exciting
surface plasmon modes was introduced by Diez et al [33]. A thin layer of gold was
evaporated on a MNF of 30 um diameter and 40 mm length, with the different
surface plasmon modes excited by the fiber modes. A sharp loss occurs when the
propagation constant of the guided mode matches with that of a surface plasmon
mode. Hence, surface plasmon waves are strongly dependent on the RI surrounding
the surface. Monzén-Hernandez et al [83] have studied different hybrid surface
plasmon modes that are excited and supported by a semi-cylindrical metallic shell
(25 nm thick gold layer) around the MNF (27.5 pm diameter, 4 mm length). The
transmission spectrum of the device exhibits multiple resonance peaks, three of

which are simultaneously monitored. The measured responsivity was remarkably
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high at 127500 nm/RIU for RI between n = 1.44—1.454. A sensitivity of 7x10” RIU

can be obtained, assuming a wavelength resolution of 10 pm.

The combination of FBGs and MNFs was first reported by Liang et al [34]. A single
etched MNF (6 pm diameter) with FBG and another MNF (3 pum) with a pair of
FBGs forming a Fabry—Perot interferometer (FPI) was compared. In both cases, the
resonant wavelength shift is proportional to the external RI. Due to the narrower
resonance spectral shape of the latter configuration, a sensitivity of 1.4x10” RIU
was attained. Xu ef al [84] proposed a method of manufacturing gratings by
wrapping a MNF around a micro-structured rod, as shown in Figure 12. By
exploiting the large evanescent field of MNFs, the holes in the rod can be exploited
as micro-fluidic channels for RI sensing. This method avoids post-processing thin
MNFs and enables design flexibility. By designing the air hole size and position in
the micro-structured rod, RI chirping can also be realized. The expected responsivity

of the device was 103 nm/RIU, but is yet to be experimentally realized.

Cross-section of support rod

Low-loss polymer coating

Figure 12. Schematic diagram of the optical microfiber grating based on a micro-

structured rod. Inset: cross-section of the support rod.

Wang et al [85] modeled a MNF where the external RI affects only the central
segment of the grating. Due to the stop-band degeneracy and rapid emergence of
spectral modes when an effective phase shift occurs, a highly responsive sensor can
be realized. A sensitivity of 2.5x10° RIU was estimated for this design, which is an
order of magnitude better than non-phase-shifted FBGs. The performance of FBG
based MNFs as RI sensors was studied by Liang et al [86]. Attributes such as the
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MNF radius, grating period and temperature cross-sensitivity were investigated
theoretically. It was predicted that a 400 nm radius MNF FBG sensor has a
maximum responsivity of 1200 nm/RIU in the RI range of n = 1.3—1.39. Moreover, a
sensitivity of 8.3x10° RIU can be achieved using their design. The fabrication and
characterization of a LPG-based MNF RI sensor has been reported by Allsop et al
[35]. The sensor response comes in the form of a spectral feature that splits and
separates with increasing external RI. A series of gratings were inscribed on a 25 pm
diameter MNF using a frequency-doubled argon ion laser with a point-by-point
writing technique. The grating periods varied from 250500 um and the length of all
grating samples was 5 cm. The resulting devices yielded a sensitivity of 8.5x10”

RIU in the RI range of n = 1.33—1.335.

It is possible to employ a pair of LPGs with a tapered section in between to form an
in-line MZI. Ding et al [39] presented such a design that operates by partially
coupling light to and from a cladding-mode providing interference with the core-
guided mode. A KrF excimer laser with a point-by-point grating writing technique
was used to fabricate gratings with a period of 414 pum, in order to excite a cladding-
mode of the ninth order for high responsivity. A sensitivity of 5.8x10° RIU can be

achieved assuming the measurement system has a spectral resolution of 1 pm.

A compact MNF-based modal interferometer was proposed and demonstrated by
Salceda-Delgado et al [87]. An abrupt taper of 10 um diameter and 30 mm uniform
waist length was created with such geometry that allowed the fundamental mode to
excite a higher-order mode during the down-taper. The modes recombine
interferometrically when they enter the up-taper transition. The minimum sensitivity
was 3.7x10° in the RI range of n =1.33-1.428. As with all interferometers, the

length of the sensing region influences the responsivity.

An in-line MNF-based MI was first reported by Tian ef a/ [38], using a 500 nm thick
gold coated end facet to reflect the core-mode and the abrupt-taper-induced
cladding-mode that beats together at the tapered section. The MNF has a diameter of
40 pm and uniform waist length of 734 pm. A change in the external RI produces a
phase difference between the two paths of the modal interferometer that results in a
wavelength shift of the interference fringes. The minimum detectable RI variation

was 5.1x10™. Tian et al [37] also created an in-line MZI by concatenating two
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MNFs together. This design utilizes one abrupt taper to couple light from the core
into the cladding, and a closely followed second abrupt taper to couple the cladding-
mode back to the core. The pairs of MNFs were of 40 pum diameter and 707 pm
length. The responsivity to RI changes was measured to be 17.1 nm/RIU.

An ultra-sensitive RI sensor was demonstrated by Li et al [40], which utilizes the
polarimetric interference of a rectangular, 3.29 um diameter and 32.15 mm length
MNF. The broadband light splits into two orthogonal axes at the highly birefringent
MNF and recombines at a coupler. The measured responsivity was 18987 nm/RIU
around n = 1.33. The high responsivity was due not only to the RI-induced
birefringence variation but also to its dispersive properties. The device can detect a
RI variation as small as 5.27x107 for a wavelength resolution of 10 pm. High linear
birefringence that can be created post-fabrication inside a MNF by milling a slot to
break the circular geometry was proposed and modeled by Kou et al [88]. By
inserting the fiberized slot waveguide inside a fiber-loop mirror configuration, a

responsivity as high as 5x10* nm/RIU was predicted.

Tapered optical fiber tips are simple yet effective at sensing RI variations within
small detection volumes. Tai et al [89] presented a metal-free sub-wavelength tip
that responds to RI changes in the external medium via an optical power modulation.
The numerical aperture of the sensor head was 0.12, obtaining a power change of
8000%/RIU in the RI range of n = 1.3—1.4. Kou et a/ [90] also developed a metal-
dielectric-hybrid MNF probe with milled-gratings replacing the micro-cavity. The 2
mm length tip was coated with a 30 nm thick layer of gold by magnetron sputtering.
The gold surface provides relatively low absorption in the infrared and exhibits
inertness to oxidation when exposed in air. The resulting responsivity was 125

nm/RIU for RI in the range of n=1.3739-1.3577.

A tunable RI sensor in the form of a 2x2 poly(trimethylene terephthalate) MNF
coupling splitter was implemented by Zhu et al [91]. The compact structure was
assembled by twisting two flexible 440-nm-diameter MNFs. The sensor consisted of
two input branches, a twisted coupling region and two output branches. The highest
measured responsivity was 26.96 mW/RIU for n = 1.3321-1.3565, and a minimum
sensitivity of 1.85x10” RIU. A hybrid device integrating a MKR in a Sagnac loop
reflector was proposed for RI and temperature sensing by Lim et al [92]. The
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fabricated MNF diameters varied from 3 um to 8 um, and the sensing regions ranged
from 0.5 mm to 2 mm in diameter. The RI responsivity was 30.49 nm/RIU in the RI
range of n = 1.334-1.348, and the temperature responsivity was 20.6 pm/°C from
30 °C to 130 °C.

Resonant sensors have also been used to monitor RI. The working principle of
resonant refractometric sensors is quite simple. The embedded OM resonator has a
considerable fraction of its mode propagating in the fluidic channel, thus any change
in the analyte RI results in a shift in the resonant wavelength with an approximately
linear dependence. Shi et al [93] created a theoretical model for the MLR and
optimized its structural parameters including the OM radius, the loop radius and the
length of coupling region for higher responsivity, wider DR, and lower sensitivity.
Simulations indicated sensitivities as low as 10” RIU. However, as MLRs rely on
electrostatic surface charges to preserve their geometry, long-term stability is likely
to be an issue as practical devices. Embedded MLRs, such as the one shown in
Figure 13, were demonstrated by Xu et al [94]. Sensitivities of the order of 10°
nm/RIU have been predicted for a MNF radius of 300 nm.

Low-index
polymer

/

Microfiber
loop
resonator

Figure 13. Schematic diagram of the embedded microfiber loop resonator. The
packaging thickness is controlled such that the evanescent field can overlap into the

surrounding analyte.

Guo et al [51] reported a MLR refractometric sensor which was manufactured with
the aid of a copper support rod. By tuning the coupling coefficient to compensate for
the circulation loss, critical coupling and a Q-factor of 4000 was achieved for a 2.4
pm diameter OM. This MLR has a robust structure for sensing RI in liquids and the

flexibility of obtaining critical coupling within a broad spectral range. Moreover, it
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showed high responsivity and high stability for sensing in both low- and high-
concentration solutions. By performing measurements around the wavelengths of 1 =
1.55 um and A = 1.22 pm, sensitivities of 1.1x10™* RIU and 1.8x10° RIU were
obtained in a low-concentration ethanol solution and high-concentration glycerol
solution respectively. Responsivities were 17.8 nm/RIU and 110 nm/RIU for high

index-contrast and low index-contrast sensing respectively.

A MZI coupled micro-ring experimentally demonstrated by Wang et a/ [68] showed
a high responsivity as well as a large DR. A very large quasi-free spectral range
(>120 nm) was achieved with 400-500 nm diameter MNF rings. The measured

responsivity was as high as 111 nm/RIU in a DR range of n = 1-1.538.

A miniature polarimetric interferometer consisting of a twisted, highly birefringent
OM loop was developed by Sun et al [95]. The transmission spectral characteristics
were governed by the birefringence and the twist degree of the OM, with OM
diameters of 5.4—6 um. The structure exhibited a high responsivity of 24373 nm/RIU
in the RI range of n = 1.355-1.3586, and excellent temperature stability of better
than 5 pm/°C.

MKRs fabricated from multimode OMs have also been used as refractometric
sensors by Pal e al [96]. A MKR of <1 mm diameter was made from etched fibers.
The highest responsivity of 172 nm/RIU was observed at n = 1.370. Although MCRs
have a more complex structure and they require a considerably more sophisticated
fabrication procedure than other OM resonators, they have nonetheless been

explored for numerous sensing applications.

Refractometric sensors based on embedded MCR have been proposed [97] and
demonstrated by Xu et a/ [60]. Due to the 3-dimensional geometry, MCRs have an
intrinsic channel that can be exploited for micro-fluidic applications. An OM with 50
mm length and 2.5 pm diameter of the uniform waist region was fabricated and
wrapped 5 times around a 1 mm diameter poly(methyl methacrylate) (PMMA) rod.
The entire structure was repeatedly coated with Teflon resin to form a protective
layer. The embedded MCR was then carefully treated with acetone to remove the
support rod, which took 1-2 days at room temperature to be completely dissolved.
Finally, a micro-fluidic channel of ~1 mm diameter was fabricated. Figure 14 shows

the schematic and photograph of the MCR structure. The working principle relates to
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the overlap between the analyte and the evanescent field of the mode propagating in
the OM. Any change in the analyte RI is reflected as a resonant wavelength shift due
to the change in effective index. The wavelength shift is particularly affected by the
wavelength/OM diameter ratio and the coating thickness between the OM and the
fluidic channel. For optimized designs, responsivities up to 700 nm/RIU and
sensitivities of the order of 107 have been predicted [97]. Experimental
demonstration was carried out by inserting the MCR in solutions of isopropanol and
methanol. The resonant wavelength underwent a red shift for increasing analyte
refractive indices and a responsivity of 40 nm/RIU was reported [60]. The inferior
experimental achievement was reportedly due to the lack of smoothness of the

internal wall surface and the large OM diameter used.

Figure 14. (a) Schematic diagram of the microfiber coil resonator sensor, and (b) a

photograph of the packaged sample.

Micro-capillaries have been used as refractometric sensors and liquid-core ring-
resonators with Q-factors larger than 10° have been demonstrated by White ez al [74].
The liquid flowing in the micro-fluidic channel has a higher RI than that of the
surrounding polymer, and the confined modes in the high RI core are excited by an
external waveguide via resonant tunneling. A responsivity of 17 nm/RIU was
achieved. The sensitivity to RI changes in capillaries of submicron wall-thickness
was larger than other reported optical micro-cavities [98]. Responsivities of

exceeding 100 nm/RIU for water and a maximum of 390 nm/RIU were achieved.

To summarize, a multitude of MNF-based sensors have been developed for micro-
fluidic-based RI sensing. Table 1 lists some of the most prominent achievements.
Although the different sensing mechanisms of the various works produce RI

responsivity in different units, the RI sensitivity is the common parameter to
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compare. From the table, the twisted MNF sensor [85] exhibits the best performance.

Moreover, MNF-based sensors appear to out-perform top RI sensors employing

regular-sized specialty fibers such as PCF [99].

MNF . Responsivity Sensitivity .Refractlve Reference
configuration index range
: 5.23x10°°
Straight MNF | 1900 nm/RIU RIU 1.33-1.44 RIU | Wang et al [81]
Monzon-
127500 7 1.44-1.454 .
Coated MNF am/RIU 7x10"" RIU RIU Hernandez et al
[83]
MNF Bragg 2.5x10°°
orating N/A RIU — Wang et al [85]
8.3x10°° :
1200 nm/RIU RIU 1.3-1.39 RIU | Liang et al [86]
Interferometric 5.27x107 .
MNF 18987 nm/RIU RIU ~1.3 RIU Li et al [40]
5x10* nm/RIU - - Kou et al [88]
MZlcoupled 1 1y, R1U _ 1-1.538 RIU | Wang ef al [68]
micro-ring
MNF tip 8000%/RIU — 1.3-1.4 RIU Tai et al [89]
1.3577-1.3739
125 nm/RIU — RIU Kou ef al [90]
: 1.85x107 | 1.3321-1.3565
Twisted MNF | 26.96 mW/RIU RIU RIU Zhu et al [91]
1.355-1.3586
24373 nm/RIU - RIU Sun et al [95]
17.8 nm/RIU | 1.1x10™
(high index- RIU
OM loop contrast), (ethanol),
resonator 110 nm/RIU 1.8x107 1.40-1.43 RIU | Guo et al [31]
(low index- RIU
contrast) (glycerol)
OM knot 172 nm/RTU - ~1370RIU | Pal et al [96]
resonator
OM coil 40 nm/RTU _ 1.49-1.51 RIU | Xu et al [60]
resonator
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MNF with
micro- 17 nm/RIU - 1.33-1.5 RIU | White et al [74]
capillaries
2.02x10°
Standard PCF | 8500 nm/RIU RIU 1.33-1.44 RIU | Sun et al [99]

Table 1. Comparison of best-reported performances in each micro/nanofiber design

category for micro-fluidic-based refractive index sensing.
2.5.1.2 Humidity-based sensors

MNF-based humidity sensors typically operate on RI changes in its external coating
in response to variations in ambient humidity. The stability of the composite fiber
structure varies depending on the coating material. Externally induced effects such as
thermal expansion can cause shear stress to build-up along the fiber-coating interface,
which will ultimately result in delamination above a certain threshold. Corres et a/
[100] have coated a MNF with humidity-sensitive nano-film using poly-
diallyldimethyl ammonium chloride and the polymeric Dye R-478 as the polycation-
polyanion pair that overlap each other at the molecular level to produce a
homogeneous optical material. The optimization of the humidity response was
further studied [101] by tuning the coating type, coating thickness, dimensions of the
taper and the light source. A variation of 16 dB in optical transmittance was achieved
with a responses time of 300 ms for changes in relative humidity (RH) from 75-100%
RH [102].

An alternative humidity-sensitive material is the agarose gel, as shown by Baridin et
al [103]. A mixture of agarose powder dissolved in water was heated and then
deposited on a MNF of 25 um diameter and 0.1 mm uniform waist length. A
variation of up to 6.5 dB of the optical transmittance was recorded with RH changes
between 30% and 80% that lead to increased leakage of light into the cladding layer.
Gelatin is another material sensitive to humidity changes. Zhang et al [104]
exploited this effect by coating a 680 nm diameter, 8 mm length MNF with an 80 nm
thick layer of gelatin. The sensor displayed a 10 dBm change in optical transmittance

with a DR of 9-94% RH, with T = 70 ms.
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A humidity sensor based on tapered PCF filled with moisture-sensitive polymer was
proposed by Li et al [105]. Theoretical results show the loss varies from 0.063
dB/cm to 75.847 dB/cm when the RH changes from 0% RH to 95% RH. The silica
MKR has showed a responsivity of 12 pm/10% RH within a DR of 14-60% RH.

Wang et al [69] fabricated micro-rings assembled with polyacrylamide (PAM) OMs
of 2-3 pum diameter for humidity sensing. These OMs absorb water molecules and
inflate monotonically with increasing humidity, resulting in resonant wavelength
shifts. Responsivities as high as 490 pm/% RH and response times of 7z = 120 ms
were recorded within a DR of 5-71% RH. Humidity sensors based on silica/polymer
MKRs were reported by Wu et al [106]. The silica MKR sensor (1.2 um diameter,
Q-factor of 15000) factor showed a responsivity of 12 pm/10% RH within a DR of
15-60% RH. The polymer MKR sensor (2.1 um diameter, Q-factor of 20000)
achieved a responsivity of 88 pm/10%-RH from 17-95% RH, with T3 < 0.5 s.

Table 2 summarizes the top-performing sensors from each design category for
humidity sensing. Although the sensitivity information is not available for
comparison, it is clear that the responsivity of the OM ring resonator [69] surpasses
the other MNF-based designs with by far the largest wavelength shift. However,
compared to the top-tier humidity sensors using a regular-sized coated optical fiber
[107], MNFs are less responsive due to the smaller surface area exposed to the
measurand. Sensing the level of humidity in an environment does not usually face

space restrictions, therefore the compact size of MNFs offer no advantages.

MNF Relative

. Responsivity Sensitivity | humidity Reference
configuration

range

Coated MNF | 16 dB/25% RH ~ | 75-100% RH ﬁ%rzrifs etal
PCFMNF | 12 pm/10% RH - 14-60% RH | Li et al [105]
OM ring 490 pm/1% RH _ S71%RH | Wang et al [69]
resonator
OM knot 88 pm/10% RH - 17-95% RH | Wu et al [106]
resonator
Standard 1.08 nm/1% RH - 20-80% RH Hernéez et al
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coated fiber [107]

Table 2. Comparison of best-reported performances in each micro/nanofiber design

category for humidity sensing.
2.5.2 Chemical and bio-chemical sensors

There has been a rapid development of optical sensors for the detection of chemicals
and biological materials of environmental and biomedical interest. The emergence of
MNF-based devices gave rise to the ability to interrogate samples in the microscopic
size regime with minimized intrusion, greater stability and shorter response times. In

the following section, sensors are categorized primarily by their sensing mechanism.
2.5.2.1 Surface absorption and fluorescence-based sensors

The strong optical confinement and prominent evanescent field of guided light in
MNFs give rise to ultra-sensitive surface spectroscopy of molecules in close vicinity
of the MNF waist region. Using the guided mode for both excitation and
fluorescence collection, Stiebeiner et al [108] performed spectroscopic
measurements on 3,4,9,10-perylenetetracarboxylic dianhydride molecules at ambient
conditions shown in Figure 15, using MNFs with waist diameter down to 100 nm
and lengths of 1-10 mm. Fine-tuning of the transmission band of MNFs allow for
further optimization on the surface spectroscopy of organic molecules. A systematic
study of the influence of the taper profile parameters on the transmission properties

of MNFs as well as the loss mechanisms was also undertaken by Stiebeiner et a/ [3].
Functionalized nanofiber

Light in Light out

r

Analyte o

Core Cladding
guiding guiding

Figure 15. Schematic diagram of the coated optical nanofiber for bio-chemical

sensing.
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Nayak et al [109] demonstrated efficient coupling of atomic fluorescence to the
guided mode of a MNF. It was reported that the fluorescence of a very small number
of atoms could be detected around MNFs with diameters of 100—1000 nm and 40
mm length. Likewise, they also confirmed that the fluorescence excitation spectrum
reflects the effect of the van der Waals interaction between atoms and the MNF
surface. Moreover, Nayak ef al [110] discovered that single atoms around the MNF
reveal a very prominent spectral feature, where the excitation spectrum splits into
two peaks with a separation smaller than the natural linewidth. A full understanding

of this effect is yet to be achieved.

MNF tip sensors facilitate sensitive and selective means to monitor cellular
microenvironments at the single cell level. Tan ef al [41] were amongst the first to
realize this vast potential. A thousand-fold probe miniaturization, a million-fold
sample reduction and a hundred-fold shorter response time (7x < 20 ms) was
achieved over regular optical fibers (100-200 um diameter) by combining MNF tips
with near-field photo-polymerization. The wide variety of medical uses at the
cellular level was discussed by Vo-Dinh et a/ [111]. In their report, MNF tips of 30—
50 nm diameters shown in Figure 16 were covalently bound with antibodies that are
selective to target analyte molecules. The sensor head was excited by light launched
into its fiber pigtail and the resulting evanescent field at the MNF tip was used to
excite target molecules bound to the antibody molecules. The fluorescence emission
from the analyte molecules was then collected and analyzed via a microscope to

determine the presence of biochemical targets inside single cells.

Functionalized tip
0

Light in

—

S

Light out
Metal coating

Figure 16. Schematic diagram of the functionalized optical nanofiber tip for selective

bio-chemical sensing.

An in-line absorption sensor was fabricated with an embedded MCR by Lorenzi et a/
[112]. The sensor was tested by measuring the optical absorption of an aqueous

solution of synthetic dye, Brilliant Blue FCF (1.3x10° M'em™ at A = 630 nm), with
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concentration ranging from 6 uM up to 0.18 mM. The measurements were taken
while the analyte flowed through the tube enclosed by the MCR. The experimental
results have been interpreted as a function of analyte concentration. Low
concentrations of flowing analyte show losses in agreement with a modified Beer-
Lambert law and higher concentration reached a limit of the measured losses arising

from absorption mechanisms.

The simulations of the sensing performance of ring resonator chemical vapor sensors
based on a four-layer Mie model have been carried out by Sun et a/ [113]. Two ring
resonator configurations were investigated, where a vapor sensitive polymer layer
was coated on either the interior or exterior surface of a fused silica cylindrical ring
resonator. Due to the interaction between the polymer and the vapor analyte, the
change in RI and polymer layer thickness lead to a spectral shift in the resonant
wavelength. The RI responsivity and thickness responsivity were studied as a
function of the polymer coating thickness, external RI, ring resonator size, wall
thickness, resonant mode order and polarization. This study provides an insight into
the WGM interaction with vapor molecules and enables sensor optimization for

various applications.

Optical micro-spheres have also been widely used for biological detection. A micro-
sphere resonator with Q-factor of 2x10° shown in Figure 17 was used as a biosensor
and its responsivity was measured via the adsorption of bovine serum albumin
dissolved in phosphate buffered saline on the micro-sphere bathed in phosphate
buffered saline solution. Vollmer et al [114] showed that microspheres can likewise

be used to detect streptavidin binding to biotin.

Toroidal micro-resonators can provide extremely high Q, thus they have an obvious
application in optical sensing. Such structures have been used for distinguishing
chemically similar species. The Q-factor in heavy water (D,0) is different from that
in common water (H,O), since H,O has a stronger absorption than D,0. By
monitoring the Q-factor, concentrations of 0.00001% of D,O in H,O have been

detected by Armani et al [72].
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Figure 17. Schematic diagram of an optical microfiber coupled to a micro-sphere for

biological detection.
2.5.2.2 Gas-based sensors

One of the first demonstrations of using MNFs for sensing gaseous elements was an
oxygen sensor by Rosenzweig et al [115]. The working principle is based on the
fluorescence quenching of tris-(1,10-phenanthroline)ruthenium(Il) chloride in the
presence of oxygen or dissolved oxygen. The Ru compound was implanted in an
acrylamide polymer attached to a silanized 0.1-0.5 pm diameter MNF tip by photo-
initiated polymerization. The minimum sample volume required for measurements
was 100 fL. An absolute sensitivity of 1x10™"" M was achieved with response times

under 1 s.

Functionalized polymer MNFs for gas detection were reported by Gu et al [10],
which include PMMA, polystyrene, polyacrylamide, and polyaniline/polystyrene
nanowires. A 250 nm diameter polyaniline/polystyrene MNF for sensing NO, was
fabricated from a polymer-blend solution. It was found from the spectral absorption
that the oxidation degree of the MNF increases with the concentration of NO,. A
sensitivity below 0.1 ppm and 7z = 7 s has been achieved. For sensing NH3, a 270
nm diameter bromothymol-blue doped PMMA was used as the sensor head. As the
NHj gas diffuses into the MNF, the bromothymol-blue reacts with NH; and changes
from acidic form to basic form, resulting in evident absorption of the probing light.

A sensitivity of better than 14 ppm has been demonstrated with 7z = 1.8 s.

Unlike RI sensors, no comparison can be made between the various chemical and

bio-chemical sensors due to the different measurands involved.
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2.5.3 Temperature sensors

Over the past few decades, temperature sensing has matured into a profound
technology which has been successfully deployed in many industrial sectors,
including ecological monitoring, fire detection, leakage detection, oil and gas
exploration, plant and process monitoring, power cable and transmission line
monitoring, storage tanks and vessels, and structural health monitoring. The
compactness of MNF-based structures in conjunction with its excellent immunity to

EMI has attracted considerable interest in recent years.

A simple modal interferometer was constructed by Zhu et al [116], by coating the
waist region of a MNF (4 mm length uniform, 8 mm total) with a high thermo-optic
coefficient material. The ambient temperature has a great influence on the RI of the
coating film and thus the interference pattern. The optical response was studied
under different MNF diameters varying from 1.6 pm to 20 pm and a temperature DR
of =20 °C to 80 °C. An in-line MZI was conceived by Lu et al [117], using two
cascaded MNFs to excite and recombine the cladding mode with the core mode. The
MNFs were of 65 pum diameter and 525 pm length. The highest responsivity
obtained was 77 pm/°C between 20-60 °C. Ji ef a/ [118] proposed a multiplexed
optical temperature sensing system using MNFs with FPGs as end reflectors.

Experimental results showed a responsivity of 9.7 pm/°C between 20—70 °C.

Ding et al [119] demonstrated a compact MNF coupler tip capable of sensing
temperature up to 1283 °C with a 2-dimensional resolution of <200 um. The device
exploited the temperature dependence of intermodal coupling in the coupler uniform
waist region, exhibiting a responsivity of 11.96 pm/°C and sensitivity of 0.836 °C

when the wavelength resolution is 10 pm.

An experimental investigation on tapered PCF coated with a layer of liquid crystal
was presented by Rajan ef al [120]. Several in-line interferometers were fabricated
by tapering a small section of PCF by collapsing the air holes and thinning down the
collapsed region to micron-scale. Temperature tuning of the spectral response of the
tapered interferometers with different waist diameters coated with high- and low-RI

liquid crystal materials were carried out.
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In the case of MLRs, the positions of the transmission resonances are very sensitive
to variations in the effective RI and circumferential length of the micro-ring, which
are affected by the surrounding temperature. A temperature sensor has been reported
by Sumetsky et al [45] in a free-standing MLR, which has a larger interfacial contact
area with the ambient environment than a micro-ring resonator mounted on a
substrate. By monitoring the changes in the transmitted power at a wavelength near
resonance, temperature variations of 0.4 °C were measured with a fast response time
of T = 3 ms due to the extremely low thermal mass. The temperature sensitivity of

this temperature sensor could be as small as 0.1 mK.

MKRs have been reported for temperature sensing by Wu et al [121]. An MgF,
crystal plate was adopted as substrate and various sized sensing knots were covered
by a thin MgF; slab to stabilize it against environmental fluctuations. A thermally
induced resonant wavelength shift resulting in a responsivity of 52 pm/°C was
recorded in the range 30-700 °C with 7 = 1 ms for a silica sensor MKR. A
polymer-based MKR sensor showed a responsivity of 266 pm/°C within 20-80 °C
and Tz = 5 ms. Better performance is anticipated by improving the Q-factor of the
MKR. More recently, the same research group presented theoretically and
experimentally a high precision and multi-point temperature sensor, by cascading
two MKRs and measuring the shift difference between the first and second-order

resonance peaks [122].

MCRs embedded in the Teflon in Figure 18 with opposite thermo-optic coefficients
were proposed and demonstrated as a temperature-insensitive device by Chen et a/
[123]. By coiling 3 turns of OM of 3 um diameter, a responsivity of <6 pm/°C was
achieved in the room temperature range. It was found that responsivity can be
optimized by tuning the OM diameter. Chen et al [124] also showed the temperature
sensing capability of Teflon-embedded MCRs with a demonstration using OM of 4—
5 um diameter and 14 um length, coiled around a PMMA rod of 2 um diameter. The

responsivity to temperature was observed to be 80 pm/°C.
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Figure 18. (a) Photograph of a packaged microfiber coil resonator, and (b) a close-up

view on the optical microfiber coiled around the support rod.

Table 3 compares the top-performing sensors from each design category for

temperature sensing. From the reported responsivities, the OM knot resonator [121]

offers the largest response to changes in temperature with the largest dynamic range.

In comparison to the best temperature sensors employing regular-sized specialty

fibers such as PCF [125], MNF-based sensors are a step behind in all areas except

compactness.

MNF . . P Temperature

configuration Responsivity | Sensitivity range Reference
Interferometric | ;o 20-60 °C Lu et al [117]
MNF P erariiss
MNF coupler o o B Ding et al

tip 11.96 pm/°C 0.836 °C [119]

OM knot 266 pm/°C 20-80 °C Wu et al [121]
resonator

OM coil o Chen et al
resonator 80 pm/*C - [124]
Standard PCF | 1.4 nm/°C 20-600 °C Rao et al [125]

Table 3. Comparison of best-reported performances in each micro/nanofiber design

category for temperature sensing.
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2.5.4 Current sensors

There are well known advantages in using fiber-optic current sensors over
conventional current transformers. Due to the dielectric nature of optical fibers, its
sensors have the robustness to take measurements in high voltage or high magnetic
induction noise fields, and have excellent immunity to saturation effects that
otherwise may limit conventional current transformers. In addition, fiber-optic
current sensors exhibit a linear responsivity over a wide detection bandwidth. This
allows them to detect transient electrical faults, inspect noise on direct current (DC)
lines for the monitoring of partial discharges during automatic control, and protect
high power equipment and vital electrical components. Their compactness,
lightweight and potential availability at low cost makes them an attractive choice as
sensors. The shorter optical path length (OPL) of coiled MNFs can host a higher
detection bandwidth compared to regular-sized fiber coils with the same number of
turns (i.e. same responsivity), which are also much bulkier due to the larger

minimum bend radius.

Belal et al introduced coiled MNFs as compact current sensors, by wrapping a MNF
around a conductive wire to form an optical microfiber coil (MC). Alternating
current (AC) can be detected by either a polarimetric technique via the Faraday
Effect [42], or by tracking thermally induced phase shifts when incorporated into the
sensing arm of a MZI [126]. For the former configuration, a current responsivity of
16.8 prad/A for a DR of 0-19 A and a sensitivity of 0.04 A/v/Hz was achieved with
25 turns. The detection bandwidth was predicted to be in the gigahertz regime. For
the latter configuration, the measured responsivity was 1.28x10™ rad/A* at 50 Hz
between 0—120 Ay In both cases, the MNF was of 5 um diameter, 10 cm length,

and the responsivity was expected to increase with the number of MNF turns.

By wrapping MLR around a copper rod, the resonant wavelength can be tuned by
applying a current through the copper rod. For a MLR with Q-factor of 4000, an
approximately linear dependence of wavelength shift on the current was
demonstrated by Guo et al/ [52] with a slope of 26.5 pm/A between 0-1.6 A. Using
similar principles, Lim et al [127] achieved current sensing by wrapping a MKR

around a copper rod. The wavelength shift was measured to be linearly proportional
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to the square of the current and a maximum tuning slope of 51.3 pm/A? between 0—2

A was obtained.

Table 4 compares the top-performing sensors from each design category for current
sensing. It is difficult to judge the best from the different forms of reported
responsivities. The OM coil and loop resonator gives a linear responsivity, whereas
the interferometric MNF and OM knot resonator exhibits a response proportional to
the electrical power rather than the current. The middle 3 entries are all based on
thermal effects, and hence their detection bandwidths are considerably lower than the
gigahertz capabilities of the OM coil. In comparison to Faraday Effect-based current
sensors employing standard fiber coils made from silica [128], the limited fabrication

length of MNFs resulted in inferior responsivity and thus lower sensitivity.

MNF . . cpe s

configuration Responsivity Sensitivity Current range | Reference
OM coil 16.8 urad/A | 0.04 AWHZ | 0-19 A 1[351?1 etal
Interferometric | 1.28x10™ rad/I B 0-120 A Belal et al
MNF at 50 Hz s [126]

OM loop 26.5 pm/A _ 0-1.6 A Guo ef al [52]
resonator

OM knot 2 Lim et al
resonator >1.3 pm/A B 024 [127]
Standard spun 0.1 mA s Payne et al
fiber coil : /AJHz 0-450 Avms [128]

Table 4. Comparison of best-reported performances in each micro/nanofiber design

category for current sensing.
2.5.5 Displacement/strain sensors

This category of sensors can be found in a wide variety of industrial applications
including semiconductor processing, assembly of disk drives, precision thickness
measurements, machine tool metrology and assembly line testing. The
aforementioned characteristics of MNF-based structures enable such optical sensors

to operate in confined spaces.
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The bending effects in MNFs were experimentally investigated by Arregui et al [129]
to yield a set of design rules for implementing displacement sensors. In their work,
the MNF diameters ranged from 22 pm to 66 um. It was found that narrower waist
diameters lead to a higher spatial resolution, while wider waist diameters enabled a
broader measurement range. A locally bent MNF bimodal interferometer was
presented by Luo et al [130] as a displacement sensor, based on spectral shifts
resulting from the beating between the fundamental mode and the first excited
higher-order mode. The MNF diameter was carefully chosen at 1.92 um such that
the thermo-optic coefficients of the two modes are equal, leading to temperature-
insensitive measurements. The responsivity to micro-displacements was 102 pm/um
with a DR of 0-20 g. Ji et al [118] demonstrated the feasibility of a multiplexed
optical displacement sensing system using cascaded MNF-Bragg-gratings. The fiber
taper of each sensing branch acted as sensor head to provide a displacement-induced
curvature-dependent bend loss. The FBG provided the end-reflection that identified
the particular sensor head with a unique Bragg wavelength. The resulting optical
signals were then distinguished by their wavelength and the displacement in each
case was proportional to the individual peak power. Experimental results showed a

responsivity of 0.11 dB/um for displacements within a DR of 0—400 pm.

As previously mentioned, the MLR transmission spectrum is strongly dependent on
the loop size. As a result, they have been exploited as displacement sensors by
Martinez-Rios et al [131]. Figure 19 shows one of the loop pigtails attached to a
moving surface. The principle of operation is based on the interaction between the
fundamental cladding mode propagating through the OM waist and the excited
higher-order cladding modes when the OM is deformed to form a loop. The notch
wavelength resonances shift as a function of the loop diameter. A responsivity of
0.116 nm/um has been achieved in a displacement DR of 0-3.125 mm and the
maximum wavelength shift was 360.93 nm. Alternatively, a responsivity of 2.7
nW/um was recorded when the measurements were carried out around a center
wavelength of 4 = 1280 nm with a low-power light-emitting diode of 100 nm
bandwidth and a Ge-based photodetector (PD).
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Figure 19. Schematic diagram of the microfiber loop resonator being modulated in

diameter by displacements.

A micro-ball lens structure fabricated at the cleaved tip of a MNF coupler was
demonstrated for displacement measurements by Jasim ef a/ [132]. The diameter of
the MNF and micro-ball measures 40 um and 102 pm respectively. The device
operates on the interference between the reflected beams from the micro-ball lens

and the reflector, with an increased Q-factor for larger displacements.

Table 5 compares the top-performing sensors from each design category for
displacement sensing. From the reported responsivities, the OM loop resonator [131]
and the MNF Bragg grating [118] are the most responsive in terms of wavelength
shift and optical power modulation. However, it is difficult to compare the
performance against a top-performing non-MNF displacement sensor comprising of
an extrinsic FP [133], due to the lack of a common parameter. Nevertheless, it is
expected that the low stiffness of MNFs do not offer any advantages for measuring

displacements, due to the irrelevance of force/strain.

MNF . Responsivity | Sensitivity Displacement Reference
configuration range

Interferometric 102 pm/um _ 0-20 Luo et al [130]
MNF pm/p g uo et al [150
MNF Bragg 0.11 dB/um - 0-400 um Ji et al [118]
grating

OM loop Martinez-Rios
resonator 0.116 nm/pm - 0-3.125 mm et al [131]
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Standard FP — 2.2 nm 2-5000 nm Seat et al [133]

Table 5. Comparison of best-reported performances in each micro/nanofiber design

category for displacement sensing.
2.5.6 Bend/curvature sensors

Bend or curvature sensors have various uses in the areas of mechanical engineering,
robotic arms, structural health monitoring and turbulence sensing. With excellent

immunity to EMI and compact size, the advantages of MNF-based devices are clear.

A compact curvature sensor based on concatenating two MNFs of 60 pm diameter
has been demonstrated by Monzon-Hernandez et al [134]. When the device is bent,
the symmetry of the straight taper is lost and light from the first taper excites
cladding modes. In the second taper, a fraction of light guided by the cladding modes
couples back to the fundamental mode, producing an interference pattern in the
transmission spectrum. A vector bend sensor was proposed by Zhang et al [135],
consisting of a lateral-offset splicing joint and an up-taper formed through an
excessive fusion splicing method. The diameter and length of the expanded section
are 168 um and 280 pum respectively, with a lateral-offset of 6.5 pm. At the first
lateral-offset fusion-splicing joint, the input light is split into fundamental core and
cladding modes. The cladding modes couples back into the core when propagating
through the up-taper, forming a MZI due to the phase difference between the core
and cladding modes. For concave bending, the RI experienced by the mode
propagating in the optical fiber increases in the region close to the inner side of fiber
axis, while the RI decreases in the region close to outer side. For convex bending, the
cladding modes will experience a longer propagation path than the core mode. For a
curvature DR from —3 m™” to 3 m, the bend responsivities at 1463.86 nm and

1548.41 nm are 11.987 nm/m and 8.697 nm/m respectively.
2.5.7 Roughness sensors

The detection and minimization of surface and bulk non-uniformities of MNFs are of
prime importance for reducing their optical loss during fabrication. These sensing
techniques can be extended for quality control of standard and special types of

optical fibers.
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Birks et al [136] devised and tested a simple way of measuring the diameter
uniformity of optical fibers. The proposed method shown in Figure 20 uses a MNF
as the probe, which translates across small distances along the fiber under test (FUT)
and periodically touches it for discrete measurements. At these points, the MNF
transmission spectrum exhibits WGM resonances that shift in wavelength depending
on the OPL or the effective radius of the local region of fiber. A 1.6 um diameter
sensor taper was tested on target fibers that have been tapered to a notional uniform
diameter of 19.7 um over a length of ~10 mm. Diameter variations of less than one
part in 10* (i.e. 2 nm) were reported to be measurable. Scanning MNF surface and
bulk distortions with sub-nanometer accuracy was developed by Sumetsky et al
[137]. Their method employs a partially stripped SMF as a probe that slides
perpendicularly along a MNF transmitting the fundamental mode. Since the OPL of
the WGM is constant, variations in the transmittance at a single wavelength is
analyzed instead. This depends on the amount of light absorbed by the probe, which
is controlled by the coupling coefficient that is related to the distance from the probe
and thus the local diameter of the MNF. Hence, by measuring variations in the
transmittance of the probe output, the uniformity of the MNF can be determined.
Sumetsky et al [138] also improved upon the first demonstration by Birks et a/, to
reach a sensitivity of angstrom-scale.

Lightin Optical

microfiber Fiber under test

o aery M

ing 92

- Light out
\Whispe'

Figure 20. Schematic diagram of the optical microfiber interacting with a cylindrical

surface to detect non-uniformities.
2.5.8 Acceleration sensors

Accelerometers are well established in the commercial landscape. They are
employed in earthquake monitoring, guidance systems, inertial navigation, platform
stabilization, vibration monitoring in portable electronics, machinery, vehicles and

vessels. Such optical sensors are highly desirable since they are unaffected by EMI
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from static electricity, strong magnetic fields and surface potentials. MNF-based
devices can operate in very confined spaces and this gives them an advantage in

many applications.

A MNF-based vibration sensor based on an optical trapping mechanism was
proposed by Wang et al [139]. A polystyrene micro-sphere with a diameter of 10 um
was used as the mass block, enclosed in a sensing cavity filled with RI-matching
liquid. Two MNFs were inserted such that vibration-induced location variations of
the micro-sphere will change the amount of light collected by the MNF tips. A

detection bandwidth of 15-1000 Hz was demonstrated in the preliminary results.

High Q-factor MLRs and MKRs have also been demonstrated as accelerometers by
Hou et al and Wu et al [140, 141] with a DR of 0-20 g. The resonators were
individually fixed on to the surface of a cantilever beam and attached to a micro-
machined silicon proof-mass. The MLR-based sensor (1 um diameter, 250 pm loop
diameter) provided a responsivity of 624.7 mV/g, while the MKR-based sensor (1.1
um diameter, 386 pm knot diameter) reached a slightly higher performance of 654.7
mV/g.

Table 6 compares the top-performing sensors from each design category for
acceleration sensing. Judging from the reported responsivities, the OM knot
resonator [141] holds a slight advantage over the OM loop resonator [140]. However,
compared to the best traditional accelerometers using standard optical fiber [142],

the performance is vastly inferior.

MNF . Responsivity | Sensitivity Acceleration Reference
configuration range
OM loop 624.7 mV/g - 020 g Wu et al [140]
resonator
OM knot 654.7 mV/g _ 0-20 g W et al [141]
resonator
Standard fiber Gardner ef al
with compliant 10500 rad/g 1 ng/vHz —

[142]
mandrel

Table 6. Comparison of best-reported performances in each micro/nanofiber design

category for acceleration sensing.
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2.5.9 Force/pressure sensors

Force sensors have gathered much attention over the years and have established its
role in many fields such as biomechanics, civil engineering, fluid-flow
measurements, motor sport, process monitoring and control. For standard optical
fiber-based sensors, the responsivity tends to scale inversely with the fiber cross-
sectional area. Therefore, it is possible to increase force responsivity by using MNFs
instead. The small dimensions of MNFs can also minimize the intrusiveness when

taking sensitive measurements.

A FBG inscribed along the uniform waist of a MNF has been demonstrated by
Wieduwilt ef al [143]. The force-induced axial strain produced a shift in the Bragg
wavelength, inducing a responsivity of 1900 nm/N for a 3.5 um diameter, § mm
length MNF. Forces as small as 25 uN could be measured with this sensor. Wang et
al [144] proposed combining MNFs with an optical frequency-domain reflectometry
(OFDR) technique to create a high responsivity and high resolution force sensor. The
cross-correlation wavelength shift in the uniform waist region of the MNF is related
to the RI change of the fundamental mode. The force responsivity was significantly
improved due to its reduced diameter. A force responsivity of 620.83 nm/N and
sensitivity of 6.35 uN was demonstrated with a spatial resolution of 3.85 mm for a
MNF of 6 um diameter, which is about 500 times higher than that of its SMF

equivalent.

Table 7 compares the top-performing sensors from each design category for force
sensing. By directing comparing the sensitivities, the MNF with OFDR [144] has the
best sensitivity despite featuring a lower responsivity. The sensitivity is more
important than the responsivity because it is a derivative of the former that takes into
account the limits of the detection system to determine the minimum detectable
quantity of the measurand. Unlike displacement sensors, the low stiffness advantage
of MNF-based force sensors can be exploited for an advantage over their standard

optical fiber counterparts [145].

MNF - - cre .

configuration Responsivity | Sensitivity | Force range | Reference
MNF Bragg B Wieduwilt et al
grating 1900 nm/N 25 uN [143]
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MNF with

OFDR 620.83 nm/N | 6.35 uN — Wang et al [144]
Standard D-fiber | 255.9 3 0-1.9 N/mm Dennison et al
with FBG pm/N.mm ’ [145]

Table 7. Comparison of best-reported performances in each micro/nanofiber design

category for force sensing.
2.5.10 Rotation sensors

Rotation sensors have numerous applications, notably in inertial navigation systems,
control, stabilization, and positioning systems. Although both mechanical and optical
techniques exist for rotation sensing, the latter was found to provide higher
responsivities and lower drift rates. Micro-resonators are advantageous in the sense

that they can enhance the responsivity without enlarging the size of the device.

Rotation sensors and gyroscopes with enhanced responsivities have been predicted
for MCR-based structures by Scheuer et al [65]. The interplay of slow-light and
conventional propagation effects leads to an improvement in responsivity. The
resonsivity enhancement increases rapidly as the loss is decreased. Simulations
estimated that for a lossless MCR, the responsivity to rotation could be improved by
four orders of magnitude with respect to the case of non-optimized standard optical
fiber gyroscopes with similar parameters. However, a later theoretical analysis by
Digonnet ef al [146] revealed that gyroscopes made from MCRs are actually less
sensitive than standard resonant fiber-optic gyroscopes consisting of a single loop.
The responsivity is proportional to the total group delay of light through the structure

and the maximum achievable group delay is limited in the same manner by loss.
2.5.11 Acoustic sensors

The commercial use of acoustic sensing spans several decades, and it is one of the
most successful applications in the field of fiber-optic sensors. Rapid advances in
this area have been driven by increasing demands from industries such as defense.
The acoustic signatures of tanks, aircrafts, helicopters and submarines can be tracked,
improving battlefield awareness and surveillance. MNF-based devices are less

intrusive and easier to deploy, making them an attractive choice.
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A simple vibration sensor based on a non-adiabatic MNF was shown by Xu et al
[147]. The environmental vibrations were detected by demodulating the transmission
loss of the 22 um diameter MNF. The sensing system displayed a wide frequency

response, ranging from a few hertz to tens of kilohertz.
2.5.12 Electric field sensors

Optical electric field sensors have attracted the attention of several industrial
segments due to the fact that they can act as dielectric receiver antennas. MNF-based
sensor probes have an excellent performance as field receivers compared to metal-
based electric field probes due to their excellent immunity to EMI. Such low-
invasive and noise-rejecting qualities exhibit the ideal way of detecting of localized
electric field distributions. Moreover, these sensors offer reduced power

consumption and smaller size than their conventional electronic counterparts.

Veilleux et al [148] have demonstrated control over the transmission of a MNF using
a layer of electric-field-tunable liquid crystal (Merck ZLI-1800-100). The MNF was
of 15 um diameter and 5 mm length. When the voltage applied between two
electrodes changed from 0 V to 350 V, the external RI changed from n = 1.33 to 1.48.

Such a device could be adapted into a compact electric field optical sensor.
2.5.13 Magnetic field sensors

Magnetic field sensors have coexisted alongside electric field sensors due to their
duality transformations. Fidelity, compactness and configurability are the most
important parameters for a good magnetic field sensor design. Thus, magnetic field
sensing with MNF devices has inherent advantages when it comes to meeting these
requirements. The broad range of possible applications includes automotive,
navigation, proximity sensors, spatial and geophysical research, transducers for

micro-actuators, traffic counting and vehicle detection.

A MKR was demonstrated as a magnetic field sensor by Li et al [149]. The device
shown in Figure 21 was submersed in a magnetic fluid (Ferrotec EMG509) that can
be modulated to influence the effective index and thus the resonant wavelength of
the MKR. A linear responsivity of 0.3 pm/Oe up to 300 Oe and a sensitivity of 10 Oe

were reported.
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Figure 21. Schematic diagram of the microfiber knot resonator embedded in

magnetic fluid.
2.5.13 Conclusions

MNF-based sensors is a rapidly growing field. MNFs exhibit many desirable
characteristics such as large evanescent field, strong optical confinement, bend
insensitivity, low stiffness and high configurability. The resulting sensors hold
numerous advantages over their standard optical fiber counterparts, including higher
responsivity, higher detection bandwidth, faster response, higher selectiveness, lower
intrusiveness, smaller size and lighter weight. With sensing areas spanning RI, bio-
chemical, temperature, current, displacement/strain, bend/curvature, roughness,
acceleration, force/pressure, rotation, acoustic, electric field and magnetic field, the
future of MNF technology looks exceptionally promising. There is no doubt that new

applications will continue to arise from the development of MNF-based sensors.

Several areas encompassed by the existing range of MNF sensors remain relatively
unexplored and the sensors in development are potentially competitive with their
traditional counterparts, particularly for current, acceleration and acoustic. It will be
the primary interest of this thesis to develop the current sensor and the preceding
chapters will explore different means to detect current, using sensing mechanisms

such as thermal effects and the Faraday Effect.
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Chapter 3

3. Temperature sensing with optical microfiber

This chapter describes the various resonant wavelength shift detection schemes that
are typically employed for resonator-based temperature sensing, before presenting
the theoretical and experimental demonstrations of a sliding MCR-based temperature

sensor for the rapid inspection of insulation faults along electrical wires.
3.1 Resonance shift detection schemes

Fiber-optic resonators experience a resonant wavelength shift when the OPL of their
cavities are modified by a measurand, as shown in Figure 22. An optical spectrum
analyzer (OSA) is typically used in conjunction with a broadband light source. The
measurand sensitivity (S) is related to the wavelength resolution (A1) of the detection

system and the responsivity (R) of the sensor:

s=2 3.1)

R

> > A
Fiber-optic ring resonator Power vs. wavelength

Figure 22. Illustration of how optical resonators respond to changes in the optical

path length.

From Equation 3.1, it is evident that the sensitivity depends on the shape of
resonance. A/ is seldom equal to the minimum wavelength resolution of the OSA,
due to the mid-point ambiguity caused by measurement noise in the resonance dips.
Narrower resonances facilitate easier wavelength tracking, thereby restoring A4 to its
intended precision and enhancing the sensitivity. For optical power-based detection
schemes operating at a single wavelength, a sharper resonance also constitutes a

larger signal change for small perturbations of the resonator.
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3.2 Sliding microfiber coil resonator temperature sensor for

inspection of electrical wires

A compact and robust thermometer based on a MCR encircling a Teflon tube is
presented in this section. The EMI-insensitive probe exhibits a responsivity of
93.44+7.0 pm/°C and a sensitivity of 2.2+0.2 °C with a wavelength resolution of 200
pm. It can be readily slid along electrical wires to map the local temperature for
locating insulation faults and reporting high current surges. The sensor head is
simple to fabricate and potentially available at low cost, making it attractive for

industrial applications.
3.2.1 Introduction

The main causes of overheating that lead to electrical fires in domestic and industrial
environments are excessive current, poor connections and insulation breakdown. A
variety of optical thermometers have been reported in recent years [1-7]. However,
most devices require high precision in the placement and orientation of the sensor
head for accurate results. Optical sensors fabricated from tapered optical fibers offer
several potential benefits in comparison to conventional integrated micro-photonic
devices, such as low insertion loss, inherent fiber compatibility and flexibility.
MLRs and MCRs assembled from self-coupled OMs have shown temperature
sensing abilities [5—7] as high as 280 pm/°C. However, these devices were always

immobilized on a slab or support rod that makes them impractical to use.

In this section, a wire-mounted sliding Teflon tube coiled with MCR is presented.
Sliding probes can be used to rapidly inspect long electrical wires for fault location.
The integrated MCR maps the local temperature to identify positions with insulation
faults that can be at risk from electrical arcing. Defects in the insulation integrity are
distinguished by an increase in the heat signature. Owing to a helical arrangement of
the OM, the ring-shaped detection area facilitates a rotationally symmetric coverage
and thus removes the need for radial alignment of the sensor head. Additionally, up-
surges in temperature generated by intense currents can also be identified. The
minimum bend radii of OMs [8] allow a wide range of wire diameters to be probed,

from millimeters to tens of micrometers.
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3.2.2 Theory

The schematic of the thermometer is shown in Figure 23, which consists of a MCR
wrapped around a hollow Teflon cylinder. The device can slide along electrical wires
to measure the local temperature. Owing to the electrical resistance of the current-
carrying wire, high current will result in heat dissipation. This heat is then
transferred to the Teflon tube and the coiled OM via thermal conduction. The
effective index seen by the guided mode in the OM and the physical length of each
turn in the MCR will be modified by thermal expansion and the thermal-optic effect,
leading to a shift in the resonant wavelength [7]. Details of the MCR model will be

given in Chapter 4.
\S
y ’ Wire
1 mm Teflon tube
I Microfiber
coil resonator
Standard

fiber pigtails ¢
-

Lightin  Light out

Figure 23. Schematic diagram of the microfiber coil resonator-based thermometer

sliding along an electrical wire to measure the local temperature.

Polymer coatings tend to have a negative thermo-optic coefficient, which means
their RI decreases with increasing temperature. This strengthens the mode
confinement due to the larger RI difference, and with more light propagating in the
silica core the effective index increases. However, the fraction of optical power
residing in the cladding experiences an RI reduction, and the overall effect is
dominated by the latter which results in a decrease in effective index. For the MCR,
most of the guided mode is confined to the core. This means the much larger
negative thermo-optic coefficient of the polymer is more or less compensated by the
smaller positive coefficient of silica. With an additional increase in OM length due to

the thermal expansion of the Teflon tube, the OPL increases and thus Az experiences
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a positive shift. The number of OM turns has no impact on the OPL and thus does
not affect the responsivity of the sensor. However, to achieve sufficient self-coupling

leading to resonance, the minimum number of OM turns is 2.

To predict the temperature responsivity of the MCR, the behavior of the device
under thermal effects was modeled. The Teflon tube shown in Figure 24 is assumed
to be unrestricted, since both its physical volume and thermal expansion are larger
than that of the silica OM and the polymer coating combined. Hence, the strain
imposed on the OM of length L can be approximated by the thermal expansion of the
Teflon tube alone:

AL
T ~ ateflonAT (3-2)

where a is the coefficient of thermal expansion and AT is the temperature change.

0.4 mm 0.34 mm
— -«—>

C

A: Polymer coating
B: Teflon tube wall
C: Thermal paste

D: Nichrome wire

E: Optical microfiber

Ilo o0
M

«—>
<200 pym 0.33 mm

N
=
3

Figure 24. Side cross-sectional view of the microfiber coil resonator sensor with a

heating element inside.

In addition to the physical length change of the OM by thermal expansion, the stress-

optic effect [9] introduces a change in 7, and similarly in 72,0pme:

3
Angijicq = -, I [P12 — Usilica * (pll + P12)] (3.3)

where n 1s the RI, v is the Poisson ratio, and p;; 1s the Pockels coefficient components
of the stress-optic tensor of silica (P;; = 0.126, P;; = 0.270) [10]. The Pockels
coefficients are not known for polymer PC-373, but it is assumed to be similar to

that of PMMA (P;; = 0.3, P;> = 0.297) [11].
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The thermal-optic coefficients of silica and polymer must also be taken into account.
Lastly, the thermal expansion of the OM increases its core diameter and also
contributes to the change in the effective index seen by the guided mode. However,
the tube-induced strain on the OM decreases its core diameter due to the Poisson
Effect. It is reasonable to assume that these two weak effects cancel each other out

and thus have a negligible impact on the final OM diameter.
3.2.3 Fabrication

The sensor was built in two stages. The first involved the fabrication of the OM. The
modified flame-brushing technique [12] shown in Figure 25 was applied to a section
of SMF-28, with the fiber ends fixed to a pair of automated translation platforms and
the central section heated using a stationary ceramic micro-heater. To minimize the
surface roughness caused by the mechanical stripping of the acrylate layer, the
optical fiber was annealed for ~1 min by the micro-heater before being tapered. The
surface tension smoothed any surface non-uniformities of the partially melted fiber,
preventing the formation of cracks that could break the optical fiber when subject to
axial tension. The current applied to the micro-heater was 2.9 A, corresponding to a
temperature of ~1300 °C in the hot-zone. By carefully varying the differential motor
velocities, the optical fiber can be stretched with sub-micron precision. The tapering
process lasted ~10 min with an initial stretching speed of 1 mm/sec that was
gradually slowed to ensure an adiabatic taper diameter profile for suppressing the
excitation of higher-order modes [13]. A biconical OM was produced, whose
diameter varied smoothly from 125 pm to 2 um, with a uniform waist section of 2

pum diameter and 15 mm length.

Micro-heater

Fiber clamp Fiber clamp
— —1
=

Optical fiber
\
N
N\

Heating element

Figure 25. Schematic diagram of the existing tapering rig setup. A computer controls

the initial position and differential velocities of the two translation platforms.
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The second stage consisted of attaching the fabricated OM to a movable Teflon tube,
which also serves as a cylindrical brace. Solid Teflon was chosen for its relatively
large thermal expansion, high melting temperature and chemical resistance. In
addition, the tube had sufficient stiffness and clearance to ensure geometrical
stability. A thin layer of low-RI, ultraviolet (UV)-curable polymer (Efiron PC-373
AP) was deposited on the surface of the Teflon tube before and after coiling the OM
for several reasons: (a) to avoid optical leakage into the Teflon layer; (b) to provide a
slightly sticky surface for fixing the OM on the tube during coiling process; and (c)

to prolong the life-time of the device after UV-curing (e.g. improves repeatability).

Before coiling, the upper un-tapered part of the OM was fixed on a fiber holder, and
the lower un-tapered part allowed to hang down. A motorized translation stage
shown in Figure 26 was used to adjust the angle between the OM and the tube during
the coiling process. The pitch between adjacent OM turns could be controlled within
several micrometers. The uniform diameter region of the taper was carefully coiled
2.5 times around a Teflon tube of diameter D = 1.8/1 mm (outer/inner) using a
motorized rotation stage. A small winding pitch (4 < 2 pm) was chosen to enable
mode coupling between adjacent OM turns, thus forming a MCR. For the purpose of
demonstration, a relatively long segment of Teflon tube was employed for ease of
handling during the winding process. The standard optical fiber pigtails of the MCR
were also embedded in the same polymer coating and UV-cured for robust

packaging.

To monitor the spectral variation of the MCR during the coiling process, one tapered
end was connected to the output of an erbium-doped fiber amplifier (EDFA) and the
other end to an OSA. Figure 27 shows the transmission spectrum of the packaged
sample, which exhibits resonance-splitting due to linear birefringence in the MCR.
Light in one axis denoted as the Y-eigenmode had the highest ER of ~3 dB. The
optical loss was ~5 dB at a wavelength of A = 1530 nm. Evidence from non-
published work suggests that it was attributed to Rayleigh and Mie scattering due to
the presence of micro-bubbles and particles in the polymer. Absorption loss was

relatively small due to the low-RI padding around the MCR.
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Optical
microfiber
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Figure 26. Schematic diagram of the existing coiling rig setup. Both the rotation and

translation stages are controlled by a computer.
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Figure 27. Transmission spectrum of the packaged microfiber coil resonator
compared to the original SMF-28. Inset: individual pair of resonances associated

with the polarized light in the two orthogonal axes arising from linear birefringence.
3.2.4 Experimental setup

The setup shown in Figure 28 was used to test the thermometer. A Nichrome wire of

0.34 mm diameter and 30 mm length was chosen as the heating element due to its
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large electrical resistance (0.2 Q/cm) and thus a high thermal response to current.
The wire was inserted inside the MCR-coiled Teflon tube and filled with thermal
paste to improve the heat conduction between the Nichrome wire and the Teflon tube.
The output terminals of a 32 V power supply were connected to the two ends of the
wire, and the DC was incremented from 0 mA to 800 mA in steps of 50 mA.
Broadband light was provided by the amplified spontaneous emission from an EDFA.
Although the resulting resonances are less defined due to the low coherence length
of light, the EDFA provides a convenient way to monitor changes across a broad
wavelength range. As current (/) passed through the Nichrome wire, power
dissipated as heat was absorbed by the MCR and its surrounding polymer through
thermal conduction. This changed the local temperature and caused a resonant
wavelength shift of the MCR. The transmission spectrum was collected by an OSA
(Yokogawa AQ6370). A commercial thermocouple (RS 206-3738) was used to
provide a reference temperature reading. The sensor head of the thermocouple was
very small and thus had a negligible effect on the local temperature. A room
temperature of ~23 °C was maintained while the measurement process was repeated
3 times. After each set of measurement, the temperature of the device was allowed to

cool down to room temperature before the next set of measurements.

Sensor Optical spectrum analyzer
N
Heating
element

Broadband source l
=

Figure 28. Schematic diagram of the experimental setup.
3.2.5 Simulations

The following parameters are considered for the tube model, starting with Teflon
[14-16]: Young's modulus of E0n = 1.6 GPa, Vieon = 0.42, RI of n4e,, = 1.315, and
QTeflon = 1x10™ /°C. Likewise, for the silica OM [17]: Esiica = 73 GPa, vgjica = 0.17,
Ngilica = 1.45, and ajjica = 5.5 x107 /°C. Lastly, for the polymer coating [18]: Eyonmer =
0.1 GPa, Vpopmer = 0.4, Npopymer = 1.373, and opopmer = 1.18x10°° /°C.
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The strain experienced by the OM is 1x10™ using Equation 3.2 for a 1 °C rise in
temperature. The stress-optic coefficients of silica and polymer are —3.09x107/°C
and —7.53x10%/°C respectively using Equation 3.3. The thermal-optic coefficients of
silica and polymer are 8.11x10°/°C [19] and —1x10*°C [20] respectively. By
consolidating all the thermal effects into the MCR model described in section 4.4.2
(solved using Matlab) and discarding the Af terms, a positive wavelength shift of
Adg = 100.0 pm/°C is simulated in Figure 29 for a 1 °C temperature change. The

shift direction agrees with the expectation in section 3.2.2.

—Reference temperature  ----1C temperature change

0.35 -

0.3

©
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o
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Wavelength A (nm)

Figure 29. Simulated wavelength shift of the microfiber coil resonator sensor for a

1 °C change in temperature.
3.2.6 Experimental results

First of all, the heating element was characterized. Figure 30 shows that the local
temperature change is proportional to the square of the current applied (i.e. electrical
power) across the Nichrome wire, at 80.7 °C/A’. The maximum current error is
about £10 mA due to the instability of the digital power supply. The maximum
temperature error is approximately £1 °C due to a combination of factors, including
the resolution of the thermocouple (+0.1 °C) and the slowly varying temperature

during the time taken to record each measurement (around +1 °C within 10 s).
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Figure 30. Characterization of the heating element, with a linear fit. Note: error bars

are plotted behind the markers.

The resonance around a wavelength of 4 = 1550 nm was chosen because it is
positioned in the middle of the linear transmission region between 1540-1560 nm.
The resonance dip of the Y-eigenmode was easily tracked due to its higher ER (i.e.
sharper resonance). Figure 31 shows an average linear responsivity of 93.4+7.0
pm/°C between 2676 °C for the 4 sets of measurements. Datasets 2—4 are in good
agreement, whereas dataset 1 deviates at higher temperatures. This could be
attributed to a small but steady rise in the ambient temperature during the time-frame
of the first set of measurements. Alternatively, this may be caused by the first-time
heating of the device up to a certain temperature. In that case, the repeatability of the
device post-warm-up is fairly good. Moreover, the measured responsivity is almost
the same as the simulated value of 100.0 pm/°C, and could be equal considering the
error. Any minor difference would be the result of the unrestrained modeling of the
Teflon tube, which provides an upper limit for the responsivity. Small variations in
the ER resulting from changes in the coupling coefficient were observed, which were
caused by the thermal expansion of the coil pitch and the RI change of the polymer

surroundings.
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Figure 31. Measured temperature responsivity with an average linear fit (dashed line),

compared with the theoretical prediction (solid line).

The detection bandwidth is governed by the transit time of the MCR. Since the
effective index change can be positive or negative during the course of propagation
by each portion of light, the OPL seen by the guided mode could remain constant
despite local changes. As a result, the resonant wavelength shift will drop to zero for
the first time beyond a certain modulation frequency (similar to section 4.2.5). The
response time of the sensor consists of the time delay for thermal conduction to reach
the OM, plus the transit time of light from the output of the MCR to the OSA. The

typical response time reported for similar devices [21] are of the order of 10 ms.

The 200 pm resolution of the OSA produced a maximum wavelength error of £100
pm, but allowed quicker data acquisitions than the lower resolution settings to
facilitate faster fault location. A temperature sensitivity of 2.2+0.2 °C was calculated
by dividing the wavelength resolution of the OSA by the temperature responsivity of
93.4£7.0 pm/°C, which is sufficient for the purpose of detecting unusual heat
signatures along electrical wires. It is arguable that even with the best wavelength
resolution setting (e.g. 20 pm), the commercial thermocouple is a better sensor in
terms of accuracy. However, the aim and achievement of the MCR thermometer was
to avoid manual positioning of the sensor head around the circumference of the wire,

and to provide easy navigation along the longitudinal direction of wires.
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3.2.7 Conclusion

A compact and robust thermometer based on a 2.5-turn MCR of 2 um diameter OM
and 15 mm uncoiled length encompassing a Teflon tube has experimentally
demonstrated a repeatable temperature responsivity of 93.4+£7.0 pm/°C (7500£560
pm/A?) between 26-76 °C, which is competitive amongst existing resonator-based
thermometers. Furthermore, the measured responsivity shows close agreement with
the simulated value of 100.0 pm/°C. A temperature sensitivity of 2.2+0.2 °C
(0.027+0.0025 A?) is adequate for the designated use. The sensor can be readily slid
along electrical wires to examine the insulation integrity by measuring the local
temperature. The thermal response of high current surges can also be identified by

monitoring shifts in the resonant wavelength.

To increase the responsivity, a material of higher thermal expansion coefficient must
be selected for the support tube/rod. The sensitivity can be refined to 0.22 °C by
setting the wavelength resolution of the OSA to 20 pm, though each measurement
will take longer and ambient perturbations may be greater. To reduce the response
time, the fiber length between the MCR and OSA must be kept as short as possible.
The upper limit of measurable temperature can be extended by replacing the polymer
packaging with Teflon, which has a much higher melting temperature in excess of
300 °C. However, Teflon resin is very expensive and large quantities are needed to
fully embed the MCR, due to significant shrinkage in volume after drying in air. To
reduce the loss, air bubbles must be removed from the packaging material. The
ultimate compactness of the sensor head is restricted by the diameter of the Teflon
tube, which has to be larger than the range of wire diameters to be measured. It is

then followed by the minimum bend radius of the OM.
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Chapter 4

4. Current sensing with optical microfiber

This chapter focuses on the core subject of this thesis, namely current sensing using
OMs. Firstly, a range of polarization rotation detection schemes are compared to
identify their merits and demerits. Lessons learnt from this critical analysis are used
to select, combine and develop the most promising schemes to be exploited. To
begin with, the compactness and gigahertz detection bandwidth capability of OM-
based current sensors are introduced. This is followed by a short study on the
possible materials for improving the performance of the sensor head. Next, the
resonance ability of the sensor head is demonstrated both theoretically and
experimentally for responsivity enhancement. To solve the stability issues of the
resonator, techniques based on RI chirping (passive) and piezo-electric tuning (active)
are discussed. To further refine the sensor head, the problem of birefringence is
considered by first critically appreciating the previous contributions relating to
eliminating bend- and packaging-induced birefringence, before presenting a solution
in the form of SOM. The fabrication details and characterization results are followed
by current sensing trials. Moreover, the means to achieve efficient Faraday rotation
in both birefringent and non-birefringent MLRs is theoretically analyzed. Lastly, a
novel post-fabrication technique is proposed as an alternative to SOM for countering

the birefringence-induced reduction in the responsivity of MC-based current sensors.

4.1 Faraday Effect

4.1.1 Introduction

In the previous chapter, thermal effects were analyzed for indirect current sensing. A
more established sensing mechanism for fiber-optic current sensors is the Faraday
Effect. The Faraday Effect in glass is a well-understood phenomenon that has been
intensively studied. It is present in all materials due to the magnetic behavior of the
component ions. The magnitude of the Faraday Effect varies with temperature in
paramagnetic and ferromagnetic materials, and it is less temperature-dependent in
diamagnetic materials [1]. Its magnitude also has an inverse relationship with the

wavelength of incident light. As shown in Figure 32, the Faraday Effect is observed
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as a circular birefringence, which arises when an external magnetic field is applied
through a medium that influences the motion of particles charged by electromagnetic
wave propagation and induces a RI difference between left- and right-circularly
polarized light. Since a linear polarization can be viewed as a superposition of left-
and right-circular polarizations, the ensuing difference in light velocity produces a
differential phase change between the circular polarizations that translates to a
rotation of the linear polarization by an azimuthal angle linearly proportional to the
magnetic field and the distance the light has traveled. Finally, the Faraday rotation is
translated to an optical power modulation that provides a measure of magnetic
field/current by the detection system. This effect is different from intrinsic circular
birefringence, optical chirality or activity due to the direction of its rotation being
dependent only on the direction of the magnetic field axial to the path of light
propagation and not on the direction of light itself. The reported response time of the
Faraday Effect lies between 10™ and 102 [2]. Faraday active materials are used in
high-end applications such as current/magnetic field sensors [3], magneto-optic

modulators and switches, and optical isolators.

Faraday
rotation (8)

Magnetic flux

density y

Interaction path

Linearly
length (L)

polarized
light (E)

Figure 32. Schematic diagram of the Faraday Effect.

At a more fundamental level, non-reciprocal Faraday rotation can be implicitly

inferred from the time-reversal asymmetry of Maxwell’s equations:

0B
VXE=-22 4.1)

VxH=24] 4.2)
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V-D=p (4.3)
V-B=0 (4.4)

Under time reversal, (¢) is replaced with (—¢). This causes the polarity of the current
(J) to flip over, while the charge density (p) is time-invariant. It is evident that the
magnetic field (H) is sign-reversed, whereas the electric field (E) is invariant under
time reversal. Since the direction of light is also reversed with a phase change of &

from a reflection, Faraday rotation is not susceptible to self-cancellation.

Under the Faraday Effect, the total rotation of the polarization azimuth is defined as:
§=Vv-['BQ)-dl (4.5)

where V' is a temperature- and wavelength-dependent material parameter known as
the Verdet constant, B is the axial magnetic flux density, and d/ is the infinitesimal

distance along the fiber length (L) exposed to the magnetic field.

An empirical expression for the Verdet constant was derived by H. Becquerl in 1897.
Although it is widely regarded as too simple, a constant C can be introduced to bury

the implications:
V=—-—— C — (4.6)

where n is the RI of the material, 1 is the wavelength of light, c is the speed of light

in free-space, —e and m, are the charge and mass of the free electron.

The Faraday rotation experienced by light in an OM could be different from that in a
standard optical fiber. For SMF-28, the Verdet constant can be assumed to be
approximately uniform from the core to the cladding due to the weak doping profile.
In OMs, the solid core and external cladding could have different magnetic flux
densities and Verdet constants since they are made of different materials. The
effective Faraday rotation can be expressed as a weighted sum of the core and

cladding contributions when operating in the linear regime [4]:

Qeff = Ocore - (1 — 77EF) + 0c1aaMEF 4.7
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where 6.,,. and 6., are the Faraday rotations in the core and cladding respectively,
and g represents the fraction of power contained in evanescent field in the

cladding.

To lay the foundation for the forthcoming experiments, the following section shows
how the magneto-optic properties of a 2 um diameter silica OM embedded in
polymer (Efiron PC-373 AP) can lead to the approximation of the composite

structure (~73% power in core from section 2.3.3) as an all-silica material.

Ampere's law can be applied to describe the current-induced magnetic field
experienced by an OM enclosed by a solenoid. The guided mode interacts with an
axial magnetic field density which can be expressed in terms of the magnetic
permeability of free-space (1) = 47107 H/m), the relative permeability of the OM

(1), the number of copper wire turns () in the solenoid, the current flow (/), and L:

B = okt (4.8)
The Faraday rotation is therefore:
0 =~ VBL = pou,NVI (4.9)

Rearranging Equation 4.7 in terms of x,.V gives:
]
WV~ — (4.10)

To experimentally determine the value of this product, Figure 33 shows a 10 mm
length, 2 um diameter OM polymer-embedded in a straight line to avoid creating
birefringence. The sample was placed inside a solenoid of 20 turns (insulated copper
wires of 0.5 mm diameter) with 5 A of pulsed current. Outside the solenoid, the OM
was bent away from the lines of magnetic flux parallel to the straight OM in order to
cut off unwanted Faraday rotation. The Faraday Effect was measured using a
detection system described in section 4.3.4, with @ = sin"(AP/P)/4. The total
received power and signal peak power at the balanced detector (BD) were 2000.5
uW and 541.5 nW respectively, yielding u,.V;= 0.539 rad/T.m using Equation 4.10.
This value approaches that of silica at a wavelength of 2 = 1550 nm (0.54 rad/T.m [5]
at room temperature). Therefore, silica is a reasonably good approximation of a 2 um

diameter OM embedded in polymer when computing its Verdet constant.
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Figure 33. Schematic of the microfiber interrogated by a solenoid to determine the

value of i,V The curved sections of microfiber outside the solenoid are not drawn.

In the following sections, well-known fiber-optic polarimeters are presented with
comments on their unique qualities, followed by an outline of the birefringence

problem and noise sources, and ending with a review of novel materials.
4.1.2 Fiber-optic polarization rotation detection schemes

The measurand sensitivity (Sy) is related to the phase/rotation sensitivity (Sp) of the
detection system and the responsivity (R) of the sensor. Sp is a function of the noise
amplitude voltage (), the signal amplitude voltage (V), and the fringe amplitude
voltage (V). For small signals in a two-path interferometric/polarimetric system
operating in the linear regime, it is more intuitive to express Sy, as the measurand (M)

divided by the signal-to-noise ratio (SNR):

Vn
Sp 2V M

=3 W_SN_R (4.11)

%)
S
|
I
R

4.1.2.1 Basic polarimeter

The arrangement of the basic detection scheme is illustrated in Figure 34, where the
angle offset between the transmission axes of the polarizer and analyzer is aligned at
45° by a polarization controller (PC). Any AC-induced Faraday rotation then

translates to a modulation of the output power, given by:
P= % (1 + sin 26) (4.12)

where Py is the input power of light.
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Sensing fiber coil

Polarizer Analyzer
Laser
—— Detector
source N
Polarization controller Current-carrying
conductor

Figure 34. Setup of the basic polarimeter.

In order to eliminate the dependency on the output power of the laser source, the AC
component of Equation 4.12 must be normalized by the DC component in real-time

to obtain:
T = sin 26 (4.13)

The basic polarimeter would require calibration when the sensing fiber coil contains
non-negligible linear birefringence. The polarized light propagates along both axes
of the birefringent fiber due to a possible interface angle-offset and Faraday rotation.
Unless the transmission axes of the polarizer is aligned at 45° to that of the
birefringent fiber axes such that one of the fiber axes is aligned with that of the
analyzer, the two beams with different phase delays may produce unwanted

interference effects at the analyzer.
4.1.2.2 Sagnac polarimeter

The advantage of using circularly polarized light rather than linearly polarized light
is the higher resistance to bend-induced linear birefringence, though there is a higher
susceptibility to twist-induced circular birefringence. Another drawback is the extra
optical components required to perform the SOP conversions. Figure 35 shows a

Sagnac interferometer configured for the Faraday Effect.

Initially, the linearly polarized light is split into two beams along the polarization-
maintaining fibers (PMF) and subsequently converted to left- and right-circularly
polarized light using a pair of quarter-wave retarders. The magnetic field of the
current induces a Faraday rotation, or equivalently a non-reciprocal differential

phase change between the two counter-propagating beams in the optical fiber coil:

Ap = 26 (4.14)
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This is not to be confused with the references to differential phase from sections 4.2
onwards that are associated with linear polarizations. Upon exiting the optical coil,
the circular polarizations are converted back to orthogonal linear polarizations.
Finally, the two beams combine in the PMF to produce an optical power modulation

at the polarizer:
P =2 (1+cosAp) (4.15)

Sensing fiber

Laser Polarizer N4 retarder loop
source
Detector
1
R Signal processor |-+ Phase modulator Current-carrying
! conductor
v
Output

Figure 35. Setup of the Sagnac interferometer.
4.1.2.3 In-line reflection polarimeter

In the in-line configuration shown in Figure 36, a fiber polarizer is set at 45° with
respect to the axes of the PMF. As a result, orthogonal linear polarizations along the
two axes co-propagate towards the optical fiber coil. Prior to entering the optical
fiber coil, the linear polarizations are converted into left- and right-circular
polarizations by a quarter-wave retarder. At the end of the optical fiber coil, light is
reflected by a Faraday rotator mirror (FRM) and passes through the optical fiber coil
a second time. The quarter-wave retarder converts the returning circular
polarizations back to orthogonal linear polarizations, which are also interchanged.
Finally, the two beams combine in the PMF to produce an optical power modulation
at the polarizer. As a result of the polarization swapping, the overall cumulated
optical path imbalance of the interfering light is zero. This makes the configuration
highly immune to external perturbations, as reciprocal phase noise and polarization-
dependent loss (PDL) tend to cancel themselves. Due to the double pass through the
optical fiber coil, the current-induced non-reciprocal differential phase change is

twice as large as that of the Sagnac configuration:
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Ap = 40 (4.16)
Laser Polarizer PME N4 retarder Sensing fibe.r
source 450 O 450— coil

Phase modulator

Detector f
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i mirror Current-carrying
conductor
Output

Figure 36. Setup of the in-line reflection polarimeter.
4.1.2.4 Polarization diversity polarimeter

The polarization diversity polarimeter shown in Figure 37 is a commonly used
method for measuring current that operates using a balanced detection scheme in
which the linearly polarized light from the optical fiber coil output is divided into
two orthogonal linear polarizations through a polarization beam splitter (PBS). The
power of the two beams are detected separately and subtracted from each other
before normalization, to remove common-mode intensity noise from the laser source.
To operate at a quadrature point, polarized light can be launched equally into both
axes or just into a single axis of the PMF followed by a PMF-PMF splice with 45°
offset. The axes of the PMF are aligned with the birefringent fiber axes (if any) of
the optical fiber coil and PBS. The output signal can be expressed in terms of the
Faraday rotation (section 4.3.4):

=2 — sin26 (4.17)

T PytPy

Sensing fiber coil
Polarization
beam-splitter

Detector 1

Laser Polarizer PMF < X
— ¢ o
source 450 y
O Current-carrying \ Detector 2
conductor

Phase modulator

Figure 37. Setup of the polarization diversity polarimeter.
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4.1.3 Birefringence

Linear birefringence of the optical fiber caused by bend and packaging is a problem
that has plagued current sensors utilizing the Faraday Effect. It causes a reduction in
the measured Faraday rotation due to the non-zero differential phase between the
eigenmodes of the birefringent fiber. A full description and the numerous solutions
to overcome this problem will be described in section 4.5. Unlike linear
birefringence, circular birefringence caused by twisting is considered less harmful as
it only rotates the SOP by a fixed angle and its reciprocity means it can be undone

using a FRM.
4.1.4 Noise sources

The performance of interferometry/polarimetric-based current sensors is limited by
noise sources associated with the laser source and the electronics detection system. A

breakdown of the noise contributions will be given in section 5.1.5.
4.1.5 High Verdet constant materials

To-date, most fiber-optic current sensors have used silica fiber because of its low
loss. However, the Faraday Effect in silica is comparatively weak. This limits the
current responsivity, particularly when using a short fiber length so as to reduce the
optical transit time and thus obtain a high detection bandwidth. In order to attain a
high responsivity, the optical fiber coil requires a large number of fiber turns which
will further increase the bend-induced linear birefringence. Compound glasses can
have considerably higher Verdet constants but the trade-off is the higher loss which
restricts the maximum OPL. Table 8 shows some alternative materials to silica that

exhibit high Verdet constants:

Name Verdet constant | Refractive index | Attenuation [ Reference
0.54 rad/T.m 5.0x10°
Fused silica @ 1523 nr;l 1.44 @ 1550 nm | dB/cm [5]
@ 1-1.5 um
- 0 -

o 321 rad T ) 0.024 dBlem | (-

T PCC 1 @ 1053 nm @ 1310nm | 2
silicate
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Yttrium iron
380 rad/T.m 6.6 dB/cm
garnet 2.15 @ 1550 nm [7]
(YsFesO12) @ 780 nm @ 780 nm
Chalcogenide | 14.1 rad/T.m 0.27 dB/cm
G€33Aslzs€55 @ 1550 nm 2.67 @ 1550 nm @ 1550 nm [&]
. 22.4 rad/T.m 0.022 dB/cm
Kigre M18 @ 1064 nm 1.67 @ 1064 nm @ 1064 nm 9]
3.3x10° rad/A 4.665x10”
Schott SF59 1.94 @ 633 nm dB/cm [10]
3
1.1x10°° rad/A 4.7x10
Schott F7 1.62 @ 633 nm dB/cm [10]
4.34x107
MolTech 26.0 rad/T.m
1.74 @ 587.5 nm | dB/cm [11]
MOS10 @ 1060 nm @ 1060 nm
8.7x107
XOAT MR4 3@7 'forgjfr'nm 1.75 @ 656.3 nm | dB/cm [12]
@ 1064 nm
21.8 rad/T.m
Toplent TG-20 @ 1064 nm 1.69 @ 1064 nm — [13]

Table 8. Verdet constants, refractive indices and attenuation for a selection of glasses.

Apart from the higher intrinsic loss, system integration with other fiberized
components is another issue that can arise when using non-silica OMs. One method
is to splice the pigtails of a non-silica OM to standard optical fibers. However, this
usually leads to a strong back-reflection due to the large RI difference. In addition,
the splice loss will be much higher than usual due to the different melting

temperature of the two materials.

A more effective approach to strengthen the Faraday Effect is to coat silica OMs
with high Verdet constant polymers. Smaller diameter OMs produce a larger fraction
of power propagating in the evanescent field that that is influenced by the polymer
cladding. This approach maintains the standard optical fiber pigtails for easy system

integration while providing an enhancement to the Faraday rotation. The only
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potential drawback is the loss of such polymers at the wavelength of the input light.

Table 9 shows some polymers that feature high Verdet constants:

Name Verdet constant Befractlve Attenuation | Reference
index
n-conjugated
Poly(arylene 4363.3 rad/T.m @ 3 B [14]
632.8 nm

ethynylene)

n-conjugated

Poly(3-dodecyl) 148.4 rad/T.m @ B B [15]
. 1550 nm

thiophene

Cobalt nanoparticle | 253 rad/T.m per

doped polymethyl- | wt % cobalt @ — 26.5dB/em | [16]

methacrylate 532 nm

Table 9. Verdet constants, refractive indices and attenuation for a selection of

polymers.
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4.2 High detection bandwidth microfiber coil current sensors

The first demonstrations of MC-based current sensors operating with the Faraday
Effect are introduced in this section. These compact sensors have the potential to
reach gigahertz detection bandwidth with bend radii of the order of millimeters,
though only 40 MHz was demonstrated due to the available current source. Although
the reported results are promising, issues such as performance reliability and
responsivity scalability need to be addressed. This work serves as the starting point
for the forthcoming experiments to advance and optimize OM technology for the
application of current sensing. However, the optical behavior that sets an upper limit
on the detection bandwidth is often overlooked. The underlying mechanisms are
explored in this section to raise awareness about their impact on the measurement
results. These findings show that the Faraday Effect cancellation and pulse
broadening grow with increasing signal frequency, which result in suppression and
distortion of the optical response. A correction factor is proposed for alternating and
pulsed signals when using the simplified equation, to maintain an accurate measure

of the peak current.
4.2.1 Introduction

Current sensors are widely used to detect transient electrical faults, monitor partial
discharges on DC lines, and protect high power equipment and components. Fiber-
optic current sensors that exploit the Faraday Effect [17, 18] have attracted a great
deal of interest due to their wide dynamic range, robustness and remote sensing
capability. However, the optical behavior that limits the detection bandwidth has
been largely overlooked. The underlying mechanisms are explored in this section to

raise awareness about their impact on the measurement results.

Traditional fiber-optic current sensors are usually quite bulky [19, 20] because of the
large bend radius required to maintain sufficiently low loss. Moreover, the relatively
low Verdet constant of silica necessitates a large number of fiber turns to produce a
measurable Faraday rotation. The first experiment on OM-based current sensing
using the Faraday Effect was undertaken by Belal ef a/ [21]. The bend insensitivity
of OMs had been utilized to down-scale the size of the optical fiber coil. As a result,

a 0.5 mm diameter copper wire tightly coiled with 25 turns of OM only required an
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OM length of ~4 cm. The short OPL minimized the transit time of light through the
MC. Consequently, it allowed for the interrogation of very high frequency currents,
potentially of the order of gigahertz. This was something never before possible with
standard optical fibers. Although other sensing mechanisms such as thermal effects
were recently demonstrated with MKRs and MLRs [22-24], they are generally
unstable and lacked the dynamic range, detection bandwidth and response time

achievable with the Faraday Effect.
4.2.2 Theory

The sensor head shown in Figure 38 consisted of an OM coiled around a current-
carrying wire rather than a conducting wire wound around an OM. Apart from being
more viable in real measurement environments, this arrangement also minimizes the
load impedance and heating effects in the current-carrying wire. The rotation of the
polarization azimuth is linearly proportional to the current-induced magnetic field
and the distance the light has traveled. The Faraday rotation is then translated into an

optical power modulation, and thus provides a measure of the current.

Optical microfiber coil

Light propagation
Conducting wire

Figure 38. Schematic diagram of the microfiber coil sensor head.

Either Ampere’s law or Biot-Savart’s law can be applied to describe the current-
induced magnetic field experienced by a MC wound around an electrical wire. The
guided mode interacts with an axial magnetic field flux density which can be
expressed in terms of the magnetic permeability of free-space (u), the relative
permeability of the OM (u,), the current flow (/), and the MC radius (7):

B(l) = “oirl® (4.18)

2nr
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The total Faraday rotation for N turns of OM is therefore:

6=V [ BQ) dl ==L (V) - dl (4.19)

- 2nr

where V is the effective Verdet constant of the OM, d/ is the infinitesimal distance
along the fiber length (L) exposed to the magnetic field, and € can also be expressed

in terms of the Faraday rotation per unit length (z = VB).

For the same peak current, the Faraday rotation of sinusoidal AC signals or pulsed

current signals is less or equal to that of the DC equivalent:
Opc = HottrNVIpc (4.20)

For the purpose of analyzing the optical behavior that sets an upper limit on the
detection bandwidth (B,), an infinite electrical bandwidth of the current signal is
assumed. For OMs, it is reasonable to assume that the MC width is far smaller than
its diameter such that the current-induced magnetic field interacts with the entire

OPL equally and simultaneously.

For a single-pass configuration measuring sinusoidal AC signals, the total Faraday
rotation is proportional to the integrated magnetic field along the length of the
electrical wire within the optical fiber coil. By integrating a sinusoidal signal with
respect to time for a fixed time interval and dividing by the integral of a DC signal
with the same peak current, the normalized frequency response can be shown to
resemble a rectified sinc function. At integer multiples of a cycle period, the net
rotation is always zero due to the total cancellation of the opposite signs of Faraday
rotation. B,, is nominally taken near the —3 dB level of response, where it is equal to
a frequency at which its half-cycle period is equal to the integration interval. For
standard optical fibers, Figure 39 shows that the integration interval is the difference
in transit time (AT) between light through the optical fiber coil (AT,,;) and the
magnetic field signal along the electrical wire (AT,;..). For OMs, AT approximates to
AT, The resulting expression for B,, is a function of the effective index seen by the
guided mode (n.p), the length of the uncoiled optical fiber (Lspe,), the speed of light
in free-space (c), the length of the enclosed wire (L,..), and the propagation speed of

the electrical signal (¢’):
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1 1

B, = == :
w 2X (AT coit—ATwire) Zx(neffl’flber_l‘wire)
c cr

(4.21)

In the extreme case, B, increases to infinity when the fiber coil pitch becomes
infinitely wide and Ly, approximates L,... As a result, AT reduces to zero and each
portion of light is able to sample a unique part of the magnetic field signal. Hence,
the optical response can keep up no matter how fast the current signal is changing.
However, the current responsivity will be reduced to zero due to the negligible
magnetic field component axial to the optical fiber.

ATeon — ATuie

—
Current/magnetic

field signal

Optical

Light in ==> —— Conductor
Coil width

Figure 39. Schematic diagram of the time-varying current-induced magnetic field

imposed on light propagating through the microfiber coil.

For a single-pass configuration measuring pulsed current signals, Figure 40 reveals
that the integration interval of the magnetic field signal causes a proportional
broadening of the pulse shape. B,, is nominally derived in anticipation of a 3 dB
factor of broadening, where the current pulse duration is equal to the integration
interval. For standard optical fibers, the integration interval is again the difference in
transit time between AT,,; and AT,;.. For OMs, AT approximates to AT,,;. The
resulting expression for B, is a function of the time-bandwidth product (TBP)

associated with the pulse shape [25]. The expression is similar to Equation 4.21:

B, —— T8 _ (TBp).

ATcoil_ATwire

1

Nefflfiber Lwire
c cl

(4.22)

where TBP = 0.44 for Gaussian-shaped pulses.
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For a double-pass configuration, the B,, calculation is more complicated. The fiber
length between the sensor head and the mirror must be extremely short or precisely
tuned such that each portion of light re-entering the MC is modulated in the exact
same way by the magnetic field signal. Otherwise, the optical response to AC signals
will distort the waveform or even lead to a total cancellation. Pulsed current signals
on the other hand will be distorted or see a manifestation of a second pulse. The
response time of the sensor is defined as the transit time of light from the output of
the MC to the photoreceiver. Due to the conflicting requirement of the OPL, a trade-

off exists between the responsivity and response time or B,,.

(a) AT = ATcoil - ATwire
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Figure 40. Simulated broadening of the (a) current pulse shape, as seen in the (b)

optical response, by an amount equal to the difference in transit time.

Although the inverse transfer function of Equation 4.19 can be used to derive the
current for any optical signal, Equation 4.20 is preferred due to its simplicity.
However, when the current period or pulse duration decreases relative to A7, the
moving-averaging effect of the integration introduces an increasingly larger
difference in the Faraday rotation between AC/pulsed and DC signals of the same

peak current. This leads to errors in the measured current. In the case where the
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current signal is known in terms of the shape but not the magnitude, a correction
factor can be applied to the peak power of the optical signal to yield a more accurate
measure of the peak current. The correction consists of a division by the area under a
centered current signal within the integration interval, followed by a multiplication
of the interval area of matching height. Although not intentional, this technique can
also compensate for the Faraday Effect cancellation in AC signals to artificially
increase B, as long as the uncorrected optical signal is above the noise floor.
Changing » but not N does not change the measured peak current for DC signals or
any signal under the correction scheme. This is due to the fact that » changes Ly,
(i.e. integration interval) and B (i.e. optical signal magnitude) by reciprocal factors,

which cancel out in Equation 4.20.
4.2.3 Fabrication

The fabrication of the OM by Belal ef al was similar to the procedure described in
section 3.2.3. The resulting OM of 5 pm diameter and 10 cm length was wrapped 25
times around a 0.5 mm diameter copper wire for current interrogation. A large pitch
(>0.5 mm) between each winding prevented mode coupling between the adjacent
turns of the MC. To avoid optical leakage, the copper wire was coated with a thin
layer of low-RI, UV-curable polymer (Efiron PC-373 AP) before and after coiling.
Lastly, the sample was UV-cured on a glass slide to achieve geometrical stability and

robust packaging. The optical loss was ~1.5 dB at a wavelength of A = 1550 nm.
4.2.4 Experimental setup and results

A basic polarimeter was chosen by Belal ef a/ to demonstrate the effectiveness of the
MC-based sensor. Both AC (kHz) and pulsed currents (MHz) were applied through
the milled copper section. A linear current responsivity of 16.8+0.1 urad/A was
demonstrated up to 2 kHz for AC signals, which shows close agreement with the
predicted value of 16.9 purad/A from Equation 4.20. This provided further evidence
that the Verdet constant of the polymer cladding is very similar to that of the silica

core (~96% power in core from section 2.3.3). Phase and current sensitivities were

1.56x10°° rad and 4 mA/v/Hz respectively, measured with 10,000 running averages.
The performance of the MC-based sensor is expected to increase proportionally with

the number of OM turns.
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4.2.5 Further demonstration

Following the work of Belal et al, further tests confirmed the high detection
bandwidth capability of the MC based current sensor. Although an OM of 30 mm
length (AT = 140 ps, Tk = 10 ns) is theoretically capable of sensing currents in the
gigahertz regime (B,, = 2.9 GHz) using Equation 4.22 with TBP = 0.4 and n.;= 1.4,
pulse durations of ~10 ns (B,, = 40 MHz) have been detected using a very similar
polarimeter setup to [21], which was limited by the modulation bandwidth of the
available current pulse generator. The OM formed 10.5 turns around a copper wire

of 1 mm diameter. Figure 41 shows the optical response tracing a current signal with

rise/fall times of the order of nanoseconds with negligible temporal broadening.

—Optical signal ----Current signal
1.5 - - 14
1.0 - : \
P - 10
> i \ =
E P <
= 0.5 - ! \ ©
© H \ c
c ! \ R
> ! \ -6 ®»
2 : \ =
5 00 ! = 2
2 i . 5
@) \ (@)
i L2
-0.5 -
-1.0 . . . -2
-20 -10 0 10 20
Time (ns)

Figure 41. Measured optical signal responding to a fast current pulse (400 data
points with 10-point moving-average).

4.2.6 Conclusion

Owing to the non-mechanical nature of the Faraday Effect, it is tempting to assume
that fiber-optic current sensors exhibit a constant responsivity with varying signal
frequency (i.e. flat frequency response). On the contrary, detrimental effects place an
upper bound on the detection bandwidth. It was found that the Faraday Effect
cancellation and pulse broadening will grow with increasing signal frequency. As a

result, the optical response becomes increasingly suppressed in magnitude and
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distorted in shape. A correction factor is proposed for alternating and pulsed signals
when using the simplified equation, to maintain an accurate measure of the peak

current.

The emergence of MC-based current sensors followed the rise of OM technology.
Owing to their short OPL, these compact sensors have the ability to measure fast-
changing currents with gigahertz detection bandwidth, which is at least one order of
magnitude higher than that of any other fiber-optic current sensor reported to-date.
The theoretical detection bandwidth of a 10.5-turn MC of 5 pym diameter OM and 30
mm uncoiled length is 2.9 GHz, but it was only experimentally verified up to 40
MHz due to the limited modulation bandwidth of the available current pulse
generator. A current responsivity of 16.8+0.1 prad/A was demonstrated, showing

excellent agreement with the predicted value of 16.9 prad/A. The resulting current

sensitivity was 4 mA/vVHz.

To increase the detection bandwidth, the transit time must be decreased through
reducing the length of the uncoiled OM. The response time can be reduced by
minimizing the fiber length between the MC and photoreceiver. To increase the
responsivity, a larger number of OM turns must be used, with the limiting factor
being the maximum length of OM that can be fabricated. Hence, a high detection
bandwidth can be achieved at the cost of diminishing the responsivity, and vice versa.
The rotation and current sensitivities can be improved by normalizing the AC
component of the detected signal by the DC component in real-time to eliminate
power fluctuations from the laser source. To reduce the loss, air bubbles must be
removed from the polymer packaging. The ultimate compactness of the sensor head
is restricted by the diameter of the copper wire to be measured, followed by the
minimum bend radius of the OM. It must be pointed out that MCs are not the ideal
candidates for measuring large-diameter wires/cables, because the advantages of

small dimensions and high detection bandwidth are lost.
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4.3 Resonantly enhanced Faraday rotation in microfiber coil

resonators

A proof-of-concept experimental demonstration with theoretical modeling is
presented in this section for resonantly enhanced Faraday rotation in a MCR-based
current sensor. The recirculation of light within the MCR gives rise to cumulative
Faraday rotation and thus higher current responsivity. A gain factor of 3.1 was
experimentally achieved and supported by simulations. MCRs with higher ERs are
predicted to yield larger enhancements. The maximum current responsivity and
current sensitivity associated with OM of 2 pm diameter and 10 mm length were
4.440.6 prad/A and 932.7+147.3 mA respectively, with a detection bandwidth
capability of 3.5 GHz. This type of current sensor is potentially capable of matching
the responsivity of MC-based designs with unrivalled compactness. Furthermore, the

balance between responsivity and detection bandwidth can be tailored.
4.3.1 Introduction

MC-based current sensors demonstrated exceptional compactness and high detection
bandwidth, but limited current responsivity. To increase the current responsivity, one
approach is to employ significantly longer lengths of OM. However, this is not
feasible with existing tapering rigs. To solve this problem, the self-coupling ability
of MCs to form MCRs is explored in this section. The advantage of MCRs is that
they potentially only require a few turns as their responsivity depends more on the
proximity from critical coupling and the detuning from resonance than the physical
OM length. Resonantly enhanced Faraday rotation can arise due to the larger power
transfer of the resonant eigenmode. Furthermore, the balance between responsivity
and detection bandwidth can be tuned via the input wavelength. Despite the issue of
stability, MCR sensor heads offer unrivalled compactness and higher detection
bandwidth compared to the regular-sized fiber coil sensor heads of traditional fiber-

optic current sensors.
4.3.2 Theory

Similar to the MC, the MCR consists of an OM in a helical arrangement shown in
Figure 42. The difference is the inter-turn coupling due to a smaller coil pitch. At

resonant wavelengths, the backward-coupled forward-propagating light interferes
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constructively with the forward-propagating light in the previous turn, while the
forward-coupled forward-propagating light interferes destructively with the forward-

propagating light in the next turn.

Microfiber coil resonator

L=

Light in Coupled turns Light out

Current-carrying
wire

Figure 42. Schematic diagram of the microfiber coil resonator sensor head being
interrogated by current. The directions of light propagation and coupling are shown

as arrows. The arrows in dashed-circles represent the Faraday rotation.

Before modeling the Faraday Effect in a MCR, the concept of Faraday rotation per
unit length (7) is visualized in Figure 43. The rotation of the polarization azimuth for

a small change in the propagation distance (Az) can be expressed as:

0 = 1Az (4.23)

Figure 43. Analysis of E, and E|, for a small Faraday rotation.

The orthogonal electric field amplitudes E, and E), can be written in terms of the
combined electric field amplitude Er in relation to the initial angle $ that is

determined by the power-splitting ratio between the two axes:
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E, = Ercosd (4.24)
E, = Ersind (4.25)

The small change in E, with Az can be expressed by:

AE, = —tAzEr sind = —TAZE, (4.26)
dEx _
9 — _E, (4.27)

Similarly, the small change in £, with Az can be expressed by:

AE, = TAzEr cos Y = TAZE, (4.28)
dEy _
- = tE, (4.29)

Hence, small changes in the orthogonal electric field amplitudes during Faraday

rotation can be governed by the simple differential equations:

%(%) -0 ) (E;) (4.30)

The direction of Faraday rotation is clockwise from the launch perspective if the

magnetic field is of the same direction as that of the optical propagation.
4.3.3 Fabrication

The sensor was built in two stages. Firstly, the fabrication of the OM was developed
based on the procedure described in section 3.2.3. The resulting OM of 2 um
diameter and 10 mm length at the uniform waist had a near-adiabatic taper diameter

profile of w = 0.1 [26] to suppress the excitation of higher-order modes [27].

For the second stage, the MCR shown in Figure 44 was fabricated by coiling the OM
3 times around a copper wire with a pitch of a few micrometers between each
winding to permit mode coupling between the adjacent turns. The wire was coated
with a thin layer of low-RI, UV-curable polymer (Efiron PC-373 AP) before and
after coiling to provide good confinement of light. Geometrical stability and robust
packaging was ensured after UV-curing the sample on a glass slide. The optical loss
was ~3 dB at a wavelength of 4 = 1550 nm, and it was attributed to Rayleigh and

Mie scattering due to the presence of micro-bubbles and particles in the polymer.
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(a). v ¢ 4

- - -
Solenoid

Packaged
sample

Figure 44. Sensor interrogation using (a) a transformer to generate AC, and (b) a

packaged microfiber coil resonator to sense the current via the Faraday Effect.
4.3.4 Experimental setup

The setup shown in Figure 45 was used to test the current sensor. Linearly polarized
light from a tunable laser source (TLS) (Agilent 81940A) was launched into PMF.
The 45° splice produced two orthogonal beams of equal power, which propagated
through a polarization-maintaining circulator (PMC) to the MCR. A PC was used to
align the transmission axes of the PMF-SMF interface to that of the birefringent
MCR to minimize unwanted interference effects. A signal generator (SG) driving a
current transformer (CT) with the copper wire of the sensor forming the secondary
circuit induced AC along the wire that translated into a varying magnetic field. A
commercial current clamp-meter was used to measure the current as a reference.
When no current was applied, the polarized light propagating along each fiber axis
was reflected back via the other axis by the FRM. This also provided a means to
increase the total Faraday rotation from a second pass through the MCR. Light re-
entering the PMF can be seen as an optical power modulation varying with the SOP.
With a PBS, the eigenmodes were separated into the two PD ports of a BD (New
Focus 2117). The BD amplified the difference between the AC components of the
two optical signals. An AC-coupled oscilloscope (Agilent DSO6034) on 25 MHz
bandwidth-limited mode captured 1000 data points per measurement with 65536

running averages followed by a 32-point moving median filter.
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PMF 45° PMF  SMF Pe MCR
TLS * PMC v 0 _—— FRM
e
PBS/ e ;::::::
X P
PD1_ | ]
[v
PD2 BD |- » OSC
: T

Figure 45. Schematic diagram of the experimental setup. TLS: tunable laser source,
PMF: polarization-maintaining fiber, PMC: polarization-maintaining circulator,
SMEF: single-mode fiber, PC: polarization controller, MCR: microfiber coil resonator,
CT: current transformer, SG: signal generator, FRM: Faraday rotator mirror, PBS:
polarization beam splitter, PD: photodetector/photoreceiver, BD: balanced detector,

OSC: digital oscilloscope.

A dummy optical fiber coil with a sufficiently large bend radius (i.e. negligible
birefringence) was used to calibrate the system. The length of PMF between the TLS
and the PMF-SMF interface was controlled via the cut-back method such that the
sensor head was initialized with a zero differential phase (Ap) between the two
orthogonal axes. This calibration was accomplished by finding the maximum
constructive interference when the PMF end was butt-coupled to an in-line polarizer
aligned at 45° to its axes. The length of SMF between the MCR and the FRM was
also controlled in the same manner such that the double-pass configuration did not

distort the optical response due to a timing mismatch of the magnetic field exposure.

For PD; and PD,, the output eigenmode electric field amplitudes (E,,) can be
derived from the Jones matrices of Faraday rotations and a FRM. Although rotations
in a 2-dimensional geometry graph can produce negative signs, these will be

rectified after the power conversion. Phase information is implicit so as to avoid sign
ambiguity. The FRM is composed of a 45° Faraday rotator (ﬁo) and a mirror (M,),

with a second pass through the rotator (}(7"0) to provide a total rotation of 90°:

R == ﬁOMT‘ﬁO

R= (cos 45° —sin 45°) ) (1 0) ) (cos 45° —sin 45°)

0 -1
431
sin45°  cos 45° 0 1 sin45° cos45° (1 O)( 31
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The current-induced magnetic field signal modulates the Faraday rotation with

amplitude 6, radial frequency w and initial phase ¢:
0 = 0, sin(wt + ¢) (4.32)
Now considering a double-pass Faraday rotation (ﬁl and ﬁ'l) with a FRM:
S = F,RF,

5=(Gno cos0) (0 0) (g coro )= (aoszo —emze

) 433)

The Faraday rotation (6) represents the MCR behavior that will be modeled in the
next section. Propagation loss is ignored since it does not influence the output signal.

Lastly, E” is presented as a function of the input electric field amplitudes (E™):

Fout — S. Ein
Ea sin26  cos 26 E
(E§”t> B (cos 20 —sin 20) \El (4.34)

The corresponding optical powers (P°*) are:

Po¥t\ _ |sin?26 - (EM)? + cos? 20 - (EI")” + 2'sin 26 cos 26 - EEI
<Py° “t> - [cosz 20 - (Ei")” +sin? 20 - (Ei")* — 2'sin 20 cos 26 - EEIn (439
The signal processing with the BD output is given by:
- _I’jz;gz (4.36)
The output signal for a 45° splice angle (e.g. E* = EJ" = 1) is expressed as:
Tyso = sin 46 = sin[46, sin(wt + ¢)] (4.37)

Substituting for 6 from Equation 4.32 and expanding in terms of Bessel functions of

the first kind:

Tyse = 2 Yp=13, Jn(40,) sin[n(wt + ¢)] (4.38)

As only the modulation amplitude is of interest, Equation 4.37 can be rewritten in

terms of the signal amplitude (AP,;) and the measured fringe amplitude (Pros1):
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200 = >sin™" (224 ) (4.39)

Ptotal
Similarly, for a 0° splice angle (e.g. ES* = 0, EJ* = 1):
Toe = cos 40 = cos[48, sin(wt + ¢)] (4.40)
Likewise, in terms of Bessel functions of the first kind:

Too = Jo(400) + 2 X =24, Jn(46,) cos[n(wt + ¢)] (4.41)
Since only the modulation amplitude is of interest, Equation 4.40 can be rewritten in
terms of the signal peak-to-peak (AP,,) and the measured fringe amplitude:

200 = Scos™ (1 — =22 (4.42)

Ptotal

The double-pass Faraday rotation is given by 26,. The output voltage polarity of the
detection system depends not only on the direction of current flow, but also on the
coiling arrangement of the OM, the electric field orientation of the input light with
respect to the PMF axes, the initial Ag, and the signal processing. Equation 4.38
indicates that a 45° splice produces a signal predominately of the fundamental
frequency, and Equation 4.41 shows that a 0° splice results in even harmonics.
Equations 4.39 and 4.42 are only valid for rotations under a quarter of a fringe (26 <
n/2) and half of a fringe respectively (26y < m), before tracking fringes become

necessary. Fringe-tracking techniques were not used as the rotations were sub-fringe.
4.3.5 Simulations

The double-pass MCR was simplified to a single-pass MCR of matching ER. This
gives roughly the same number of roundtrips by light since propagation loss is
multiplicative, and thus the ER of on-resonance indicates the number of additional
roundtrips over that of off-resonance. The single-pass approximation can be justified
by the same underlying principles of the FRM to increase the total Faraday rotation:
(a) due to the end-reflection, a differential phase change of « reverses the direction of
Faraday rotation; (b) at the same time, the direction of the magnetic field relative to
the direction of light propagation is also reversed, which cancels the preceding effect;
and (c) the FRM rotates the SOP of the returning light by 90°. Although light from

the forward and backward propagation occupy the same physical volume in the
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MCR, power transfers arising from the Faraday Effect are either between the two
orthogonal axes of the backward-propagating light, or between the corresponding
axes of the forward- and backward-propagating light. The latter is a closed-loop
behavior that has effectively no impact on the eventual power residing in the two
orthogonal axes of backward-propagating light. Hence, the combination of these
factors enables a continuation of the Faraday rotation when passing through the

MCR a second time.

Firstly, the underlying coupled mode equations [28, 29] are modified by
incorporating a 7 term to account for the Faraday rotation. It is assumed that the
propagation constant (f = (2m/4).n.p) remains constant throughout the MCR. The AS
term models the linear birefringence, n.y is the effective index seen by the guided
mode, x is the coupling coefficient between adjacent turns, a is the loss coefficient,
and N is the number of OM turns. It is assumed that the MCR has a shape close to a
helix with all turns of equal length, which is reasonable since the copper wire also
acted as a cylindrical brace. It is further assumed that the coil pitch is comparable to
the OM diameter and the wavelength of light (1). Finally, the polarization
dependency of the coupling factors is neglected, and the geometrical/Berry’s phase is

ignored due to its reciprocity and static behavior.

For the /™ turn between j = 2 and N-1, the changes in the electric field amplitude

components E ,{ and EJJ, aligned with the orthogonal axes are expressed by:

%'S(S) =K - (Ei._l(s) + E,]C'+1(S)) — aE,{(s) — '[E}jll(g) (4.43)
%:S) = i~ (B)7H(s) + EJ™(5)) + iDBEJ(s) — aEJ(s) +TEL(s) (444)

where ds is the infinitesimal curvilinear distance along each turn length ().

Since the phase velocity differs for the eigenmodes, the SOP will vary between
linear and elliptical within the MCR. For the first and last turn, Equations 4.43 and
4.44 are modified such that light only couples to the second and penultimate turn

respectively. The boundary conditions imposed by field continuity are defined as:

Forj=1, EX(0) = Ej, (4.45)
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Forj> 1, E/(sy) = E/7(so + S)exp(ifS) (4.46)
where sy is an arbitrary common point of two adjacent turns.

[ can be obtained by solving the eigenvalue equation of a circular cross-section
waveguide [30]. The ordinary differential equations are then solved numerically by
the Runge-Kutta method in Matlab, with the boundary conditions applied at the end
of each iteration to compute the output/input of each turn. The algorithm is repeated
with the Newton-Raphson method to optimize the starting vector until the difference
between successive iterations (k) falls below an error threshold, by which the system
is deemed to be in a steady-state and the transmission of the MCR can be obtained

from EY (S) or E}(S). The total error is calculated as follows:

s . o
Eeotar = Zi=o( T2 ¢ sl "EL(s) = *EL(5)]) (4.47)

The summation of the iteration-based errors from small-step increments (As) along
each and every turn ensures that any change within the MCR can be detected and
taken into account. The error tolerance and wavelength step size must be minimized
to achieve high accuracy in the simulated values of Faraday rotation, allowing the

detection of sharp transitions in the wavelength-dependent output.

To begin with, the output spectra of a birefringent MCR are studied in Figure 46
with Ap = 0 and an ER of 10.9 dB. For initially near-equal power in the two axes,
the double-pass Faraday rotation can be derived from the rotation matrix:

AP,
20, ~ —2
2P,

(4.48)

For initially unequal power in the two axes, small angles of Faraday rotation can be

approximated as:

pin pout pin
290=\/Px%—2x< - —1)— o (4.49)

Due to the single-pass modeling of the MCR, the off-resonance Faraday rotation
must be doubled before comparing with that of the on-resonance, as the latter is
already configured to approximate the double-pass MCR in the experiment. As a

result, the simulated resonance enhancement factor of M = 0.5 between the Faraday
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rotation of on- and off-resonance is less than unity. It can also be observed that the
transitions between the two resonance states involve a sharp reversal in polarity
(Figure 46 only shows magnitude). This trend could be initiated by an interplay of
birefringence- and coupling-induced shifts in Ay that affects the direction of Faraday

rotation. Details of this phenomenon will be explained in section 4.5.
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Figure 46. Simulated transmission and Faraday rotation spectra of the microfiber coil
resonator (N = 3, r = 0.5 mm, ncpre = 1.45, neea = 1.373, g = 47tX10'7, w=17V=
0.54 rad/T.m, /=79 A, k=5523 m", a =69 m™, An="7.7x10").

4.3.6 Experimental results

Figure 47 shows the double-pass transmission spectra of the fabricated MCR with an
ER of 10.9 dB, loss of 3 dB and birefringence-induced resonance separation of 100
pm. The wavelengths at which the Faraday Effect was investigated were Ay =
1550.015 nm, Ay = 1550.222 nm and Az = 1550.270 nm, which correspond to off-
resonance, midway-to-resonance, and on-resonance respectively. The non-identical
received power at the two resonant wavelengths associated with the two eigenmodes
indicates the possible occurrence of direction-dependent coupling and loss.
Consequently, the measured optical signals in the time-domain were dominated by a
second harmonic of the current signal, due to one path having undergone a

significantly higher loss than the other path through a double-pass of the MCR.
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Although the FRM would normally compensate for reciprocal phase noise and PDL,
this is no longer the case with directional behavior. In addition, the returning X and
Y-polarized light do not propagate at 90° to the original path through the MCR in the
presence of non-reciprocal Faraday rotation. Hence, under such circumstances the

device behaved as if the system was initialized with a 0° PMF-PMF splice.

—X-eigenmode ----Y-eigenmode
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Figure 47. Measured double-pass transmission spectra of the microfiber coil

resonator for X and Y-polarized light, with no current signal.

By comparing the resonant wavelength separation in Figure 47 with that of the
simulated spectrum in Figure 46 and finding the value of the corresponding An, the
polarization beat length was deduced to be ~20 mm. The fact that the current
responsivity at 4y was non-zero in both the simulation and the experimental results
despite the OM length being half the beat length confirms the theory that the

adjacent turns in a MCR were not completely uncoupled at off-resonance.

The BD had an overall response of 210 V/mW, a bandwidth of 10-100 Hz, and a
noise-equivalent power of 0.4 pW/v/Hz for a gain setting of 300. Since the optical
signals of small currents were too weak to be picked up by the digital oscilloscope
(300 puVims noise, 300 MHz bandwidth) due to the high PDL of the MCR, an

additional low-noise voltage amplifier was employed with an overall gain of 111.6

dB, a bandwidth of DC—1 MHz, and a noise-equivalent power of 1 nV/v/Hz. Using
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Equation 4.40, a total received power of 50.0 puW (for all measurements)
corresponds to a maximum fringe amplitude of 3978.0 KV. This relates to the
maximum power transfer and it is not necessary to measure it, unlike interferometric
detection schemes where the visibility needs to be determined. The Faraday rotation
was calculated using the signal peak-to-peak of the BD output and the maximum
fringe amplitude (Equation 4.42). The current responsivity was calculated from
dividing the Faraday rotation by the current measured with the commercial current
clamp-meter. Figure 48 shows a linear responsivity of 4.4+0.6 purad/A at A that is

higher than the initial prediction of 0.7 prad/A from Figure 46.
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Figure 48. Measured current responsivity (4z) at a signal frequency of 30 Hz with a
linear fit (dashed line), compared with the theoretical prediction (solid line). For no
current or small current-induced signals with SNR < 1, the noise-equivalent rotation

based on the measured noise amplitude was plotted instead.

Figure 49 compares the optical signals at the selected wavelengths. The signal peak-
to-peak at 4y corresponds to a Faraday rotation of 11.2 prad, which is in good
agreement with the simulated value of 10.2 prad from Figure 46. The large
discrepancy between experimental and simulated values at 4, (13.3 prad, 1.4 prad)
and Az (34.6 prad, 5.5 prad) was most likely caused by non-uniform regions of
birefringence and coupling in the fabricated MCR, which can manipulate the

evolution of Ap and thus the measured Faraday rotation. Finally, an enhancement
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factor of M = 3.1 between the Faraday rotation of on-resonance and off-resonance
was deduced from the experimental results. Surprisingly, this is far greater than the
predicted enhancement factor of M =0.5.

(@)

2.0 ~

(mV)

1

-

o
1

Optical signal
o
o

N
o

&
<}
1
o
S
1
BN
o
—
o
w
S
o
o

Time (ms)
b
(,\) 3.0 -
£
— 1.5 4
®©
c
7 00 -/\/\/\/\/\/\/
[72)
S-15 -
o
O
'3-0 T T T T 1
-50 -30 -10 10 30 50
Time (ms)
C
(,_\) 12.0 1
£
— 6.0 4
[
2 0.0 A
(/2]
S 60 -
[oR
O '12.0 T T T T T T T T 1
-50 -30 -10 10 30 50
Time (ms)

Figure 49. Optical signal at (a) 4y (b) 4y and (c) Az in response to current signal
modulated at /=7.9 A, /=30 Hz.

Assuming an initial Ag calibration error of +n/4, Figure 50 reveals that the simulated
value of M could actually be in the range of 0.05 < M < 4.7. It can be seen that the
off-resonance Faraday rotation is larger for a greater negative bias of Agp (Y-
eigenmode). This is due to the accumulation of Faraday rotation with increasing Agp
under a positive Faraday efficiency regime between —m/2 < Ap < m/2 (sections 4.5
and 4.6). The on- and off-resonance Faraday rotations generally maintain a

difference of ~14 prad, and become progressively negative for an increasingly
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positive bias. Hence, in terms of magnitude, the Faraday rotation of on-resonance is

superior to that of off-resonance when the bias of Ag is positive and large.
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Figure 50. Simulated relationship between the initial differential phase and the

double-pass Faraday rotation.

To predict the performance of the existing setup with MCRs of higher ER, Figure 51
shows a simulation of the potential enhancement when the system is initialized with
Agp = n/8 that best fits the experimental results with A/ = 3.2. Beyond a pivotal point,
MCRs operating at Az can provide larger enhancements to the Faraday rotation and

thus the current responsivity.

The detection bandwidth of MCs (section 4.2.5) can be accurately predicted unlike
the fundamental frequency associated with mechanical transducers. Hence,
experimental verification is not always necessary. For the MCR, this calculation is
more complicated as the effective transit time of light must be known. As a rule of
thumb, the effective transit time is roughly equal to the uncoupled transit time
multiplied by the enhancement factor M. In this case, the detection bandwidth of the
MCR sensor head is around ~3.5 GHz. The response time (7 = 10 ns) of the sensor
is defined as the transit time of light from the output of the MCR to the BD. Due to
the recirculation of light within the MCR, the eigenmode at iz experience an

effective OPL much longer than the physical length of the MCR. Hence, any
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enhancement in responsivity would be accompanied by a delay in the response time
and a reduction in the detection bandwidth. An integrated PZT can be used for easier

tuning between high responsivity and high detection bandwidth.
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Figure 51. Simulated relationship between the extinction ratio and the enhancement
factor.

The maximum current error is approximately +1% according to the specifications of
the commercial current clamp-meter. Unlike in the laboratory, where the passively
damped optical bench minimized the effect of vibrations, in real measurement
environments unsuppressed mechanical vibrations of the order of 1-100 Hz may
influence the geometrical stability of the MCR. Meanwhile, dynamic ambient
temperature fluctuations up to a few hertz are outside the frequency range of the
measured current signal. However, static temperature deviations can detune the
MCR and thus influence the responsivity, as evident from the temperature sensing
ability of MCRs in section 3.2. A simple solution is to perform a one-point

calibration of the sensing system by wavelength-tuning before each measurement.

The system noise (i.e. shot noise dominated) measured over a time-frame of 100 ms
with 65536 running averages and a 32-point moving median filter was 67.0 pV, by
means of computing the Fast Fourier Transform (FFT) of the optical signal with no
measurand and selecting the highest power spectral density (PSD) component. This

corresponds to a rotation sensitivity of 4.1 prad using Equation 4.42. The average
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noise of ~70 uV in the measurement data corresponds to a rotation error of 4.2 prad.
From dividing the rotation sensitivity by the responsivity of 4.4+0.6 urad/A at Ag, the
current sensitivity is 932.7£147.3 mA. The noise-equivalent signal generally
corresponds to a worst-case scenario of the sensitivity, because for a shot noise
dominated system, the noise floor is not constant but falls if the signal power
decreases. Lastly, it must be pointed out that this performance was only a
preliminary achievement. The non-ideal fabricated MCR sensor head featured high
linear birefringence which caused Faraday rotation to undo itself, and high PDL that

disabled the ability of the BD to reject common-mode laser intensity noise.
4.3.7 Conclusion

Current-induced Faraday rotation can be enhanced by the resonant cavity of the
MCR to overcome the OM length limit imposed by fabrication. An experimental
demonstration using a 3-turn MCR of 2 pm diameter OM and 10 mm uncoiled
length with an ER of 10.9 dB and a loss of ~3 dB achieved an enhancement factor of
3.1 in Faraday rotation between off- and on-resonance. This factor of gain sits
comfortably within the theoretical bounds of higher than 0.05 but lower than 4.7,
with phase calibration errors taken into account. The maximum current responsivity
and current sensitivity were 4.4+0.6 purad/A and 932.7+147.3 mA respectively, with
a detection bandwidth capability of 3.5 GHz.

To increase the enhancement factor and thus the responsivity, it is imperative to
fabricate MCRs of higher ER, lower birefringence and lower PDL. A low-loss MCR
allows the sensing system to operate at a quadrature point, which benefits from
improved rotation and current sensitivities. To increase the detection bandwidth, the
transit time must be decreased through reducing the OM turn length and ER. The
response time can be reduced by minimizing the fiber length between the MCR and
BD. To reduce the loss, air bubbles must be removed from the polymer packaging.
The MCR sensor head can be made more practical by utilizing the sliding tube
mechanism in section 3.2, instead of permanently binding the MCR to a single
electrical wire. The non-contact approach allows the same MCR sample to probe a
multitude of wires instead of being one-use. The problem with connecting an
existing wire in series with a circuit under test is that the additional impedance will

load the system and consequently deteriorate the accuracy of the measurement.
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4.4 Passive and active stabilization techniques for microfiber coil

resonators

Environmental effects have a major impact on the stability of optical resonators. The
temperature sensing ability of MCRs is well-known, and it is a weakness in their use
as current sensors. A geometrical design is proposed in this section to reduce such
effects by chirping the RI of successive paired turns in the MCR. The resistance to
external effects such as temperature drifts can be considerably improved by
optimizing the coupling coefficients and chirping profile, such that the wavelength
span of the resonance region is maximized without compensating its responsivity to
the desired measurand. Another technique demonstrated is based on resonant
wavelength tuning using a compact piezo-electric ceramic (PZC) disk of only 3 mm
diameter and 1 mm thickness, attaining a tuning slope of 67.5£8.0 fm/V and

estimated modulation bandwidth of ~2 MHz.
4.4.1 Introduction

Since the MCR transmission spectrum is governed by its geometry [31], even a
minor change in the relative position of the OMs can radically alter its resonance
shape and cause a significant resonance detuning. Temperature drifts are known to
produce a spectral shift of ~100 pm/°C with silica MCRs embedded in polymer PC-
373 [32], and ~10 pm/°C when embedded in Teflon resin [33].

In this section, the chirped MCR is presented and its enabling properties to keep the
MCR on resonance despite temperature drifts are discussed. Secondly, a PZC-wound
MCR is demonstrated, which makes it possible to minimize the detuning of the
MCR in real-time by actively correcting its geometrical structure. This approach
offers the benefit of continuous operation, but comes with the requirement of

integrating an electrically active element into the MCR package.
4.4.2 Theory of chirped microfiber coil resonators

For resonantly enhanced sensors and devices exploiting the maximum recirculation
of light at the resonant wavelength, a wider margin at zero detuning will significantly
improve the stability of the resonator output under thermal fluctuations (<10 Hz) as

well as mechanical vibrations and acoustic waves (<1 kHz).
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As depicted in the transmission spectra of Figure 52(a), a small temperature-induced
resonant wavelength shift (A4g) results in a large optical power modulation (AP) for
a standard MCR. However, by chirping the MCR, the resonant condition can be
extended such that the output power of the resonator is constant across a broader
wavelength range. Figure 52(b) shows a chirped MCR where the reduction in

throughput is negligible, so the initial resonant wavelength remains on-resonance.

Figure 52. Effect of thermally induced resonance shift on the transmission spectrum
of a (a) 3-turn microfiber coil resonator, and a (b) 12-turn chirped microfiber coil
resonator. The two dots compare the output power before and after the shift, when

initially operating at the resonant wavelength.

As mentioned previously, the MCR is a helical arrangement of OM with self-
coupling between adjacent turns. For the standard coil, it is assumed that all turns are
of equal length, with the coil pitch being comparable to the OM diameter and the
wavelength of light (4). Modifications of the resonator geometry have been
previously investigated by Xu et a/ [34]. However, tailored optical structures such as

those presented in Figure 53 have not yet been reported in literature.
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Figure 53. Configurations of the chirped microfiber coil resonator with (a) individual

turns, and (b) paired turns.
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The MCR is modeled for the two distinct configurations using a set of coupled mode
equations. Linear birefringence, the polarization dependency of the coupling factors
and the geometrical/Berry’s phase are neglected in the ideal case. Firstly, for the MC
in Figure 53(a) with N turns, the changes in the field amplitude £ for the jth turn
between j = 2 and N-1 are expressed by Equation 4.50. For the first and last turn,

light only couples to the second and penultimate turn, given by Equations 4.51 and

4.52 respectively:
dEC:'S(s) = iK- (Ej—l(s) + Ej“(s)) + iABjEj(S) — aEl(s) (4.50)
dEdls(s) = ikE*(s) + iABLE*(s) — aE*(s) 4.51)
) = ieEN1(s) + iABNEN () — aEV () (4.52)

where f; = (2n/4).n; is the propagation constant, A describes the relative change in
the propagation constant between successive turns due to RI chirping, n; is the
effective index seen by the guided mode, « is the coupling coefficient between the
adjacent turns, a is the loss coefficient, and ds is the infinitesimal curvilinear

distance along each turn length.

f; can be obtained by solving the eigenvalue equation of a circular cross-section
waveguide [30]. The ordinary differential equations are then solved numerically
under the boundary conditions imposed by field continuity described in section 4.3.5.
For the MCR devised in Figure 53(b) consisting of N/2 paired turns, Equation 4.50
must be modified such that coupling only occurs within each pair and none between

pairs.

The chirping of the MCR can be realized using femtosecond irradiation to modify
the RI of local areas of polymer surrounding each pair of turns, such that »; is
changed accordingly. The geometrical arrangement in Figure 53(b) can be achieved
by coiling the paired turns with a smaller winding angle and a larger winding angle
for the uncoupled regions. The paired turn configuration also provides higher
feasibility for the femtosecond beam, since high spatial resolution is not required
when operating on a larger surface area. The reproducibility of such structures can be

made very high with high-precision translation stages.

131



Chapter 4 Optical Microfiber Sensors

A notable application is resonantly enhanced current sensing. It must be stressed that
chirping does not necessarily affect the current responsivity, which depends on the
OPL, coupling conditions, ER and linear birefringence. After chirping the MCR,
each of the M paired turns will have a frequency-shifted resonance of lower
individual ER. Since the ER is dependent on the proximity to critical coupling, it can
be engineered to maintain the original responsivity by controlling the coil pitch with
high-precision translation stages [35]. An alternative way of achieving high ERs via
critical coupling has been recently demonstrated by nano-scale modifications of the
fiber surface and RI using CO, laser and UV excimer laser beam exposures [36].
Furthermore, the responsivity is a function of the Verdet constant, which is mainly
associated with the core of large OM diameters and it should be relatively unaffected

by the laser irradiation on the polymer coating.
4.4.3 Simulations

Firstly, the effects of changing x and An of a 3-turn MCR are compared, with an OM
diameter of 1 pum, coil diameter of 1 mm and a = 4.6 m™'. The base RI of the air-
cladded silica OM is n = 1.45. These parameters are the same for all latter
simulations. It is evident from Figure 54(a) that varying x mostly changes the ER,
whereas Figure 54(b) shows that increasing the chirping broadens the resonance and

simultaneously decreases the ER.
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Figure 54. For a 3-turn microfiber coil resonator: simulated effect on the resonance
shape when (a) the coupling coefficient is varied with no chirping (An = 0), and (b)
the chirp is varied with a fixed coupling coefficient (x = 5410 m™).
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Instead, it is desirable to cascade several resonances in the wavelength domain, in
order to achieve resonance broadening without trading-off the ER. However, a
chirped MCR with any number of turns is still unable to produce a relatively flat
region around zero detuning due to cross-coupling between turns. The solution is to
arrange the MCR in pairs of turns, such that coupling only occurs within each pair
and no coupling occurs between pairs. This way, the resonance condition of each
pair is isolated and can be cascaded in series to produce a superimposed resonance
shape matching the criteria. To begin with, a MCR with 12 turns configured in 6
pairs is analyzed. Figure 55 shows that by varying the pitch between adjacent turns
in each pair, the proximity from critical coupling can be adjusted, which in turn

causes the ER to change without affecting the relative shape of the resonance.
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Figure 55. For a 12-turn regular microfiber coil resonator: simulated effect on the
resonance shape when the coupling coefficient is varied with no chirping (An = 0), at

(a) full scale, and (b) enlarged selection around resonance.

By introducing chirping between successive pairs in the same MCR, the individual
resonances separate and cause a noticeable flattening of the lower region of the
resonance shape, as seen in Figure 56. Although the ER is reduced, it can be
compensated by bringing x closer to critical coupling. However, increasing An

beyond a certain limit will create ripples in the resonance shape.
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Figure 56. For a 12-turn chirped microfiber coil resonator: simulated effect on the
resonance shape when the chirp is varied with a fixed coupling coefficient (x = 5410

m™), at (a) full scale, and (b) enlarged section around resonance.

Figure 57 (a) compares the spectral width (1% tolerance at minimum transmittance)
of varying ERs between a 12-turn regular MCR and a 12-turn chirped MCR. It is
clear from Figure 57(b) that the spectral width changes at different rates for the two
configurations. An increase of the spectral width broadening factor (i.e. ratio
between modified/original widths) can be seen with increasing ER. The upper limit
of spectral broadening for any ER is proportional to the number of paired turns and it
is determined by the total OM length. Most conventional tapering rigs are capable of
manufacturing OM lengths up to tens of millimeters [37] and some can even produce
tens of meters [38]. To summarize, the chirped MCR can reduce the susceptibility of
the device to thermal drifts by flattening its resonance region. From simulations, it is

predicted that greater enhancements to the stability can be attained at higher ERs.
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Figure 57. (a) Simulated spectral width as a function of resonance extinction ratio for
12-turn regular and chirped microfiber coil resonators, and (b) the broadening factor

in spectral width for a range of extinction ratios.
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4.4.4 Theory of PZC-wound microfiber coil resonators

Unlike the previous technique which relies on passive stabilization by flattening the
lower region of the resonance shape, the following technique is based on the active
stabilization of the resonant wavelength by shifting the transmission spectrum to
compensate for any temperature drifts. The subsequent sections present details of the
fabrication process to make the PZC-wound MCR, and the results from the

experimental demonstration are compared with those of simulations.

The schematic of the PZC-wound MCR is shown in Figure 58(a). Due to the electro-
mechanical effect of the piezo-electric material illustrated by Figure 58(b), strain-
induced changes in the OPL of the bound OM changes the phase condition of the
MCR for resonance, and thus instigates a shift in the resonant wavelength (4z). For
negative voltages, the disc waist expands such that each turn of the MCR increases
in OPL despite a small offset by the stress-optic effect, and thus Az experiences a

positive shift.
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Figure 58. (a) Schematic diagram of the microfiber coil resonator attached to the
Teflon-coated piezo-electric ceramic disc, and (b) an illustration of the physical

deformation under piezo-electric and Poisson effects.

To predict the responsivity of the MCR, the behavior of the device under an applied
voltage was modeled. The PZC shown in Figure 59 is assumed to be unrestricted for
the following reasons: (a) Teflon has a very low Young’s modulus compared to that
of the PZC; (b) the layer of Teflon coating (<100 um) is very thin compared to the
radius of the PZC disc; (c) the MCR has only 2.5 turns; and (d) the OM diameter is
relatively tiny. Hence, for a voltage of V applied across a PZC disc of thickness ¢, the
relative change in the physical length of the OM (L) is approximately the relative
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change in the circumference of the disc (g40) due to the elastic deformation caused

by electro-mechanical strain in the longitudinal direction (&one):

AL ds3V
t

(4.53)

L = Eaxial = —Vpzc€iong = ~Vprzc

where dj3; is the piezo-electric strain coefficient, v is the Poisson ratio and ¢ is the

thickness.
The stress-optic effect [39] arises from the physical length change of the OM:

3
Nsilica AL

Angjjicq = -, I [P12 — VUsilica ° (pll + P12)] (4.54)

where n is the R, p;; is the Pockels coefficient components of the stress-optic tensor

of silica (pu = 0.126,p12 = 0270) [@]
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Figure 59. Schematic diagram showing the cross-sectional view of the Teflon-coated
piezo-electric ceramic disc coiled with optical microfiber, from (a) the side, and (b)

the top.

Lastly, the OM diameter decreases when its physical length is elongated via the
Poisson coefficient, which influences the effective index seen by the guided mode.
By using the material’s Poisson ratio (Vyijica = —€nans/€axiar), the reduction in OM
diameter is 3.06 pm. Since the surface area of OM exposed to the Teflon layer was

negligible, the cladding is modeled with air.
4.4.5 Fabrication

The device was built in three stages. Firstly, a micro-cylindrical PZC measuring 3

mm in diameter was micro-machined from a bulk sheet of 1 mm thickness using
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high-precision diamond cutting and milling tools. There are silver electrodes on the
top and bottom sides, which are connected to copper wires for electrical connection.

Smaller PZCs are feasible but are more difficult to handle during the coiling process.

For the second stage, the fabrication of the OM was developed based on the
procedure described in section 3.2.3. The resulting OM of 2 pm diameter and 25 mm
length at the uniform waist had a near-adiabatic taper diameter profile of = 0.1 [26]

to suppress the excitation of higher-order modes [27].

In the final stage, the disc was coated with a thin layer of Teflon and left to dry in
room temperature. This process was repeated 3 times to build up a uniform layer of
Teflon on the disc to reduce optical scattering and surface roughness-induced losses.
At the same time, the Teflon exhibited a low RI to help confine light within the OM.
The responsiveness of the device is proportional to the number of OM turns or the
length of the uncoiled OM. However, only 2.5 turns around the disc was managed
due to fabrication limitations. Coincidentally, coupling only occurred between two
adjacent turns in the MCR, where the pitch was of the order of micrometers. To
achieve sufficient self-coupling leading to resonance, the minimum number of OM
turns is 2. The average ER was measured to be ~1.5 dB. The optical loss was ~0.3
dB at 4 = 1530 nm, and it was attributed to Rayleigh and Mie scattering due to the

presence of micro-bubbles and particles in the polymer.
4.4.6 Experimental setup

The setup shown in Figure 60 was used to test the PZC. A 32 V power supply was
used to provide the input to a high-voltage amplifier, which has a maximum output
voltage of 1 kV (DC). The output terminals of the amplifier were connected to the
electrodes of the PZC, and the voltage applied to was incremented from 0 V to 600
V in steps of 50 V. It was assumed that the electro-mechanical modulation of the
PZC did not generate heat, as there was negligible current flow. As the voltage
across the electrodes was increased, the PZC material contracted in thickness and
expanded orthogonally to the poling direction. The OM bound to the disc was
stretched, which increased the OPL and thus Az. An OSA was used to track the shifts
in resonant wavelength when the MCR was excited with broadband light provided
by the amplified spontaneous emission from an EDFA. The average interval between

each measurement was ~15 s.
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Figure 60. Schematic diagram of the experimental setup.

4.4.7 Simulations

The following parameters are considered for the disc model, starting with the PZC
material [41, 42]: Young's modulus of Epzc = 111 GPa, d3; = 300%107'2 m/V, and
vpze = 0.3. Similarly for Teflon [43, 44]: Eiepion = 1.2 GPa, Vieon = 0.42, and RI of
Neefion = 1.315. Finally for silica [45]: Egijica = 73 GPa, vyijica = 0.17, and ngic, = 1.45.

The strain experienced by the OM is 9x10° using Equation 4.53 with ¥ = 100 volts.
The stress-optic coefficient of silica is —2.78x10"%/100V using Equation 4.54. After
consolidating all the effects into the MCR model described in section 4.4.2 (solved
using Matlab) and discarding the Af terms, the normalized power spectrum before
and after the PZC was driven with high voltage is simulated in Figure 61, showing a
positive wavelength shift of Az = 90.0 fm/V. The shift direction agrees with the

expectation detailed in section 4.4.4.
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Figure 61. Simulated wavelength shift of the microfiber coil resonator when 100 V is

applied across the electrodes of the piezo-electric ceramic disc.
4.4.8 Experimental results

The normalized power spectra are plotted in Figure 62(a), which was obtained by
initially subtracting the reference spectrum of the original SMF-28 from the
transmission spectra of the MCR (dB scale). The loss and extinction ratio were ~0.3
dB and ~1.5 dB respectively. The relationship between the applied voltage and the
measured resonant wavelength shift was approximately linear. Variations in the ER
resulting from changes in the coupling coefficient based on the coil pitch were
negligible, due to the inefficient strain transfer along the longitudinal direction of an
open-ended structure with a single-sided fixture. Figure 62(b) shows a responsivity
of 67.5£8.0 fm/V, which is of the same order of magnitude as the simulated value of
90.0 fm/V. This difference arises from the unrestrained modeling of the PZC disc,
which provides an upper limit for the responsivity. Additionally, the cut of the PZC
disc from its bulk form was observed under a microscope and found to be rugged

and not perfectly circular, which could have been another factor.

The maximum voltage error is about £5 V due to the instability of the digital power
supply. The maximum spectral shift error is +5 pm since the resolution of the OSA is

10 pm. The additional deviations from the fitted line are most likely due to air flows,
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causing a change in ambient temperature. The thermal responses of the materials
change the OPL of the MCR, and thus induce a noticeable wavelength drift. This
further highlights the need to employ a PZC disc with feedback control, such that

any thermal effects in the MCR can be minimized.
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Figure 62. (a) Normalized power spectra showing spectral shift with different
voltages, and (b) the measured voltage responsivity with a linear fit (dashed line)

compared with the theoretical prediction (solid line).

The fundamental frequency of the PZC disc was predicted to be ~2 MHz using the

thickness mode vibration model [42]:

where F is the resonant frequency and N; = 1920 Hz.m is thickness frequency
constant [41]. It is clear that a response frequency of ~2 MHz can adequately cope
with temperature drifts, which typically occur at frequencies lower than 10 Hz.
Regrettably, due to the lack of a high modulation bandwidth, high-voltage source,

the anticipated modulation bandwidth could not be verified.
4.4.9 Conclusion

Two different ways of improving the optical stability of MCRs were proposed and
discussed. The first technique involves reconfiguring the MCR into paired turns and
chirping the RI of successive pairs to attain a maximum region of flat resonance.
This facilitates a stable detuning range for resonantly enhanced sensors and devices
to improve immunity not only against thermal drifts, but also mechanical vibrations

and acoustic waves. By further optimizing the coupling coefficients, the reduced
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sensitivity to environmental effects can be achieved without compromising the
sensitivity to the desired measurand. The limit of resonance flattening is governed by

the number of turns and ultimately by the total OM length.

The second technique replaces the passive support rod of the MCR with a compact
PZC disc, which can be modulated to maintain zero detuning of the resonant
wavelength. An experimental demonstration using a 2.5-turn MCR of 2 um diameter
OM and 25 mm uncoiled length obtained a responsivity of 67.5+8.0 fm/V, which is
comparable in magnitude with the simulated value of 90.0 fm/V. The estimated
modulation bandwidth is ~2 MHz. This device is easier to fabricate than the chirped
MCR because of the lower design complexity. On the other hand, it requires an
electrically active element to be integrated into the MCR package, which may not be

suitable for applications that operate in sensitive environments.

To increase the tuning range of the PZC, a disc material of higher piezo-electric
strain coefficient is needed. The stability of the sensor head can be improved further
by combining the passive and active stabilization techniques, such that a PZC is
integrated inside a chirped MCR. The foreseeable challenge would be to modulate
all OM turns in such a way that the collection of resonances shift by the same
magnitude in the wavelength domain, so as to prevent distortions in the combined

spectral shape.
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4.5 Spun optical microfiber for high performance current sensing

Linear birefringence is highly detrimental to the Faraday Effect of any fiber-optic
current sensor. The first report of SOM is presented in this section, with details of
the fabrication method and a demonstration of its important role in making practical
MC- and MCR-based current sensors. SOM exhibits superior resistance to bend- and
packaging-induced linear birefringence than their unspun counterparts, which can

improve the responsivity, reliability and reproducibility of the sensor head.
4.5.1 Introduction

Although the minimum permissible bend radii of OMs is significantly smaller than
those based on regular-sized optical fibers, the same problem of linear birefringence
arises after packaging the MC/MCR in UV-curable polymer for geometrical stability
and optical confinement. In the presence of linear birefringence (i.e. non-zero
differential phase), the net power transfer between the fast- and slow-axes due to
Faraday rotation is maximum after a quarter of the beat length, and reduces to zero
over half of the beat length. Hence, for OMs longer than a quarter of the beat length,
the only section in which interaction with the magnetic field will be measurable is
the length remaining after subtracting an integer number of half beat lengths.
Although the differential phase is more relevant to the underlying problem, the
corresponding linear birefringence is more fundamental to fiber design and

fabrication. Owing to the focus of this section, the latter is often quoted instead.

Numerous solutions have been reported over the years. One technique uses a 45°
Faraday rotator and a mirror to undo reciprocal linear and circular birefringence in
the optical fiber. At the same time, the non-reciprocal Faraday rotation is doubled
[46]. However, a total cancellation of perturbation-induced effects is only possible
for small Faraday rotations. Another technique is to utilize highly birefringent (hi-bi)
fiber with periodically spaced regions of current-induced magnetic field such that
sections are skipped where the Faraday contribution is in the wrong sense.
Alternatively, reversing the magnetic field direction at half beat length intervals
ensures that the Faraday contributions continue to add [47]. Unfortunately, this
technique raises design complexities as a current sensor and it is not feasible for

MC/MCRs where the final packaged birefringence is only known post-fabrication.
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A different technique to achieve efficient Faraday rotation utilizes an optical fiber
coil wound accurately such that its circumference is exactly equal to the beat length
of its linear birefringence [48]. Again, this technique is impractical for MC/MCRs as
their final birefringence cannot be determined before packaging. An alternative
approach is to anneal the sensor head post-fabrication to relieve the internal stresses
in the coiled optical fiber [49]. Although this technique works well with standard
optical fibers such as SMF-28, it cannot be applied to an embedded MC/MCR due to
the low melting temperature of polymers. If annealed in the pre-packaged state,
linear birefringence will be introduced during the packaging stage. Yet another
interesting technique involves canceling the bending-induced linear birefringence by
inducing a controlled anisotropy in a direction orthogonal to the bending plane [50].
This is typically performed by coiling hi-bi fiber with the slow-axis parallel to the
direction of the wire. The drawback is the difficulty of drawing an OM with a
specific linear birefringence equal to the post-fabrication birefringence of the

MC/MCR.

One of the earliest and simplest techniques to suppress linear birefringence was the
use of twisted fiber [51]. Twisting adds circular birefringence to the optical fiber,
which is effective for large coils with a few turns. For the MC/MCR, the amount of
twist required to achieve a noticeable effect is likely to exceed the breaking strength
of the OM. Additionally, such twists are temperature-dependent and therefore
unstable. The use of spun fibers is another solution to overcome the birefringence
problem. This involves producing a low-birefringence fiber [52] by spinning the
preform during fiber drawing to average the fast and slow birefringence axes. Again,
when packaged in a coil the optical fiber suffers from bend-induced birefringence.
As a result, spun hi-bi optical fibers [46] were introduced, which featured better
resistance to external perturbations. Spun hi-bi optical fibers have sufficient circular

birefringence to overcome the bend- and packaging-induced linear birefringence.

Due to the effectiveness of the spun fiber technique and the feasibility for the OM to
be spun in a similar fashion, it is of interest to study the SOM and its application for
current sensing. In this section, the fabrication procedure of SOM is detailed and the

anticipated improvements to current responsivity are experimentally confirmed.
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4.5.2 Theory

When an optical fiber is pulled from a preform while simultaneously being rotated, a
large uniform spin rate is written into the optical fiber. The photo-elastic effect can
be neglected as the spinning occurs in the furnace hot-zone, where the glass viscosity
is sufficiently low to prevent the build-up of shear stress. With a large spin, the
optical fiber behaves as an isotropic waveguide that is almost center-symmetric due
to the rapid rotation of the fiber axis. This optical fiber is capable of transmitting and
preserving any SOP. Owing to their intrinsic geometrical symmetry, spun fibers have
insignificant birefringence. The advantage is that they are insensitive to temperature
and wavelength effects. The disadvantage is that the spun fiber is just as sensitive to

external effects (e.g. twist, stress and bend) as a normal low-birefringence fiber.

A more successful variant of the spun fiber is made by spinning highly (linear)
birefringent preforms during the drawing process to impart a rapid built-in rotation
of the birefringent fiber axes. The result shown in Figure 63 is that the optical fiber
becomes elliptically birefringent. By carefully choosing the spin rate relative to the
intrinsic linear birefringence, the resulting elliptically-polarized light can have an
optical response to magnetic fields approaching that of an isotropic fiber. The benefit
of this technique is that the optical fibers still retain a sufficiently large elliptical
birefringence that establishes a high resistance to external perturbations. This type of
spun fiber, now conventional, can be considered as a compromise between the high
linearly birefringent fiber that is polarization-maintaining (PM), and the isotropic

fiber with a high responsivity to current.

Figure 63. Schematic diagram of the spun microfiber with a constant spin rate @

along fiber axis z.
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For the polarization diversity polarimeter, the total Faraday rotation for an unspun
fiber coil (non-resonator) with constant Faraday rotation per unit length (7) and non-

zero linear birefringence as a function of fiber length (L) was reported to be [52]:
1 . _q1[2¢ .
6 = sin 1 [f . sm()/L)] (4.56)

where 0 < 6 < /2,y = \/AB? + 412, f = (2n/A).n is the propagation constant, Af
models the linear birefringence, n is the effective index seen by the guided mode,

and / is the wavelength of light.

The maximum Faraday rotation limited by birefringence can be expressed by:
= Lsin-1 (=
Bmax = 2sin (V) (4.57)

Assuming that the polarized light encounters the current-induced magnetic field and
the linear birefringence at the same time, a simpler expression can be derived from

Equation 4.57 or inferred from first principles [47]:
L T .
6= tcos(AB-1)-dl = A sin(AB - L) (4.58)
The upper limit of Faraday rotation also occurs at Af.L = /2 (quarter beat length):
Omax = 7 (4.59)

The differential phase of a conventional spun fiber can be written as a function of

spin rate (® rad/m), L and Af [53]:

sin(®L)
(o]

Ap == Angsp - L = AB (4.60)

Rearranging Equation 4.60 produces a relationship between the effective linear
birefringence and the intrinsic linear birefringence (An;,):

sin(®L)
DL

Angsp = - My 4.61)

The maximum current responsivity of a spun fiber coil normalized to the sensitivity
of an isotropic fiber can be expressed in terms of the polarization beat length (Lp) of

the unspun fiber and spin pitch (Lp) [46]:
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ax(t8)’
R= (i) ; (4.62)
L
1+4x(ﬁ)
where Lp = Anl and Lp = %"
int

4.5.3 Fabrication

To fabricate hi-bi OM that is the pre-requisite of SOM, the starting fiber is SMF-28.
The middle section of the optical fiber was processed while the two ends were kept
as pigtails for easy integration with other fiberized components. To begin with, the
acrylate coating of the middle section was removed with a fiber stripper and the
exposed bare fiber was placed in the groove of a fiber holder. Next, the folded edge
of an ultra-fine, micro-gritted sand paper was used to carefully side-polish a small
area of the middle section to produce a D-shaped section, as shown in Figure 64. The
polishing depth determines An;,, of the tapered fiber. The lower limit of polishing
length on a section of SMF-28 (rsyr) for a given polishing depth (d), OM average
uniform radius (roy) and OM length (Loy) can be determined by calculating the

cross-sectional area (4p.syr) of the polished fiber:

TL'T(Z)M

Lsyr = Lom (4.63)

Ap_SMF

d
TSMF

where Ap_syr = T‘S‘ZMF ) [77: - %COS_I (1 - )] + (rSMF - d) ' \/d ' (ZTSMF - d)

(a) Side-polished fiber

(b) Microfiber

Figure 64. Side view of (a) a side-polished fiber, and (b) the waist of a tapered fiber.

146



Chapter 4 Optical Microfiber Sensors

The sand paper has micron-sized abrading particles that can remove a few
micrometers from the fiber surface in order to eliminate the circular symmetry
typical of optical fibers. It is not essential to ensure that all linear birefringence is
created precisely within the region to be tapered and spun. The tolerance to over-
polishing can be drastically improved by tapering and spinning simultaneously. This
minimizes linear birefringence outside the target region, where fiber polishing is
already becoming increasingly less important as the mode is confined more and more

into the core. The reproducibility of side-polishing can be primed with practice.

After polishing, the D-fiber section was rinsed with isopropanol to wash away any
debris. The fabrication of the hi-bi OM was developed based on the procedure
described in section 3.2.3. The resulting hi-bi OM of ~2 pm diameter and 10 mm
length at the uniform waist had a taper diameter profile of y = 0.3 [26]. The fiber
cross-section was slightly elliptical due to the surface tension of the partially melted
silica. The setup shown in Figure 65 was used to produce both SOMs and unspun

OMs, with the rotator module (Thorlabs CR1-Z7) removed for the latter.

Fiber clamp Micro-heater Fiber clamp m

—1
|

—1

D-fiber M
\ o
Rotator
@) module

Heating element

Figure 65. Schematic diagram of the newly developed tapering and spinning rig
setup. A computer controls the initial position and differential velocities of the two

translation platforms and the rotator module.

Next, the spin process of the SOM was initiated in the micro-heater hot-zone, where
the glass viscosity was sufficiently low to ensure a fully plastic deformation. The
resulting fiber shape appeared circular due to the averaging effect of the spin process,
as shown in Figure 65. @ is ideally small and comparable to AS, so that Af is only
partially canceled by the spin process. The spin ratio (®/Af or Lp/Lp) is typically in
the range of 0.5—1 for most reported spun fibers [54]. A SOM with a high spin ratio
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is sensitive to bending and applied stress. For this reason, high spin ratios were
avoided to ensure isolation from external effects. The final stage involved packaging
the samples in low-RI, UV-curable polymer (Efiron PC-373 AP) on a glass slide for

geometrical stability and protection against environmental effects.
4.5.4 Simulations

SOMs with a diameter smaller than 10 um allow a significant portion of the guided
modes to propagate in the polymer cladding outside the silica OM. Therefore, the
averaging effect of spinning the OM will be less than that of a conventional spun
fiber with the same ®. Figure 66 shows the simulated relationship between An; and
the final linear birefringence (An) after packaging the sample. The effective indices
were obtained by solving the eigenvalue equation of a circular cross-section
waveguide [30]. The effect of polymer packaging on SOM is visibly diminished
when the OM diameter is larger than 10 um. Although the polymer packaging can
reduce Anyto some extent, the material itself also contributes to An when cured and
it tends to increase with time. Hence, by spinning the OM, both micro-bending and
packaging-related effects can be minimized.

—D=1uym —-D=2uym --D=10pum - D =50 pm
0.06 e

0.05 d

1
A

0.04 o

0.03 g _

\

Packaged linear birefringence An
\,

0.00 0.01 0.02 0.03 0.04 0.05 0.06
Effective linear birefringence An;

Figure 66. Simulated relationship between the effective linear birefringence and the

packaged linear birefringence with Angy= n, — n, (where n, = 1.45).
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Based on Equation 4.61, Figure 67 shows that An.y oscillates, falling to zero with
increasing @ even for high values of An;,,. This can be explained by Equation 4.60,
which reflects the averaging effect of spinning the birefringent OM axes that result
in a periodic cancellation in Ag. Consequently, increasing @ for a fixed L leads to a
smaller cumulated Ag and thus a lower An,: On the contrary, increasing L for a
fixed @ does not alter the maximum Ag during each revolution, and so An.;becomes
smaller instead. Hence, by increasing both @ and L in Figure 68, the reduction in
Angy (i.e. gain in Lp) can be accelerated. Unlike L, ® solves the underlying problem.

—An=1e-3 ----An=5e-3 —-An=1e-2
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0.002 1 Y

_____ N T
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500 3000

Effective linear birefringence An

-0.002 - -

-0.004 - ,
Spin rate © (rad/m)

Figure 67. Simulated effective linear birefringence as a function of spin rate, for

different intrinsic linear birefringence with L =1 cm.
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Figure 68. Simulated effective linear birefringence as a function of fiber length, for

different spin rates with An;,, = 1x 102,

To better understand how spinning the birefringent OM axes in a MC sensor head
affects the measured Faraday Effect, Figure 69(a) illustrates the evolution of Ap with
increasing distance along the optical fiber (/). Lp; and Lp, denote a quarter of the spin
pitch for high and low spin rates respectively. Figure 69(b) shows the corresponding
efficiency (# = 60/6,4011) of the Faraday Effect, in which the area under the curve is
linearly proportional to the total Faraday rotation. For higher An;,;, the swing of Ag
becomes larger and consequently the ripples in # deepen. For lower @, the slower
changing Ap not only results in a longer period but also a larger amplitude.
Consequently, the enlarged ripples in # have a stronger degrading effect on the total
Faraday rotation. Beyond a certain extent, # becomes bipolar and the total Faraday
rotation may approach zero at specific positions along the optical fiber. This explains

how a lower @ can lead to a higher Any that is closer to An;,, and vice versa.
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Figure 69. Simulated relationships between (a) differential phase, and (b) Faraday

efficiency, with increasing distance along the optical fiber.

The relationship between Lp and Lp defined by Equation 4.62 implies that any
magnitude of An.; can be neutralized by an appropriate value of ®@ to produce the
maximum level of current responsivity (R = 1). As might be expected, Figure 70
shows that the current responsivity is lowest with short Lp (i.e. high-birefringence)
and long Lp (i.e. small spin). Conversely, it is highest with long Lz (i.e. low-
birefringence) and short Lp (i.e. large spin). However, a high spin ratio should be

avoided for the SOM to remain insensitive to external effects.
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Figure 70. Simulated normalized current responsivity with varying values of beat

length and spin pitch.
4.5.5 Fiber characterization

To confirm the effect of spinning the OM, An;,, of the hi-bi OM was compared with
An of the corresponding SOM. Finding the beat length increase ratio is equivalent to
deducing the birefringence reduction factor. The following experiment was
performed for each fabricated sample. Light was coupled from a TLS with a PMF
pigtail into an in-line polarizer aligned at 45° to the axis of the FUT of length L, such
that equal powers of light was transmitted along the fast- and slow-axes. Light
emerging from the two orthogonal axes interfered at an analyzer set at 45° to the axis
of the FUT. The transmission spectrum was captured by a PD and sampled by a

digital oscilloscope. L is revealed as oscillations in the spectrum with a period of A/:
Lg=—=—"1 (4.64)

The optical losses of the packaged samples were typically 0.5—1 dB at a wavelength
of 4 = 1510 nm, and were attributed to Rayleigh and Mie scattering due to the

presence of micro-bubbles and particles in the polymer.
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It can be seen from Figure 71 that spinning at a rate of @ = 8n/cm has increased Lp
of the hi-bi OM by a factor of 3. By doubling the rate to ® = 16m/cm, Lz was
increased by factor of 6. Higher Lp is anticipated for larger values of ®@. However,
the actual @ experienced by the hi-bi OM may be slightly smaller than expected, due

to the build-up of shear stress along the section of fiber between the micro-heater and
the rotator module (~30 cm).
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Figure 71. Transmission spectra of spun microfibers with (a) ® = 0 rad/cm, (b) ® =

8n/cm, and (¢) @ = 16m/cm, each fabricated from a 2 um diameter hi-bi microfiber
with Loy = 10 mm and A, = 3.23x107.

The varying ER was attributed to the output light of the TLS not being completely
confined to one axis of the PMF pigtail. Consequently, the degree of polarization

(DOP) of light prior to the polarizer was wavelength-dependent and this affected the
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ratio of power in the two orthogonal axes that beat together at the analyzer.
Nonetheless, it is evident that the beat length ratio between the SOM and unspun
OM can be changed by varying ®@. This allows SOMs to be made with a high An;, to
resist external perturbations, and a low An.yto permit the full Faraday rotation to be

measured.
4.5.6 Experimental setup

To demonstrate that MC current sensors based on SOM are more resilient to bend-
and packaging-induced An than those made using unspun OM, three MC samples
were fabricated for each type of OM. All six samples were of 2 um diameter and 30
mm length at the uniform waist with y = 0.3 [26]. A spin rate of @ = 24n/cm was
chosen for the SOM samples, with An;,, = 1x107 achieve a spin ratio of ~1. A thin
layer of polymer was deposited on a 1 mm diameter copper wire before and after
coiling the optical fiber to ensure good confinement of light. Each MC had 7.5 turns
with a large winding pitch (>0.5 mm) to prevent mode coupling between adjacent
turns. UV-curing of the polymer ensured geometrical stability and robustness
packaging. A photograph of a packaged sample on a glass slide can be seen in Figure
72.

Optical
microfiber

coil

Polymer
coating wire

Copper

Figure 72. Photograph of a packaged sample. The microfiber coil sensor head was
embedded in polymer on a glass slide.

To test the MC sensor heads made using SOM and unspun OM, the same
experimental setup and procedure described in section 4.3.4 were used. The only

difference is the replacement of the MCR with the MC, as shown in Figure 73.
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Figure 73. Schematic diagram of the experimental setup. TLS: tunable laser source,
PMF: polarization-maintaining fiber, PMC: polarization-maintaining circulator,
SMEF: single-mode fiber, PC: polarization controller, MC: optical microfiber coil, CT:
current transformer, SG: signal generator, FRM: Faraday rotator mirror, PBS:
polarization beam splitter, PD: photodetector/photoreceiver, BD: balanced detector,

OSC: digital oscilloscope.
4.5.7 Experimental results

The experimental results from Figure 74 show that the SOM-based MC samples
were able to reach an average current responsivity of ~8.6 prad/A that is 84% of the
theoretical maximum of 10.2 prad/A from Equation 4.20. This normalized value
shows excellent agreement with R = 0.841 obtained from Equation 4.62, using a spin
ratio of unity. In comparison, the unspun OM-based MC samples showed less
consistency with an average linear responsivity of ~5.7 urad/A. This indicates that
spinning the OM offers a better suppression of An. Moreover, the reproducibility of
unspun OMs is worse due to the unpredictable build-up of An during the coiling and
packaging process. For the initial demonstration to prove the feasibility of
fabricating SOMs and the advantages of the corresponding current sensors, noise

analysis was not of critical importance.
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Figure 74. Measured current responsivity for spun and unspun microfibers at a signal

frequency of 30 Hz, with average linear fits.

On the other hand, sensor heads comprising of SOM-based MCRs will always
contain intrinsic linear birefringence. This is because the modal overlap in the
coupling regions creates dielectric perturbations that lead to a self-modification of
the propagation constant. While this effect sets the fundamental limit of linear
birefringence in SOM-based MCRs, it is theoretically possible for this effect to be
canceled out with the right magnitude of externally induced uniform linear
birefringence. Nevertheless, SOM-based MCR samples were not fabricated and

tested because there are further issues that will be addressed in the next section.
4.5.8 Conclusion

A simple yet cost-effective method to manufacture SOM from SMF-28 was
proposed and demonstrated. Such fibers are very important for making practical MC-
and MCR-based current sensors. The fiber polishing depth governs the linear
birefringence of the hi-bi OM, the intrinsic birefringence of the SOM, and ultimately
the resilience to bend- and packaging-induced linear birefringence. The fiber spin
rate determines the circular birefringence of the SOM, the effective linear
birefringence, and ultimately the efficiency of Faraday rotation. These two
parameters can be optimized in conjunction with each other to yield a good balance

between resilience to external effects and responsivity. From the preliminary results,
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MC sensor heads made using SOM (2 um diameter and 30 mm length, 7.5 turns,
~1x107 linear birefringence, 24n/cm spin rate) possessed higher responsivity and
reproducibility than those made using unspun OM. These findings agree with

expectations based on well-established results from conventional spun fibers.

To further increase the current responsivity, the spin rate can be increased for the
same intrinsic linear birefringence. However, there is a trade-off with the higher

susceptibility to external effects.

157



Chapter 4 Optical Microfiber Sensors

4.6 Efficient Faraday rotation in birefringent microfiber loop

resonators

The optimization of resonantly enhanced Faraday rotation in MLRs exhibiting linear
birefringence is presented in this section. For a sufficiently large birefringence-
induced resonance separation, the evolution of differential phase between the
polarized light in the two orthogonal axes can lead to efficient Faraday rotation when
certain phase-matching conditions are met. This study provides the groundwork for
designing MLR-based current sensors that can operate with near-maximum

responsivity despite the presence of birefringence.
4.6.1 Introduction

Resonantly enhanced Faraday rotation was previously demonstrated in MCR-based
current sensors (section 4.3). Yet, the observed enhancement factor was low due to
the effect of linear birefringence (An.y) and the arbitrary choice of geometry. Even
small values of An.y can drastically reduce the measured Faraday rotation due to the
reversal in polarity every m interval in differential phase (Ag), as shown by the
sinusoidal dependence in Figure 75. For non-resonant sensors, this is a quarter of the
polarization beat length (Lp) if the initial Ag of the sensor head was equal to zero or
integer multiples of 2n. To extend the maximum usable fiber length to Lz/2, the
initial Ap bias must equal n/2 or 37w/2, plus integer multiples of 2. This can be
implemented in practice using a birefringent modulator or by selecting the
appropriate fiber length, provided the birefringence is known. Even if the
birefringence was eliminated using SOM, changes in Ag due to non-optimized inter-
turn coupling can have an unpredictable effect on the current responsivity. In this
section, geometrical optimizations are studied for the simpler MLR to overcome the
OPL Ilimitation. It can be shown that efficient Faraday rotation is feasible for
birefringent sensor heads incorporating unspun OM, and maximum Faraday rotation

can be obtained for non-birefringent sensor heads employing SOM.
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Figure 75. Dependence of Faraday efficiency (y = 6/6,4..;) on differential phase.
4.6.2 Simulations

A MLR [55] can be fabricated from the uniform waist of a biconical fiber taper by
forming a self-coupled loop in the region of close contact shown in Figure 76. As a
current sensor, it is desirable for the Faraday Effect to occur at the resonant
wavelength (4z), where light confinement is at its maximum and the OPL is
considerably longer than the physical length of the loop (L¢). The MLRs discussed
in this section are assumed to support only a single mode, which can be achieved in
practice by limiting the OM diameter or ensuring an adiabatic taper transition from

SMF-28. The initial Ap of the MLRs is also assumed to be zero.

Microfiber
loop
resonator Faraday
rotation
_> |IT‘ lll’f\‘: _>
Light in Light out

Figure 76. Schematic diagram of a microfiber loop resonator-based current sensor.
The directions of light propagation and coupling are shown as arrows. The arrows in

dashed-circles represent the Faraday rotation.

Figure 77(a) shows the ideal case in which An.y is zero, which applies to perfect

samples or those made using SOM. The eigenmodes of the two orthogonal axes
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(denoted by X and Y) propagate with equal phase velocities and thus the Faraday
rotation is at its maximum efficiency between eigenmodes with the same
propagation distance. However, the light content at any point in the MLR is actually
comprised of eigenmodes that have entered the resonator at different times. Only
when operating at the precise wavelength of Az, can the maximum efficiency of
Faraday rotation be maintained between the eigenmodes of different roundtrips. This
is due to the mutual condition for on-resonance, in which the cumulated phase (¢)
per roundtrip including the m/2 contribution from coupling is equal to an integer
multiple of 2, as illustrated in Figure 78(a). This value of ¢ can be translated into a
set of values for L¢ in terms of A, the effective index (n.4) of the eigenmode in the

fast-axis, and an integer C:

2
@ =2nC = ﬁ Neprle +7 (4.65)
L; = AR-(C=1/4) (4.66)
Neff
T A (a) T A (b)
X\ vy
> A . > -
)\R )\R1,2 )\R1 )\R2

Figure 77. Transmission spectra of microfiber loop resonators, with (a) zero
birefringence, (b) a small/moderate birefringence-induced resonance separation, and

(c) a large birefringence-induced resonance separation.

In practice, Any is non-zero as a result of bend- and packaging-induced stresses in
the MLR. Optical leakage into the support rod is another possible cause for
birefringence and PDL. In those cases, Az of the eigenmodes are no longer identical
due to different n. Figures 77(b) and 77(c) illustrate the spectral-splitting
phenomenon. For MLRs with a small to moderate birefringence-induced resonance
separation (AAg) shown in Figure 77(b), there is no mutual agreement in the
requirement of ¢ between the eigenmodes of arbitrary roundtrips. Hence, no

condition exists for efficient Faraday rotation.
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Figure 78. Roundtrip phase analysis for microfiber loop resonators operating at the
resonant wavelength, with (a) zero birefringence, (b) X-eigenmode on-resonance
with large birefringence-induced resonance separation (L = 4Lc¢), and (c) Y-
eigenmode on-resonance with large birefringence-induced resonance separation (Lp
=4Lc). The initial phase (coupled in light) and final phase (prior to coupling back in)
are labeled inside rectangles that represent the M " and N® roundtrip of the

eigenmode in the fast- and slow-axes respectively.

For MLRs with a large birefringence-induced resonance separation (Figure 77(c))
such that, at a particular wavelength one eigenmode (e.g. X of fast-axis) experiences
maximum recirculation while the other eigenmode (e.g. Y of slow-axis) is assumed

to be uncoupled. The removal of the cumulative birefringence-induced phase
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component in one axis simplifies the phase-matching conditions and efficient
Faraday rotation between the eigenmodes of arbitrary roundtrips can be obtained
with Lg = 4L¢ and ¢ (i.e. including n/2 from coupling and excluding /2 from
birefringence) equal to an integer multiple of 2w. Once again, this coincides with the
on-resonance condition of the fast-axis. As shown in Figure 78(b), Ap only grows
from 0 to m/2 during each roundtrip. Hence, Faraday rotation is uni-directional and
accumulates with increasing OPL. Similarly, this value of ¢ can be converted into a

set of values for Lc:

¢ =2nC = nople+7 (4.67)
L = ’L—R'fe;fl/ 2 (4.68)

The resonance separation A4y is related to An.y by the following expression:

AAR Anery
24R _ ZTeff 4.69
n T (4.69)

Lp can be expressed in terms of Az and Ang:

_ MR
Aneff

Ly (4.70)

By combining Equations 4.69 and 4.70 with Lz = 4L¢, another expression for the

loop length is obtained:

Le=—E 471
¢~ 4AARneff ( ) )
Equating Equations 4.68 and 4.71 produces a rule between integer C and A/z:
_* 1
= an +3 (4.72)

These geometrical design rules are very flexible. To start with, the user provides a
desired resonant wavelength/turn length and the effective index of the fast-axis.
From this information, Equation 4.71 produces a rough turn length/resonant
wavelength that roughly satisfies the conditions for efficient Faraday rotation. This is
then substituted into Equation 4.68 to find the integer C. The turn length/resonant

wavelength is then updated to fully comply with the conditions for efficient Faraday
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rotation. Lastly, the new/existing turn length can be used to deduce the linear

birefringence and other parameters of interest, such as the free spectral range (FSR).

For MLRs of 0.5-1.5 mm loop diameter, Az = 250 pm would be sufficient to ensure
that one eigenmode is maximally recirculated while the other is more or less
uncoupled. For example, when Az = 1550 nm and n.y= 1.45 (fast-axis), the result is
C = 1550. From Equation 4.68, the loop circumference is L¢ = 1657 um and the loop
diameter is 527 um. From Equation 4.70, the beat length of Lz = 6627 um
corresponds to a linear birefringence of An, = 2.339x10™. In practice, the

magnitude of An.y typically ranges from ~107 to ~10™,

In the conjugate case where the eigenmode (Y) in the slow-axis experiences
maximum recirculation while the eigenmode (X) in the fast-axis is assumed to be
uncoupled, efficient Faraday rotation between the eigenmodes of arbitrary roundtrips
can be obtained with Lz = 4L¢ (i.e. lower bound) and ¢ (i.e. including n/2 from
coupling and excluding m/2 from birefringence) equal to 3w/2 plus an integer
multiple of 2x. Likewise, this condition naturally occurs at the on-resonance of the
slow-axis. As shown in Figure 78(c), Ap only grows from 0 to m/2 during each

roundtrip. Again, this value of ¢ can be converted into a set of values for L¢:

31 2m T
QY = el + 2nC = E . neffLC + 2 (473)
L = =E1/2) (4.74)
Neff
Equating Equations 4.71 and 4.74 produces a rule between integer C and AAg:
A _1
C= Y (4.75)

For example, using Adg = 250 pm with Az = 1550 nm and n.;= 1.45 (fast-axis) again
yields C = 1550. From Equation 4.74, the loop circumference is Lc = 1657 pm and
the loop diameter is 528 pm. From Equation 4.70, the beat length of Lz = 6630 um

corresponds to a linear birefringence of Angy= 2.338x107*.

For simplicity, it was previously assumed that the eigenmode at off-resonance passes
through the loop only once (i.e. uncoupled). Unaccounted for, a large portion of the

guided light at Az actually couples out in the first instance, and thus avoids passing
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through the loop. The phase delay associated with this portion of light is n/2. For the
eigenmodes at on-resonance, a small portion of the guided light emerges from the
loop with a phase delay of m/2, by coupling out straight-away. Although these
eigenmodes do not follow the 27 roundtrip rule, their absence in the loop means the
recirculating light undergoing efficient Faraday rotation is undisturbed. Hence, it is
reasonable to neglect them in the designs rules as their phase has no impact on the

Faraday Effect.
4.6.3 Conclusion

MLR-based current sensors which exhibit linear birefringence can greatly suppress
Faraday rotation and thus reduces the current responsivity. Although efficient
Faraday rotation naturally coincides with on-resonance, in the presence of linear
birefringence a special relationship is required between the turn length and linear
birefringence. It was shown that for MLRs with a sufficiently large birefringence-
induced resonance separation, efficient resonantly enhanced Faraday rotation can
arise when the loop circumference is a quarter of the beat length and the total
roundtrip phase (i.e. including contributions from coupling and birefringence) of the
eigenmodes in the fast- and slow-axis are equal to 2w and m/2 respectively for the
fast-axis on resonance, or 3n/2 and 2w respectively for the slow-axis on resonance,
all plus an integer multiple of 2n. These phase conditions can be translated into
geometrical design rules that are important for fabricating MLR sensor heads which
can facilitate an efficient build-up of Faraday rotation for multi-roundtrips despite
the presence of linear birefringence. It would be of interest to demonstrate this
experimentally, once the challenge of controlling the post-curing effective index can

be overcome.

To further improve the Faraday efficiency and thus increase the current responsivity,
it is possible to apply the same technique of initial differential phase biasing that
doubles the maximum usable fiber length of non-resonator sensor heads. This has the
effect of shifting the n/2 differential phase evolution window backwards (e.g. m/4) to
incorporate a higher average Faraday efficiency. The width of the windows itself can
be tailored depending on the magnitude of the achievable linear birefringence.
Without phase biasing the maximum window width is n/2 (i.e. quarter beat length),

and with phase biasing it becomes 7 (i.e. half beat length).
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4.7 Birefringence treatment of non-ideal optical microfiber coils for

continuous Faraday rotation

A flexible technique to periodically perturb the evolution of differential phase in
birefringent OMs 1is proposed. This conceptual demonstration offers a simpler
approach than the SOM to rectify non-ideal MC sensor heads with linear
birefringence for high-performance current sensing. Furthermore, it can minimize

resource- and time-consumption that will be beneficial for large-scale manufacturing.
4.7.1 Introduction

Previously in section 4.6, optimized MLRs rely on precise geometry in accordance to
the magnitude of linear birefringence to ensure that any roundtrip of light initializes
with a differential phase equal to an integer multiple of 2m, and exits with a
differential phase of m/2 plus an integer multiple of 2w. For uncoupled MCs, an
similar method of manipulating differential phase is explored with considerably

lower design complexity than SOMs.
4.7.2 Simulations

By modifying the local birefringence at selective regions along the OM shown in
Figure 79, a gain of =rn in differential phase between the polarized light in the two
orthogonal axes of the birefringent OM can lift the device from a state that is on the
brink of a reversal in Faraday rotation, to a state that is just emerging back into the
same direction of Faraday rotation. Since the Faraday Effect is linearly proportional
to the interaction length, each region must be kept as short as possible to minimize
the negative contribution to the total Faraday rotation. The required birefringence

modulation to achieve polarity-skipping for a given region length (L) is expressed by:
yl
Angpp = — (4.76)

As shown in Figure 80(b), the steady increase of differential phase with increasing
distance along the OM is accompanied by the gradual reversal in Faraday efficiency
in Figure 80(c). At the zero Faraday efficiency, Figure 80(a) shows a sharp rise in
local birefringence that is sustained just long enough for the differential phase to

grow by m, facilitating positive Faraday rotation once again in Figure 80(d).
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Laser irradiation

Optical
microfiber coil

Current-carrying
wire

Light in Uncoupled turns Light out

Figure 79. Schematic diagram of the birefringence modulation technique operating at
selective regions along the microfiber coil. The directions of light propagation and
coupling are shown as arrows. The arrows in dashed-circles represent the Faraday

rotation.

This approach offers enormous flexibility and superior tolerance to both initial
fabrication imperfections and post-fabrication treatment inaccuracies over existing
techniques reported in literature for improving the total Faraday rotation (section 4.5).
It is assumed that light only makes a single pass along the MC. By further assuming
a uniform linear birefringence distribution along the OM, the procedure simply
involves measuring the polarization beat length of a fabricated MC sample, before
altering the local birefringence at initially a quarter of the beat length, and
subsequently every half beat length interval. The birefringence modification can be
performed by femtosecond laser irradiation, or by any other means that has control
over the magnitude and spatial length of RI modulation along the MC without
damaging the polymer packaging. The preciseness of the localized modification in
terms of the position and width is not critical, as long as the change in differential
phase can result in a rising Faraday efficiency to prolong the positive trend of the
total Faraday rotation. Furthermore, improvements to the current responsivity from

this post-fabrication treatment can be monitored in real-time.
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Figure 80. Simulations of birefringence modulation in a microfiber coil (4 = 1550 nm,
to = 47[X10'7, w =1, Ipc =10 A, V= 0.54 rad/T.m, » = 0.5 mm) to rectify the
direction of Faraday rotation for an efficient build-up of current responsivity over
fiber length. The impact of changing (a) the local birefringence, is reflected in (b) the
differential phase, (c) the Faraday efficiency, and (d) the total Faraday rotation.
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4.7.3 Conclusion

Non-ideal MC sensor heads can be revived for high-performance current sensing via
the proposed birefringence modulation technique. The birefringence at selective
regions along the OM is modified to manipulate the evolution of differential phase
that results in continuous Faraday rotation. This post-fabrication technique is highly
flexible and exhibits great tolerance to both initial fabrication imperfections and
post-fabrication treatment inaccuracies. From a practical point of view, it can
minimize resource- and time-consumption that will be valuable for large-scale
fabrications. Hence, it would be of interest to experimentally verify the predicted

feasibility in future research.

To further increase the current responsivity, the modified sensor heads must be used
in conjunction with a FRM to double the OPL and thus the total Faraday rotation.
Since the returning eigenmodes occupy the orthogonal axis, the differential phase
evolution is reversed and the Faraday efficiency trend for the backward propagation
is a mirror image of that of the forward propagation. As a result, the total Faraday
rotation is doubled. If an ordinary mirror is employed, then the fiber length is critical
in the sense that the remaining fiber length after the final birefringence modulation
must be less or equal to a quarter of the beat length. This will ensure that the
differential phase does not exceed +m, and therefore prevent a reversal in the

direction of Faraday rotation before returning to the nearest phase-correction point.

The topics covered in this chapter looked at ways of increasing the detection
bandwidth; overcoming the OM length limitations with resonator designs;
suppressing stability issues with passive and active compensation techniques;
improving the OM fabrication process to increase tolerance to externally induced
linear birefringence; optimizing resonator designs for efficient Faraday rotation; and
rectifying non-ideal OM samples by manipulating the local birefringence. If one
were to combine the detrimental effects of high-frequency current signals and linear
birefringence-induced differential phase, the detection bandwidth of the sensor head
can be abnormally extended at the cost of possible signal distortion and current
ambiguity. Overall, most concepts were demonstrated experimentally, with a few
exceptions in which the existing fabrication techniques need to be advanced, in order

to deliver the level of precision required by the experiment.
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Chapter 5

5. Acceleration sensing with optical microfiber

This chapter initially explores the existing range of interferometers and phase
demodulation schemes to identify their pros and cons, before discussing issues such
as drifting, ambiguity, signal fading and noise. The benefits of combining OM with
interferometry for acceleration sensing are then presented, with the experimental

demonstrations of a FD accelerometer supported by simulations.
5.1 Interferometry

5.1.1 Introduction

Optical interferometry allows the measurement of extremely small (e.g. micro-
radians) relative phase shifts in the optical fiber generated by the measurand. The

phase delay of light passing through an optical fiber is given by:

where n.y is the effective index seen by the guided mode, k = 2n// is the propagation
constant of light in free-space, 4 is the wavelength of light, and L is the physical
length of the optical fiber. n.4k is known as the propagation constant, .4l is referred
to as the OPL, and the difference between two OPLs is known as the optical path
difference (OPD).

Small variations in the phase delay are found by differentiation of Equation 5.1:

¢ L Mesr

o _db Moy dk (5.2)
The first two terms are related to physical changes in the optical fiber caused by the
perturbation to be measured. The product of An and AL is ignored in the presence of
other terms that are larger by a few orders of magnitude. The last term accounts for
any wavelength variation associated with the laser source. The multi-parameter
equation is an approximation that is adequate for interferometric systems but not for
polarimetric-interferometric systems, because even the smallest components matter

when calculating the change in differential phase.
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Fiber-optic interferometers operate on the principle of interference between two or
more beams of light within the optical fiber. Typically, external measurands cause
the OPL of one beam to change (i.e. relative phase shift). The proceeding change in
the OPD between the two interfering beams (i.e. differential phase change) then
translates to an optical power modulation. The total power of the
constructive/destructive wave-fronts is conserved. The output signal can be
demodulated to obtain absolute or relative information about the measurand. It is
important that the coherence length of the source must exceed the OPD, and the two
beams should emerge with the same power and SOP in order to maximize the

visibility of the interference pattern.

In the following sections, well-known fiber-optic interferometers are presented with
comments on their unique qualities, followed by an outline of phase demodulation
techniques to tackle the issues of drifting and ambiguity, and ending with a

discussion on signal fading and noise sources.
5.1.2 Fiber-optic interferometer types

The measurand sensitivity (Sy,) is related to the phase sensitivity (Sp) of the detection
system and the responsivity (R) of the sensor. Sp is a function of the noise amplitude
voltage (V,), the signal amplitude voltage (V), and the fringe amplitude voltage (V).
For small signals in a two-path interferometric system using the balanced detection
scheme operating in the linear regime, it is more intuitive to express Sy as the

measurand (M) divided by the SNR:

Vn
_Sp__Vy M
Vs

5.1.2.1 Mach—Zehnder interferometer

There are several interferometric configurations that are commonly used in fiber-
optic sensing, with the MZI (Figure 81) widely regarded as the simplest type. MZIs
are classified depending on whether they are intrinsic, extrinsic or in-line. The
intrinsic MZI can be implemented using a multi-core fiber, whereas the extrinsic
MZI is the standard two-fiber configuration. The in-line MZI is based on a pair of

abrupt down-taper and up-taper, where the modes initially escape the core due to the
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non-adiabatic taper diameter profile and propagate a short distance in the cladding

layer before recombining at the second stage.

Po Sensing arm P

OPD = nsLs - nRLR

Reference arm P,

Direction of light
Figure 81. Schematic diagram of the fiber-optic Mach—Zehnder interferometer.

The two paths of the interferometer are typically named the sensing arm and the
reference arm. Often, the reference arm is shielded from the environment and only
the sensing arm is exposed to the measurand. This is not a requirement, and in some
sensors both arms are used for sensing in either differential or push-pull

configurations to increase the responsivity of the transducer.

For equal input powers, the output powers are related to the relative phase shift (Ap)

by the following expression [1]:
P, = % (1+V cosAp) (5.4)

where Ag = (2n/L).(OPD), Py is the input power of light, 4 is the wavelength of light,

and V is the interference visibility.

The Mach—Zehnder arrangement has a significant advantage in that it has better
immunity to common-mode effects when a balanced detection scheme is employed,
ideally with equal powers in the two ports. The complimentary outputs of the MZI
are subtracted and normalized by the total received power (i.e. real-time processing
is more effective than using an average value during post-processing) to give an

output in the form of:

=57 — cosAg (5.5)

T Pi+P,

The FSR of a MZI is the wavelength or frequency separation between successive

transmitted maxima or minima:
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/12
A/‘{FSR ﬁ (56)
Afpsr = OCE (5.7)

where c is the speed of light in free-space, OPD = n.AL for two-path interferometry,

and OPD = An.L for polarimetric interferometry.
5.1.2.2 Michelson interferometer

The MI (Figure 82) has extremely flexible geometry in addition to the high
responsivity that it shares with the MZI. MlIs are either extrinsic or in-line. Extrinsic
MIs use the standard two-fiber configuration that is terminated by a pair of mirrors
or FRMs. In-line MIs are based on an abrupt down-taper followed by an end-

reflection, similar to the working principles of the in-line MZI.

Po Sensing arm
Mirror
Ls
OPD = nsLs — nrLr
Lr
Mirror
P4 Reference arm

| <):)>
Figure 82. Schematic diagram of the fiber-optic Michelson interferometer.

Light in the two-path interferometer propagates to the end of the arms before being
reflected back by mirrors. The two beams recombine at the coupler similar to the
MZI (i.e. single-output) and any phase difference is translated into an optical power
modulation. For non-reciprocal modulations in the sensing arm (e.g. Faraday Effect),
FRMs can be used instead of mirrors to rotate light by 90° such that it travels back in
the orthogonal axis. The result is beneficial reversal of changes in SOP (e.g.
thermally or strain-induced phase noise) that minimize the impact of external

perturbations.

The FSR of a MI can similarly be expressed as:

/12

Adpsr = 2x0PD

(5.8)
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5.1.2.3 Fabry-Perot interferometer

FPIs (Figure 83) can be made into compact probes for high spatial resolution
measurements, and they are often used as high-resolution optical spectrometers.
There are three distinct types of FPIs, namely intrinsic, extrinsic and in-line. The
intrinsic FPI uses mirror coatings in an optical fiber by fusion-splicing end-coated
fibers to form the interferometer. The extrinsic type uses an optical cavity formed by
the air gap between two uncoated fiber end-faces, held together by epoxy resin.
Lastly, the in-line FPI comprises of two fibers fusion-spliced to a section of hollow-

core fiber.

OPL =nL

FP etalon : Ps
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Py — Py {1
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Figure 83. Schematic diagram of the fiber-optic Fabry—Perot interferometer.

In a Fabry—Perot etalon, a beam of light undergoes multiple reflections between two
reflecting surfaces, and the resulting optical transmission or reflection is periodic in

wavelength. The expression for FPI transmission is given below [2]:

—_p . (1-R1)*(1-Ry)?
Pr="Fo <(1—R1R2)2+4MSin2(—2n'gpL)> (3-9)

where R; and R, denote the end-face reflectivities, n is the RI of the cavity medium,

and L is the cavity length.

The FSR of a FPI is the wavelength separation between successive transmitted or
reflected maxima or minima:

AZ

Adpsr = 2x0PL

(5.10)
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5.1.2.4 White-light interferometer

White light interferometry (WLI) (Figure 84) possesses a considerable advantage
with regard to the ability to provide absolute and unambiguous measurements
compared with homodyne and heterodyne interferometry. An unbalanced MI is used
to interrogate a Fabry—Perot etalon by creating two optical paths of interest. One path
is formed between the first boundary of the FPI and the longer arm of the MI. The
other path consists of the second boundary of the FPI and the shorter arm of the MI.
When the OPD between these two paths falls within the coherence length of the
white light source, interference fringes are produced. It must be pointed out that the
beating between different wavelengths of light produce difference and sum of
frequency components that are too fast to be detected. Instead, the average effect of
the constructive and destructive interferences is observed over time. Compared to
two-path interferometry, the interference visibility is lower and falls with increasing
differential path length because the superposition of different optical frequencies is

inefficient, and the predictability of the phase relationship is gradually lost.

Mirror

OPD = (n2L2 - n1L1) - anL

Figure 84. Schematic diagram of the fiber-optic white light interferometer.

The separation between the central fringe envelope (zero-order fringe) and the
adjacent fringe (first-order fringe) corresponds to the exact OPL, and the spectral
width is inversely proportional to the source bandwidth. Unwanted Fabry—Perot
cavities formed by connection interfaces do not contribute to the interferometric

output due to the small coherence length.
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5.1.2.5 Sagnac interferometer

The Sagnac interferometer (Figure 85) has been principally used to measure rotation
and has established itself over the years to replace mechanical and ring-laser gyros in
traditional applications as well as opening new navigation and guidance
opportunities. Two types of fiber-optic gyros are being developed. The first is an
open-loop configuration and these fiber-optic gyros are generally used for low-cost
applications where dynamic range and linearity are not crucial. The second is the
closed-loop fiber-optic gyro that are primarily targeted at medium to high accuracy
navigation systems that have high turning rates and require high linearity and large
DR. The basic idea consists in using feedback control that cancels the Sagnac phase

shift by adding a controlled phase delay.

Po |:> Pola-rizer @
=
P, &&=
X

Figure 85. Schematic diagram of the fiber-optic Sagnac interferometer.

Modulator

For a rotating optical fiber coil, two beams of light traveling in opposite directions
experience different OPLs, which results in different transit times and a phase

difference between the two paths. This relative phase shift is generally written as [3]:

Ap =220 A (5.11)

where N is the number of coil turns, n. is the effective index seen by the guided
mode, c is the speed of light in free-space, 4 is the area enclosed by the optical fiber

coil, and w is the angular frequency.
5.1.2.6 Passive ring resonator

Fiber-optic ring resonators (Figure 86) do not require facets or gratings to create an

optical cavity and are thus particularly suited for monolithic integration with other

179



Chapter 5 Optical Microfiber Sensors

fiberized components. Ring resonators consist of a closed-loop optical waveguide,
coupled to one or more input/output waveguides. Similar waveguides exist in the

form of open loops, knots and 3-dimensional coils.

When light of the appropriate wavelength (i.e. resonant wavelength) is coupled to the
loop, it builds up in intensity over multiple round-trips due to constructive
interference, while the output port emerges with destructive interference. Since only
certain wavelengths are enhanced within the loop, it can also function as an add-drop
filter with the addition of a second coupling region. For resonance to take place, the
roundtrip phase must be an integer multiple (m) of 2n. Equivalently, the OPL of the

loop must be a positive integer multiple of 4:

OPL = mA (5.12)

S
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Figure 86. Schematic diagram of the fiber-optic passive ring resonator.

The Q-factor of an optical resonator is defined as 2m times the ratio of the stored
energy to the energy dissipated per oscillation cycle. Or equivalently, the ratio of the

resonant wavelength (4z) to the FWHM linewidth (Adzwma) of the resonance shape:

Q =2k

ArwHM

(5.13)

The finesse of an optical resonator is related to the resonator losses and it is
independent of the resonator length. A high finesse enables a high spectral resolution

in a wide spectral range:

F = 24rsr (5.14)

© Mrsr
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The FSR of a ring resonator is the wavelength separation between successive

resonances:

(5.15)

5.1.3 Phase demodulation

It is evident from the sinusoidal output of an interferometer shown in Figure 87 that
a detection system generally experiences the highest SNR when operating at a
quadrature point. From another perspective, the phase sensitivity is at its maximum
because the noise-equivalent phase is at its lowest value, despite producing a higher
shot noise than operating at a minima. Consequently, the measurand sensitivity is
optimal when operating at a quadrature point. On the contrary, this is not true for an
ideal detection system that is shot noise-limited with a perfect interference visibility,
because the phase and measurand sensitivities are optimal when operating at a

minima.

: » Phase
Quadrature point
Figure 87. Different magnitudes of phase-induced optical power modulation along

an interference fringe.

In practice, interferometers are nearly always biased at a quadrature point due to a
non-ideal detection system. However, all-fiber interferometers are very sensitive by
nature. Their performances are highly susceptible to degradation by drifting and
ambiguity. Any change in ambient conditions can cause Ag to drift away from a
quadrature point. When excited by a single monochromatic source, there is a further
issue with the unambiguous range of a simple interferometric sensor, where it is

limited to a single interference fringe.
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5.1.3.1 Active homodyne

A common solution is the active-phase-tracking homodyne [4], where the signal and
reference beams of the interferometer are coherently mixed without any frequency
shift in either of the beams. In this case, the signal of the measurand is taken from
the error correction signal in the feedback control that keeps the output signal at a
quadrature point. Figure 88 shows a simple way of regulating the OPD for a two-
path interferometer, by wrapping the optical fiber around a cylindrical piezo-electric
transducer (PZT). The feedback signal derived from the detector output is fed back
into the PZT element. By introducing a relative phase shift (Ag,,) to the existing
phase difference (Agy), the quadrature point can be held so that: Apy + Ap,, = (2i + 1)

x m/2, where i is an integer number.

Laser 1
source

Reflector

Phase modulator

Detector |
1
1
1 Signal 3
_____ processor |
1
1
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Output

Figure 88. Schematic diagram of a fiber-optic interferometer with feedback control.

Although this scheme is easy to implement and relatively linear in its operation,
there are a number of drawbacks. For example, the scheme uses an electrically active
element, which may not be suitable in hazardous environments. Additionally, the
method is incapable of absolute fringe referencing and can only track multiple fringe
shifts correctly if the tracking process remains uninterrupted. Furthermore, although
the theoretical limit of relative phase shift exceeds 2m, in practice it is ultimately
limited by the maximum phase change obtainable with the PZT. Larger phase

excursion may require resetting the system, with consequent loss of information.
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Rather than using dL or dn.4to vary ¢, a more elegant method [5] uses the dk term of
Equation 5.2, where the value of 4 corresponding to a quadrature point is maintained
using feedback control. The advantage is that no electrically active elements are
required in the interferometer. The disadvantage is that to convert the wavelength
shift to a relative phase shift, a non-zero OPD is required, which may allow ambient

phase noise to be the limiting factor of the measurand sensitivity.
5.1.3.2 Passive techniques

A number of approaches have been developed to allow passive interrogation (no
feedback control) of fiber-optic interferometric sensors. Techniques providing the
sensing information encoded on carrier signals include phase-generated carrier
homodyne [6], synthetic heterodyne [7], and differential delay heterodyne [8]. In
these approaches, an electro-optic device produces the modulation. Optical
approaches to passive demodulation include schemes based on optical biasing using
3x3 couplers [9], polarization selection [10] and path-matched differential
interferometry [11]. For large relative phase shifts, the Fast Fourier Transform of the
interferometric signal allows sinusoidally modulated measurands to be tracked with a

reasonable degree of accuracy in the frequency domain [12].
5.1.4 Signal fading

It is evident with true monochromatic light that the interference visibility is unity if
the power of the two interfering beams is equal, and the SOP in the two arms of an
interferometer is identical. Conversely, the visibility is zero if all power is in one
beam or the SOP of the two beams are orthogonal. The phenomenon of polarization-
induced signal fading can arise in interferometric systems when the SOP of the
interfering beams drift randomly due to polarization mode conversion. This could
occur as a result of transversely-oriented changes in the measurand, asymmetric
variations in the ambient temperature, or shifts in the position of the fiber. Well-

known solutions to this problem are PM components and active polarization control.
5.1.5 Noise sources

The key components of any interferometric system are the laser that provides the
optical signal, the optical fiber which guides light through the system, the fiber-optic

couplers that split light to and from the arms of the interferometer, and the detectors
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which detect the incident optical power. All of these components are commercially
available. The performance of each component impacts the overall system
performance. The noise of an electro-optic system comprises of four main sources:
(a) noise associated with the laser source; (b) fundamental photon noise limit; (c)
noise associated with the detector and amplifier electronics; and (d) noise associated

with the digital oscilloscope.

Noise originating from the laser source powering the interferometer can be separated
into intensity and frequency noise. Relative intensity noise caused by gain medium
fluctuations has an incoherent component that can be suppressed by time-domain
averaging, and a coherent component that can only be eliminated by subtracting the
two complementary outputs of the interferometer using a balanced detection scheme.
Frequency noise is mostly caused by cavity/grating perturbations. Any variation in 4
is converted to phase noise by the interferometer, and it is linearly proportional to the
path imbalance. This can be minimized by using feedback control to lock 4 to that of
a stable reference. Lastly, 1/f noise contributes to both intensity and frequency noise.
Although it widely occurs in nature, not much is known about its exact theory and it

remains a current research interest.

The detector noise generated by a planar diffused photodiode operating in the
reverse-bias mode is a combination of shot noise and thermal noise. Shot noise is the
fundamental photon noise limit generated by random fluctuations of current flowing
through the photoreceiver, which may be dark current (/;) or photocurrent (/,). The
combined shot noise produced by the dark current (i.e. leakage current generated by
bias voltage) and the photocurrent (i.e. from optical input signal) is a function of the

total current, the electron charge (g), and the noise bandwidth (Af) [13]:

Ln(shot) = JZq (Ig+1,) - AfF (5.16)

The thermal noise of the detector is a function of Boltzmann’s constant (%),

temperature (7)), shunt resistance (R;) and Af[13]:

4kTAf
Rs

(5.17)

In(thermal) =
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Another contribution is amplifier noise, which is a function of the amplifier input
leakage current (/,), amplifier input noise voltage (V,), radial frequency (w), and

total input capacitance seen by the amplifier (Cr) [13]:

In(amplifier) = \/15 + (VawCr)? (5.18)

Lastly, digital oscilloscopes add noise due to the analog front-end and digitizing
process. This must be taken into account as it degrades the signal measurement

accuracy, especially for low-level signals and high detection bandwidth operation.

The system noise is the quadratic sum of laser intensity and frequency noise, shot
noise, thermal noise and amplifier noise. Apart from the laser frequency noise that is
non-white, they all have a flat power spectral density. Applying N running averages
will reduce the white noise by a factor of VN, but at the cost of increasing the
measurement time by a factor of N. Furthermore, low-frequency noise is not
observable in short time-frames, and high-frequency noise is not detectable with an
insufficient number of data points. Despite these noise sources, the typical single-
mode fiber-optic interferometer is an intrinsically quiet device. Generally, the main
noise source associated with uncompensated systems is ambient thermal fluctuations

acting on the transduction element in the sensing arm, causing unwanted phase noise.
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5.2 Compact flexural disc-based acceleration sensor

The proof-of-principle demonstrations of an OM-based, centrally supported FD
accelerometer are presented in this section. An acceleration responsivity of 4.0 rad/g
and an acceleration sensitivity of 2.0 mg were achieved using an OM measuring only
10 um in diameter and 60 mm in length. A detection bandwidth in excess of 1 kHz
was observed with a disc of 25 mm diameter. The small minimum bend radii and
reduced fiber size can facilitate high device compactness and high responsivity at the
same time. FDs attached with different OM lengths, diameters and spatial
configurations are theoretically modeled, and experimentally confirmed with two FD
sensor heads of different OM lengths and diameters. An automated technique is also

proposed to achieve higher packing density of spirally wound OM.
5.2.1 Introduction

Accelerometers play an important part as existing and next-generation tools for
inertial navigation, guidance systems, earthquake monitoring, platform stabilization
for space applications, vibration monitoring in machinery, vehicles, vessels, and
portable electronics such as free-fall sensors. Fiber-optic accelerometers have several
inherent advantages over micro-electromechanical-systems-based accelerometers,
such as higher responsivity and better immunity to EMI. To-date, optical
accelerometers have been reported in many different forms, with the most
extensively researched being compliant cylinders/mandrels [14, 15] and
central/edge-supported FDs [12, 16-18], which are interferometry-based. Other
types include hollow/multi-core fibers [19, 20], micro-loop resonators [21], weighted
reflective diaphragms [22], and FBGs [23]. In-fiber designs are highly compact but
are limited by low responsivity. Although designs based on compliant
cylinders/mandrels and weighted reflective diaphragms showed some positive
attributes, notably very high responsivity around ~10* rad/g [14], they also exhibit
low detection bandwidth that is typically below 1 kHz. FD designs exhibit poor
responsivity in small packages. Previously, as much as 75 m of SMF-28 has been
used in bulky FD designs to reach high responsivity [18]. Still, FD designs have
detection bandwidths up to several kilohertz that is higher than most configurations.
For portable applications where weight and size requirements are stringent, FDs face

a serious design problem.
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In this section, a solution is presented in the form of an OM-based, centrally-
supported FD accelerometer. This design has the potential to achieve higher
compactness and higher responsivity than conventional FDs that use standard optical
fibers or even bend-insensitive fiber (BIF). The OMs used have diameters in the
region of 2—10 pm, meaning that small bend radii of the order of millimeters can be
achieved [24] without inducing significant PDL and depolarization of light.
Therefore, high compactness is feasible without deterioration in expected
performance. A smaller disc size also constitutes a higher fundamental frequency
and thus a higher detection bandwidth. Since OMs have remarkably small diameter
and low stiffness, massive lengths can be packed onto the surface of a regular-sized
disc (i.e. diameter in excess of several centimeters), leading to a larger response to

strain and thus a higher responsivity to acceleration.
5.2.2 Theory

Figure 89 illustrates the working principle of the accelerometer sensor head
consisting of a centrally supported FD with spirally wound OM bound to both sides
of the disc using a thin layer of adhesive polymer coating. Axial acceleration causes
extensive strain in one fiber spiral and compressive strain in another, providing a
push-pull enhancement and effectively doubling the accelerometer’s response while
providing common-mode rejection of environmental effects. This subsequently

translates to a phase modulation that can be measured with a ML

Optical , Axial strain
Force acting on disc microfiber
Flexural disc
ﬁ Acceleration
(a) (b) Radial strain

Figure 89. (a) Schematic diagram of the equivalent force/pressure imposed on the
flexural disc resulting from acceleration, and (b) the top view of the disc showing

radial strain translating into axial strain on the optical microfiber.

To predict the responsivity of the OM-based FD accelerometer, the behavior of the

device under acceleration was modeled. The equation for the angular displacement
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of centrally supported disc under a uniform force or pressure (Ap) on its top surface

is shown by [25]:

M, A
0(r) = L. rFs(r) + % 12F(r) — F—p 136G, (1) (5.19)
L L L
2
where M,, = — Apc—: : [% -(a%? = b? — L17)] is the unit radial bending moment,

1 p\?%] .
Cq =X 1+v+(1—v)-(g) is a plate constant,

Cy = Z. [ﬂ -In (ﬂ) + 12 [1 — (3)2” is a plate constant,

1-— %- [1 — (2)4] — (3)2 . [1 +(1+v)-In (%)]l is a loading constant,

2
Fs(r) = % X [1 — (2) ] is a plate function,

r

Fe(r) = 4% . (2)2 —1+42In (g)] is a plate function,

2
Ap- a?-p%)" . .
Q, = % is the unit shear force,

G14(r) = 1—16 X [1 — (2)4 —4 % (2)2 -In (i)] is a plate function,

T

E-(2h)3

= ——————is the flexural modulus,
12x(1-v2)

L

a 1s the disc radius, b is the central support radius, 2/ is the disc thickness, E is the

effective Young’s modulus, and v is the effective Poisson ratio.

As depicted in Figure 90, if 6(r) is the angle subtended by the tangent at a radial
distance r from the disc center to the horizontal, then the horizontal displacement of
a point at a distance z from the original neutral surface is approximately y. If the
solid line is taken as the neutral surface then a point on the disc, at a distance z along
the normal to the neutral surface, will undergo a displacement in the x direction. The
local strain in the disc at radius » and distance z from the neutral surface is then

calculated by:
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X __ zsin[6(1)] (5.20)

r r

The acceleration-induced strain of the disc material (y/r) is taken as the strain
transferred to the OM (AL/L) of length L, since the disc model use effective
parameters that accounts for loading effects of the OM. For small angular

displacements of an OM loop wound on the surface of the disc, z is replaced by #:
AL = 2mhO(r) (5.21)

P X

Figure 90. Schematic diagram of the displacements in a flexing disc.

In the FD model, there are two approximation errors that cancel out during a flexing
motion: (a) the new fiber circumference is measured from the horizontal distance
rather than from the hypotenuse (i.e. negative error); and (b) the transverse reference
line is fixed instead of being shifted closer towards the center (i.e. positive error).
Therefore, only the bend angle determines the change in fiber length. As one might
expect, the maximum change occurs at 90° when the flexing motion is at its

maximum.

When the FD is incorporated into the sensing arm of a MI and subjected to vertical
acceleration, the reference arm and the standard optical fiber sections of the sensing
arm outside the FD can be disregarded due to their constant phase delay. The relative
phase shift (Agp) consists of two key contributions, one from the physical length
change (AL) of the OM and the other from the change in effective index (An.y) due
to the stress-optic effect. The stress-optic effect of silica OMs is assumed to be the
same as bulk silica and approximately equal to doped silica fibers [26]. A third term
that describes the physical change in OM diameter can be neglected:

Ap _ AL | Anesy (5.22)
) L Neff
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where ¢ = (2n/A).n. AL, neyis the effective index seen by the guided mode, and 4 is
the wavelength of light.

The second term can be shown to be —21.3% and —5.5% of the first term (section
5.2.5), for silica and polymer respectively. The fraction of power that resides in the
core of 2 pm and 10 pm diameter embedded OMs is ~73% and ~99% respectively
(section 2.3.3). Hence, the second term is roughly —17% and —21% of the first term,
for a 2 um and 10 um diameter OM respectively. A factor of 7 is used to account for

the responsivity reduction due to the stress-optic effect:
—=n-— (5.23)

The relative phase shift for a double-pass configuration using only one side of the
disc is expressed by:

20 = 4m x "L (5.24)

The pressure responsivity is given by the following:

ZA_go _ NeffNAL
o 41 X T (5.25)

Assuming that mass is uniformly distributed throughout the disc, the responsivity to
pressure is then converted into a responsivity to acceleration (4) knowing that
pressure is force per unit area, force is the product of mass and acceleration, and

mass is the product of volume and density (p):
Ap = 2hpA (5.26)

Finally, the acceleration responsivity in terms of rad/g can be deduced by

approximating the total OM length (L,y;) as the sum of nested OM rings:

ZA_(P _ hpnerrnALeotal
= 9.81 x 8m X g (5.27)

It is desirable for the accelerometer to exhibit a constant responsivity with varying
signal frequency (i.e. flat frequency response) such that acceleration can be detected
without significant distortion. However, the fundamental frequency of the FD sets an

upper limit on the detection bandwidth (B,,). An approximate expression for B,, is
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shown below [16, 18], where A? is the resonance frequency parameter [27] from

A%h E
By = Taz \/ 12p-(1-v2) (5.28)

plate vibrations theory:

5.2.3 Fabrication

The following section describes the design and fabrication process for the FD using
OM diameters of 2 and 10 pm. The sensors were built in three stages. Firstly, it was
necessary to consider the layout of the OM on the surface of the disc. The
arrangement style is very important, since it determines the maximum length of OM
that can be efficiently utilized. Two kinds of spatial arrangement for the OM are
illustrated in Figure 91. To achieve high responsivity, it is necessary to pack as much
OM as physically possible onto the disc surface. For the purpose of demonstration,
the design in Figure 91(a) was chosen as it was the easiest to produce without the aid
of automated machinery. It must be stressed that OMs are particularly difficult to
handle as the uniform waist cannot be touched, in order to evade contamination. The
design shown in Figure 91(b) avoids the problem of passing the returning OM over
the overlaid OM on the disc surface, but is more difficult to fabricate by hand.

(@) (b)

Figure 91. Schematic diagram of two possible optical microfiber arrangements on

the surface of a flexural disc.

Thermal expansion has a strong influence on the phase drift of the accelerometer
when incorporated into an interferometer. Therefore, a pyrolytic graphite material
with a low coefficient of thermal expansion was selected for the construction of the
disc. The composite structure is reasonably stiff to ensure efficient transfer of strain

from the disc to the OM. The dimensions of the disc were chosen for a good balance
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between responsivity and B,. It measures 25 mm in diameter and 0.5 mm in
thickness. The central support was made using a metal screw of 3 mm diameter, and
was securely attached to the underside of the disc for mounting onto the PZT shaker.

The total weight of the disc plus screw was ~4 g.

OMs have a strong evanescent field since they confine light through a large RI
difference between the solid core and its surrounding medium. Therefore, adjacent
loops within the spiral must be sufficiently separated to prevent unwanted coupling.
In practice, because of the error in positioning the OM on the FD, OMs with
diameters in excess of 2 um should have a separation distance of at least 20 um. At A
= 1550 nm, an OM of 2 um diameter embedded in a polymer with RI of n = 1.373
guides light in a single mode, whereas an OM diameter of 10 um enables multi-
mode transmission. However, the larger diameter OM may experience lower
absorption and scattering effects, due to less light propagating in the polymer
cladding outside the OM. Moreover, the bend radius is still small enough to avoid
significant PDL. The key advantage of using larger diameters is the ease of handling

when winding long lengths of OM on the disc surface.

For the second stage, the fabrication of the OM was developed based on the
procedure described in section 3.2.3. The resulting OM of 2 um diameter and 10 mm
length at the uniform waist had reasonable lengths of SMF-28 fiber pigtails kept for
convenient integration with other fiberized components. In the final stage, the OM
was bound to the top side of the disc with low-RI, UV-curable polymer (Efiron PC-
373 AP) in a U-shape arrangement at 8 mm from the disc center, which will be
denoted as Sample 1. The optical loss of Sample 1 was ~0.5 dB at 4 = 1550 nm, and
it was attributed to Rayleigh and Mie scattering due to the presence of micro-bubbles

and particles in the polymer.

Likewise, Sample 2 with an OM of 10 pum diameter, 60 mm length was
manufactured in the same way. The OM length of Sample 2 was sufficient to
demonstrate the feasibility of the spiral arrangement shown in Figure 91(a). The 10
um diameter OM has the capacity to support multiple modes. For that reason, the
taper diameter profile of both samples was designed to be near-adiabatic with y =
0.1 [28], such that excitation of higher-order modes was significantly suppressed

[29]. The OM was wound 1.5 turns at 6 mm from the disc center, on the top side of
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the disc. The loss of Sample 2 was ~2.5 dB at A = 1550 nm. The higher loss was
attributed to the longer uniform waist length and possible bend loss [30] induced by
the overlaying point in the spiral arrangement, as the curvature radius of the

underlying polymer-cladded OM could be relatively small.

For both samples, a thin layer of polymer was initially deposited on the surface of
the disc. In the case of Sample 2, a localized deposition of polymer resin was made
at the point of contact between the first and second windings for two purposes: (a) to
prevent mode coupling; and (b) to reduce bending loss when the top OM curves over
the bottom OM. A final layer of polymer was added after the OM spiral was wound
on the disc to provide good confinement of light. Lastly, the polymer was UV-cured
to bind the OM and disc together for efficient strain transfer, as well as to provide
geometrical stability and robust packaging. Nonetheless, the amount of polymer
deposited was kept to a minimum to preserve the flexibility of the disc. Moreover,
drifts in the ambient temperature can otherwise cause undesirable thermal expansion
and contraction of the polymer that will be transferred to the OM, inducing

unpredictable shifts in the phase of the interferometer.

In order to achieve the full potential of the sensor head, the entire disc surface would
need to be packed with a dense spiral of OM. Controlling the separation distance in
such circumstances will be exceedingly difficult by hand. A new setup with an
automated method of winding the OM in a spiral pattern is envisaged in Figure 92.
The first step is to hang the OM loosely above the center of the FD such that it can
be inserted inside the fiber groove etched on the disc. A small quantity of polymer is
to be deposited along the groove before and after the OM is placed inside, to avoid
mode coupling between the OM and subsequent windings of OM on the surface. The
strip of polymer can be cured with UV light from the lamp to secure it in place. The
ejected polymer from the micropipette bonds the suspended OM to the rotating disc.
The UV lamp cures the freshly embedded OM for geometrical stability. The
translation stage slowly scans from the center to the edge of the disc to control the
spacing between each winding of the OM. The micropipette can be fitted with an
actuator that is controlled by a computer to regulate its throughput rate. The same

computer can simultaneously control the rotator module and the translation stage.
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Fiber groove

Polymer
micropipette

Flexural disc
fixed to rotator

Translation stage

Figure 92. Proposed automated winding technique for long microfibers. The arrows

indicate the direction of motion.
5.2.4 Experimental setup

The setup shown in Figure 93 was used to test the accelerometer. Linearly polarized
light at a wavelength of 4 = 1550 nm from a TLS (Agilent 81940A) was launched
into the MI consisting of a coupler (50:50 for sensing/reference arms). The FD
sensor head was connected to a FRM forming the sensing arm, and another FRM
was attached to the reference arm of near-equal length (+1 cm) and near-equal loss
(bending method). The coherence length of light was minimized to ~4 m by
suppressing the laser linewidth of the TLS. The use of FRMs ensured that random
changes in the SOP along the two arms canceled out. The double pass also provided
a means to increase the total phase change. The FD was mounted on a PZT shaker,
which was controlled by a SG. The returning light was collected by a photoreceiver
(New Focus 1811) and sampled by an AC-coupled oscilloscope (Agilent DSO6034)
on 25 MHz bandwidth-limited mode, with 1000 data points per measurement and 64

running averages.

The relative phase shift between the modes in the sensing and reference arms is
governed by the initial OPL-induced phase difference (A¢) plus any time-dependent
phase noise caused by the ambient environment, and the acceleration-induced phase

modulation with amplitude 2Ag,, radial frequency w = 2xnf and initial phase ®:

Ap = Ap + 2A¢@, cos(wt + D) (5.29)
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Figure 93. Schematic diagram of the experimental setup. TLS: tunable laser source,

SMF: single-mode fiber, PZT: piezo-electric transducer, FRM: Faraday rotator

mirror.
The output power of the MI can be generally written as:
P=A+ BcosAgp (5.30)

The constants 4 and B are linearly proportional to the input power, with B also
dependent on the visibility of the interferometer. It is assumed that the PZT shaker
generates negligible heating effects. Equation 5.30 can be written purely in terms of
the acceleration-induced contribution to the total Ag at a quadrature point where A¢

is equal to m/2 (plus integer multiples of ). Due to the AC-coupled operation, the
DC term is discarded:

P = —Bssin[2A¢, cos(wyt + P)] (5.31)

Since only the modulation amplitude is of interest, Equation 5.31 can be further

simplified to:

Pamp = B sin(2A¢,) (5.32)

The maximum relative phase shift is therefore related to the signal amplitude and the

measured fringe amplitude:

2A@, = sin™?! (PaB#) (5.33)
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The double-pass relative phase shift is given by 2Ag,. The output voltage polarity of
the detection system depends not only on the direction of vertical acceleration but
also on the initial A¢ and the signal processing. Equation 5.33 is only valid for
relative phase shifts under a quarter of a fringe (2Apy < n/2), before tracking fringes
become necessary. Fringe-tracking techniques were not used as the phase

modulation was sub-fringe.

During the characterization of the fabricated sensors, the TLS wavelength was swept
and an average interference fringe period of A1 = 100 pm was observed for the MI.
Hence, the quadrature condition in Equation 5.33 can easily be achieved by tuning

the input wavelength.

A Fabry—Perot etalon was used to measure the acceleration of the PZT shaker. It was
constructed by aligning the end of a suspended flat-cleaved fiber to a small, light-
weight mirror fixed at the disc center, mounted on the PZT shaker. The maximum
displacement of the PZT shaker from its neutral position was calculated by counting

the number of fringes (N) between the center and peak of an oscillation:
=— (5.34)

N can be obtained accurately by including any fractional fringes using arc-sine and
arc-cosine functions. Figure 94 shows an example set of interference fringes. It is
possible to resolve sub-fringes once the fringe amplitude has been determined. The

acceleration was then calculated from the second derivative of displacement:

|A] = w? = 2n2NAf? (5.35)
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Figure 94. Example fringe analysis for the Fabry—Perot reference interferometer.
5.2.5 Simulations

To compare the responsivity and B,, of different FD accelerometers (double-pass,
single-sided), Equations 5.27 and 5.28 were explored with disc parameters that are
altered accordingly with the fiber length (L) and diameter (D). The disc geometry
was chosen to be much smaller than the traditional FD designs, and it consists of: a =

12.5 mm, »=1.5 mm, and 2 = 0.25 mm.

The following parameters are considered for the FD model, using pyrolytic graphite
[31, 32] as the disc material: A = 4.235, vyise = —0.15, Egise = 4.8 GPa, and pgisc =
2250 kg/m3 . Likewise, for the silica OM [33]: Vsitica = 0.17, Eitica = 73 GPa, pyitica =
2200 kg/mS, Nsilica = 1.45, and 4 = 1550 nm. Lastly, for the polymer coating [34]:
Vootymer = 0.4, Epotymer = 0.1 GPa, ppopmer = 1550 kg/m®, and #popymer = 1.373.

The impact on the responsivity by increasing L at a fixed distance from the disc
center (r) is shown in Figure 95 for D =2 pm and 10 pm, with comparison to that of
the SMF-28 model. It is clear that L has a positive influence on the phase response to
acceleration. The difference widens between D = 2 um, 10 um and 125 pm, as L
increases. The responsivity of the SMF-28 model is noticeably outperformed by the
OM models at longer lengths due to the greater stiffness of larger fiber diameters and

the larger negative stress-optic contribution of silica compared with polymer, despite
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increasing the effective disc density. This shows that OM models can achieve higher

responsivity per unit length than the SMF-28 model.
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Figure 95. Simulated relationship between the fiber length and the acceleration

responsivity, for different fiber diameters at » = 12 mm.

Figure 96 shows the effect of increasing » with a fixed value of L. It can be seen that
the responsivities are generally very low close to the base of the central support due
to the inability of the disc to flex. However, as r increases the responsivities
gradually ascend to an asymptotic value due to the convergence of axial strain away

from the fixed boundary.
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Figure 96. Simulated relationship between the distance from the disc center and the

acceleration responsivity, for different fiber diameters at L =5 mm.

Figure 97 predicts the change in the fundamental frequency of the FD as a function
of a, with a single layer of fiber on one side of the disc. It is evident that B,, falls
rapidly with growing disc radius, leading to a trade-off between the acceleration
responsivity and B,, when optimizing the disc size. Equation 5.28 shows that
increasing the disc thickness will also increase B,,, but at the expense of lowering the
responsivity according to Equation 5.27. For any disc size, the values of B,
associated with OMs of D = 2 ym and 10 pm are similar, with the larger diameter
accommodating a slightly higher B,. On the other hand, FDs based on SMF-28
exhibit a greater B,, due to the substantially higher effective Young’s modulus.
However, the average density of the disc plus fiber is also higher, which decreases
B,, slightly. Nevertheless, the magnitude of B, for FDs based on OMs are
comparable with those using SMF-28. For disc radii below 5 mm, the bend loss
becomes too high for SMF-28, thus only OMs can be incorporated in such small
packages.
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Figure 97. Simulated relationship between the disc radius and the detection

bandwidth for different fiber diameters.

To compare the responsivity and B,, achievable with OM against those of BIF (e.g.
Corning HI 1060 FLEX), Figure 98 shows the simulated results for single-sided
carbon-polymer discs fully packed with a single-layer of fiber. The OM-based disc
was wound from » = 1.5 mm to the edge, whereas the BIF-based disc was wound
from » = 5 mm to the edge. The minimum spacing requirement of 20 um was taken
into account for the OM model. From the plots, it is evident that using OM leads to
considerably higher responsivity, despite lowering B,,. For a disc radius of a = 12.5
mm, the responsivity of the FD using 2 um diameter OM (~1940 rad/g) is at least
one order of magnitude higher than that of the BIF-based FD (~40 rad/g). More
importantly, the nominal macro-bend radius limit of BIF is 5 mm, which sets a lower

bound on the disc size.
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Figure 98. Simulated acceleration responsivities and detection bandwidths of

microfiber and bend-insensitive fiber-based flexural discs of varying sizes.

Finally, the impact of the ambient environment on the FD accelerometer is
investigated by predicting the phase modulation imposed on the optical fiber when
subjected to thermal effects shown in Figure 99. The coefficient of thermal
expansion for pyrolytic graphite, silica and polymer are: agie = 1x10°/°C [32], tisitica

=5.5x107/°C [33] and opopmer = 1.18% 10°%/°C [34] respectively.

Thermal expansion Polymer

?

=" Optical
microfiber

Figure 99. Schematic diagram showing the side cross-sectional structure of the

optical microfiber loop embedded in polymer and attached to the disc.

The pyrolytic graphite disc is assumed to be unrestricted, since its physical volume is
greater than that of the silica OM and the polymer coating combined. Hence, the
resulting strain (AL/L) on the OM can be approximated by the thermal expansion of
the pyrolytic graphite disc alone:
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=~ €giscAT (5.36)
In addition to the physical length change of the OM by thermal expansion, the stress-
optic effect [3] introduces a change in i, and similarly in 7,pmer:

3
Nsilica AL

Angjjicq = — =22 - —- [Plz — VUsilica ° (pll + P12)] (5.37)

2 L

where p;; is the Pockels coefficient components of the stress-optic tensor of silica
(P;; = 0.126, P;; = 0.270) [35]. The Pockels coefficients are not known for this
particular type of polymer, but it is assumed to be similar to that of PMMA (P;; =
0.3, P;>=0.297) [36]. The strain experienced by the optical fiber is 1x10 fora 1 °C
rise in temperature. The stress-optic coefficients of silica and polymer are —3.09x10°
7/°C and —7.53x107%/°C respectively. For a 1 °C rise in temperature, this produces an
effective index change (An;) of —2.41x107, =3.09%x10” and —3.09x10 for the fiber
diameters of 2, 10 and 125 pm respectively.

The thermal-optic coefficients of silica and polymer are 8.11x10°%/°C [37] and
~1x10%/°C [38] respectively. For a 1 °C rise in temperature, this produces an
effective index change (An,) of —2.57x10°, 7.56x10° and 8.11x10® for the fiber
diameters of 2, 10 and 125 pm respectively.

Lastly, the thermal expansion of the OM increases its core diameter and also
contributes to the change in n.,: However, the disc-induced strain on the OM
decreases its core diameter due to the Poisson Effect. It is reasonable to assume that
these two weak effects cancel each other out and thus have a negligible impact on

the final OM diameter.

By consolidating all the thermal effects, the normalized phase change can be written

as:

B9 = o AT + 2ostine (5.38)
@ Neff

where ngy = 1.402, 1.446 and 1.450, for fiber diameters of 2, 10 and 125 pum

respectively.

Finally, the double-pass phase change for a given length of fiber is expressed by:
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200 = = (nepyqiscAT + Ang + An,) (5.39)

The influence of the ambient environment is shown in Figure 100, where the
thermally induced phase change for a localized 1 °C temperature variation is
evaluated for different OM diameters compared with that of SMF-28. It can be
concluded that ambient phase noise is higher with smaller fiber diameters due to the
larger contribution of the thermo-optic coefficient of the polymer cladding. The
thermally induced phase change of any fiber with length in excess of 25 mm is
enough to drive an interferometer from maximum responsivity at a quadrature point
to minimum responsivity at a maxima/minima. By considering a 1 °C change for a
60 mm length of fiber wound at 12 mm from the center, the responsivities from
Figure 95 combined with the phase change from Figure 100 give thermally induced
acceleration errors of 1.045 g, 0.437 g and 1.379 g for D =2 pm, 10 pm and 125 pm
respectively. Overall, thermal effects have the greatest impact on the minimum
detectable acceleration of very large and very small diameter fibers due to their low

responsivity and large phase change respectively.
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Figure 100. Simulated relationship between the fiber length and the double-pass

phase change for different fiber diameters.
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5.2.6 Experimental results

The photoreceiver has a gain of 42 V/mW, a bandwidth of DC-125 MHz, and a
noise-equivalent power of 2.5 pW/v/Hz. Using Equation 5.32, a received power of
27.3 uW (at a quadrature point) corresponds to a maximum fringe amplitude of
1146.6 mV. The measured fringe amplitude was 979.0 mV, indicating an
interference visibility of 0.85. The relative phase shift was calculated using the signal
amplitude from the photoreceiver output and the measured fringe amplitude
(Equation 5.33). The acceleration responsivity was calculated from dividing the
relative phase shift by the acceleration measured with the reference FPI. Figure 101
shows a linear responsivity of 2.0 rad/g for Sample 1 and 4.0 rad/g for Sample 2, for
an acceleration signal of 500 Hz. These values are comparable in magnitude with the
simulated values of 1.9 rad/g and 7.6 rad/g respectively. The differences could be
caused by the imperfect center-symmetric construction of the FDs. As expected, the
longer length of OM produced higher responsivity, due to the longer interaction
length with the transducer. However, this effect was slightly offset by the larger OM

diameter that increased the effective Young’s modulus of the composite disc.

H Accelerometer sample 1 ® Accelerometer sample 2

1.6 1

-
N
1

Relative phase shift 2A, (rad)
o
")

0 0.1 0.2 0.3 0.4
Acceleration A (g)

Figure 101. Measured acceleration responsivity of Samples 1 and 2 at a signal
frequency of 500 Hz with linear fits (dashed lines), compared with the theoretical

prediction (solid lines). For no acceleration or small acceleration-induced signals
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with SNR < 1, the noise-equivalent phase based on the measured noise amplitude

was plotted instead. Note: error bars may be obscured by the markers.

Figure 102 shows the frequency response of the two FD samples, which was
obtained by measuring the responsivity at varying signal frequencies of fixed
amplitude. The responsivity of Sample 2 was less frequency-dependent due to a
closed loop arrangement of the OM. The responsivity of Sample 1 fluctuated more
due a U-shaped arrangement of the OM, where the non-center-symmetric polymer
deposition on the surface of the FD caused some parts to flex more than others at
certain frequencies. The fundamental frequency of the two samples was modeled to
be 1.5 kHz and 2.9 kHz respectively (Equation 5.28). However, it was not possible
to confirm the detection bandwidths experimentally because the modulation
bandwidth of the available PZT shaker does not exceed 1 kHz. The average
responsivities of Samples 1 and 2 are 2.0 rad/g and 4.0 rad/g respectively, which are
similar to the simulated values of 1.9 rad/g and 7.6 rad/g respectively The response
time of the sensors depends on the wave propagation delay from the disc center to

the loop of OM, plus the transit time of light from the output of the OM to the

photoreceiver.
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Figure 102. Measured frequency response for acceleration responsivities.
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Acoustic waves generated by the PZT shaker can form standing waves along the OM.
The effective index perturbation due to dynamic strain is periodic with the
periodicity of the acoustic wavelength. However, the OM would not facilitate
efficient modal coupling unless the acoustic wavelength matches the beat length
between the fundamental and higher-order modes [39]. It can be argued that the
modal conversion was negligible, since wavelength-dependent behavior was not

observed when the FD was detached from the MI and tested with the PZT shaker.

Unlike in the laboratory, where the passively damped optical bench minimized the
effect of vibrations, in real measurement environments unsuppressed vibrations of
the order of 1-100 Hz may affect the acceleration measured by the reference FPI.
Meanwhile, dynamic ambient temperature fluctuations up to a few hertz are outside
the frequency range of the measured acceleration signal. However, static temperature
deviations can affect the quadrature condition and thus influence the responsivity, as
evident from the thermal analysis. A simple solution is to perform a one-point

calibration of the sensing system by wavelength-tuning before each measurement.

Typically over 24 hrs, the TLS exhibits relative intensity noise of —145 dB/Hz, and
frequency noise resulting from wavelength instability of £2.5 pm. The oscilloscope
noise is in the region of 300 uV.y,s for a bandwidth of 300 MHz. The system noise
(i.e. laser frequency noise dominated) measured over a time-frame of 10 ms was 7.7
mV with 64 running averages, by means of computing the FFT of the optical signal
with no measurand and selecting the highest PSD component. This corresponds to a
phase sensitivity of 7.9 mrad using Equation 5.33. The average noise of ~8 mV in
the measurement data corresponds to a phase error of 8.2 mrad. From dividing the
phase sensitivity by the responsivity of 4.0 rad/g (Sample 2) at a signal frequency of
500 Hz, the acceleration sensitivity is 2.0 mg. The acceleration sensitivities of
Samples 1 and 2 are plotted as a function of frequency in Figure 103, with average

values of 3.9 mg and 2.0 mg respectively.
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Figure 103. Measured frequency response for acceleration sensitivities.
5.2.7 Conclusion

OM-based FD accelerometers have been proposed and demonstrated. The
advantages of OM over SMF-28 and BIF include smaller permissible disc size,
higher packing density and lower stiffness that are anticipated to raise the
acceleration responsivity by at least one order of magnitude (Figure 98). The
responsivity and detection bandwidth of FDs employing different OM lengths and
diameters have been simulated, at varying distances from the disc center and with

different disc sizes.

To verify the outcome of simulations, two different samples were compared. Sample
1 was an OM with short length (10 mm) and small diameter (2 pm). Sample 2 had a
longer length (60 mm) but a larger diameter (10 pm) to improve handling during the
winding process due to the fragility of OMs. The two samples were embedded in
low-RI polymer on a 0.5 mm thick pyrolytic graphite disc of 12.5 mm radius. The
average responsivity of Sample 2 was 4.0 rad/g, which is greater than Sample 1 with
2.0 rad/g. The experimental results are comparable in magnitude with those of
simulations, at 7.6 rad/g and 1.9 rad/g respectively. The average acceleration
sensitivities were 2.0 mg and 3.9 mg respectively. The detection bandwidth of the

two samples was predicted to be 1.5 kHz and 2.9 kHz respectively, but it was only
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experimentally verified up to 1 kHz due to the limited modulation bandwidth of the

available PZT shaker.

To increase the responsivity, a longer length of OM must be used. The limiting
factor is the maximum length of OM that can be fabricated, which can be vastly
extended using a modified tapering rig described in section 6.3. A disc of larger
radius and lower thickness with a material of lower Young’s modulus and higher
density would also be beneficial. The phase and acceleration sensitivities can be
optimized with a balanced detection scheme to eliminate common-mode intensity
noise from the TLS. In addition, the MI can be temperature-compensated by
attaching the reference arm to the underside of the FD, so that any thermal expansion
would equally affect both OPLs. To increase the fundamental frequency and thus the
detection bandwidth, a disc of smaller radius and greater thickness, with a material
of higher Young’s modulus, lower density and higher Poisson ratio is required.
Hence, there is an optimization issue with the disc radius, thickness, Young’s
modulus and density to deliver a good balance between responsivity and detection
bandwidth. The response time can be reduced by keeping the fiber length between
the OM and photoreceiver as short as possible. To reduce the loss, air bubbles must
be removed from the polymer packaging. The ultimate compactness of the sensor

head is restricted by the minimum bend radius of the OM.
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Chapter 6

6. Acoustic sensing with optical microfiber

This chapter briefly describes the polarimetric variant of interferometry, before
exploring the benefits of using OM for acoustic sensing. A compact ABM
microphone is presented to further demonstrate the potential of OM-based sensors.

This sensor design can be modified for operating underwater as a hydrophone.
6.1 Polarimetric interferometry

Closely related to two-path interferometric sensors (two-fiber) are those based on
polarimetry. A polarimetric-interferometric sensor (one-fiber) can be thought of as
one in which the two beams occupy essentially the same volume of space but are
distinguished by the orthogonality of their SOP. The transduction mechanism in this
case is the modulation of the differential phase (Agp) between the eigenmodes. In
order to make the two orthogonal beams interfere, they must each be resolved to give
components in a common direction. Figure 104 shows that by placing a polarizer at
the output of a highly birefringent fiber, the eigenmodes can beat together. The
advantage of polarimetric interferometry can also be considered as its disadvantage,
which is the insensitivity to external effects. It is inherently stable from ambient
disturbances, though the measured phase shifts are typically several orders of
magnitude lower than those obtained from two-fiber interferometry. Hence, there is
little overall impact on the sensitivity to the measurand compared to the latter.

P, Polarizer
Py

Po

Birefringent fiber

Direction of light

Figure 104. Schematic diagram of the simple polarimeter. The arrows indicate: the
polarization azimuth of the input light (yellow), the axes of the birefringent fiber

(dotted green), and the polarization azimuth of the analyzer (purple).
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6.2 Compact air-backed mandrel-based acoustic sensor

A compact microphone comprising of a MC wrapped around an ABM of only 3 mm
diameter is demonstrated as a proof-of-theory in this section. The low stiffness and
bend insensitivity of OMs give rise to extremely small package sizes without
compromising the responsivity. An average acoustic responsivity of —136.7 dB re.
rad/uPa.m and an average acoustic sensitivity of 31.7 dBgpp within a detection
bandwidth of ~1 kHz was achieved using an OM measuring only 2 um in diameter

and 35 mm in length.
6.2.1 Introduction

Acoustic sensing, with its commercial use spanning several decades, is one of the
most successful applications in the field of fiber-optic sensors. Rapid advances in
this area have been driven by increasing demands from industries such as defense,
most notably for hydrophones. The acoustic signatures of tanks, aircrafts, helicopters
and submarines can be monitored for high-precision battlefield awareness and
surveillance. Optical microphones in the form of an ABM have proven to be a
simple yet effective design, with the potential for very high acoustic responsivity [1—
3]. Scaling down the size of acoustic sensors gives a battlefield advantage due to
easier deployment and disguise in all types of terrain. However, due to the large
minimum bend radii of standard optical fibers, very compact designs are not feasible.
Even though state-of-the-art BIFs can achieve a bend radius down to several
millimeters [4], the fiber diameters are still large relative to the dimensions of the

down-scaled transducer, leading to severe limitations on the responsivity.

In this section the first experimental demonstration of a compact ABM exploiting the
excellent mechanical properties of OM is presented. Due to the bend insensitivity of
OMs, bend radii of a few micrometers can be readily achieved with relatively low
bending-loss [5]. Furthermore, such small diameters can substantially reduce the

effective stiffness of the mandrel for higher responsivity.
6.2.2 Theory

The working principle of the ABM is illustrated in Figure 105(a). Acoustic waves

produce local pressure variations that uniformly deform the hollow mandrel and
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exert axial strain on the coiled birefringent OM. The change in the OPD of the
eigenmodes propagating along the OM is detected using a single-fiber polarimetric
interferometer, which reduces design complexity and facilitates better immunity
against external perturbations. The upper measurable limit of acoustic pressure is
governed by the clearance between the mandrel shell and the support rod.

(a) 8
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Pressure
o
>
e
=
s |
a

0.9 mm I

12mm| | [ = ﬁO; 6 mm

5 7 -
- - - > 0.4
1405 mm ]' ©o09o 14mm/ L]
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+—>

Optical microfiber Polyethylene Tmm

Figure 105. (a) Working principle of the air-backed mandrel bound with a microfiber

coil, and (b) a schematic diagram of the construction.

To predict the acoustic responsivity of the OM-based ABM, the behavior of the
device under acoustic pressure was modeled based on the Lame’s equations of thick-
walled cylinders, where the mandrel wall thickness is more than a tenth of its radius.
It is assumed that any deformations are symmetric about the axis parallel to the
support rod, such that the tangential deformation and the shear stress are zero.
Therefore, displacements due to internal or external pressure will be in the radial
direction only. It is also assumed that the mandrel waist is long enough for the
middle section to remain flat, and the axial strain is constant throughout. The
distribution of stress far away from the fixed ends of the mandrel can be expressed
by the stress components in the radial (), tangential (6) and axial (z) directions [6]:

_ p1a®-peb? _ a’b?(p1-ps) 6.1)
b2_a2 r2,(b2_a2) *

Or
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— plaz_pzbz azbz.(pl_pz) (6 2)
00 = 2 g2 r2.(b2—a?) :
2 2
__ b1a“—pyb
, =it (6.3)

When analyzing the stresses at the surface of the mandrel, Equations 6.1 and 6.2 can

be simplified with the boundary condition of » = b:

Oy = —D2 (6.4)

__ 2p1a?-pz-(a?+b?)
- b2—q?2

Og (6.5)

By applying Hooke’s Law in the tangential direction, an expression for the axial

strain is obtained:

: [0-6 —v- (O-r + O-z)] (66)

oy | -

&g =

where v is the effective Poisson ratio of the mandrel, £ is the effective Young’s
modulus of the mandrel, a is the inner mandrel radius, b is the outer mandrel radius,
pi is the internal pressure, p, is the external pressure, and the acoustic pressure is

stated relative to the atmospheric air pressure, which in this case is Ap = p, —p;.

The strain (AL/L) transferred to the OM of length L attached to the middle section of
the mandrel can be approximated by the acoustic pressure-induced strain (gp) of the
silicone rubber mandrel alone. This is a reasonable assumption because its physical

volume is greater than that of the silica OM and the polymer coating combined.

When the ABM is subject to acoustic pressure, the standard optical fiber sections
outside the ABM and the initial length of OM can be disregarded due to their
constant Agp. The Ap contribution from the elongated section (AL) is deduced by
simplifying Equation 5.2 and replacing L with AL. Furthermore, the stress-optic
effect does not contribute to the change in Ag as the two paths share the same fiber
and are equally affected. The relatively small change in OM diameter can also be
neglected:

Lo _ Dy (6.7)
¢ Neff
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where ¢ = (2n/4).ne AL, nepis the effective index of the fast-axis (arbitrary), Angy is

the linear birefringence, and /A is the wavelength of light.

The differential phase change for a double-pass configuration is therefore:
4
20 = 7” - Angps - AL (6.8)

The pressure responsivity is given by the following:

20 AT
E = m . AneffAL (69)

The detection bandwidth of the ABM is limited by its fundamental (radial) frequency

in air, given by [7]:

S (6.10)

W on uh#

where C is a configuration-specific constant that includes all the correction factors
for a straight pipe, g is a gravitational constant, / is the area moment of inertia (/ = &t
(b*-a*)/4), 4 1s the mass per unit length (1 = pA), p is the mandrel density, and 4 is
the length of the mandrel length.

6.2.3 Fabrication

The sensor was built in three stages. Firstly, the hollow mandrel was fabricated from
silicone rubber chosen for its low Young’s modulus. A relatively thick wall was
chosen to ensure a high fundamental frequency, which yields a high detection
bandwidth. A double-headed stainless steel pin was inserted in the mandrel as a rigid
support to enable efficient transfer of strain. The two ends of the mandrel were
epoxy-sealed with high-density polyethylene caps. Figure 105(b) shows the
dimensions of the ABM, which weighs only ~0.5 grams.

For the second stage, the initial SMF-28 was slightly side-polished before the
fabrication of the OM proceeded based on the procedure described in section 3.2.3.
The resulting birefringent OM of ~2 pm diameter and 35 mm length at the uniform
waist had an adiabatic taper diameter profile to suppress the excitation of higher-
order modes [8]. The fiber cross-section was slightly elliptical due to the surface

tension of the partially melted silica.
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In the final stage, the OM was wound 3.5 turns around the middle of the mandrel
waist with a large pitch (>0.5 mm) to prevent mode coupling between the adjacent
turns of the MC. A thin layer of low-RI, UV-curable polymer (Efiron PC-373 AP)
was deposited on the mandrel before and after coiling the OM to ensure good
confinement of light. Lastly, the sample was mounted upright on a glass slide shown
in Figure 106(a) and UV-cured to ensure geometrical stability and robust packaging.
The optical loss of the fabricated sample shown in Figure 106(b) was ~6 dB at a
wavelength of A = 1556 nm, and it was attributed to Rayleigh and Mie scattering due

to the presence of micro-bubbles and particles in the polymer.

Rotation stage (b) : Micfofiber

AR b pigtaﬂé

Ultraviolet light curing

= /
! Glass slide

Figure 106. (a) Photograph of the UV-curing process of the polymer coating, and (b)

the resulting sensor fixed on a glass slide for testing.
6.2.4 Experimental setup

The setup shown in Figure 107 was used to test the microphone. Linearly polarized
light at a wavelength of 4 = 1556 nm from a TLS (Agilent 81940A) was split into
two orthogonal beams due to the axes of the birefringent OM not being aligned with
those of the incident beam. Ag of the eigenmodes varied as a function of the acoustic
pressure generated by a loudspeaker (LS), which was positioned to face the sensitive
waist of the ABM. A commercial microphone was used to accurately measure the
acoustic pressure. A mirror was employed to double Ag and thus the responsivity of
the sensor. The returning eigenmodes combined interferometrically at the PMC-SMF
interface, before a PBS separated the eigenmodes into the two PD ports of a BD
(New Focus 2117). The BD eliminated common-mode intensity noise from the TLS

and amplified the difference between the two optical signals. An AC-coupled
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oscilloscope (Agilent DSO6034) on 25 MHz bandwidth-limited mode captured 1000

data points per measurement with only 2 running averages for fast data acquisitions.

0SC o sG s
s = A
LS PMC Pc Sensor

PMF SMF

PMF

G
e~ 0
BD v
; X PBS Mirror U

Figure 107. Schematic diagram of the experimental setup. TLS: tunable laser source,
PMEF: polarization-maintaining fiber, PMC: polarization-maintaining circulator,
SMF: single-mode fiber, PC: polarization controller, ABM: air-backed mandrel, PBS:
polarization beam splitter, BD: balanced detector, OSC: digital oscilloscope, SG:

signal generator, LS: loudspeaker with power amplifier.

Assuming there is no mode coupling between the two orthogonal axes, the output
electric field amplitudes after returning through the PMC can be expressed as a Jones
matrix product of the input electric field amplitudes (£;,), the angle offset between
the axes of the PMC and the birefringent OM (R, ), the differential phase due to the
initial birefringence plus the acoustic pressure modulation (Q), and the in-line mirror

(M):
EoutzRZ,Q.M.Q.Rl.Ein (6.11)

The common time- and distance-dependent phase components are neglected along
with the propagation loss as they have no impact on the final output. The linearly

polarized output light from the TLS is confined to one axis of the PMF:

Ein = (Eécn) (6.12)

The angle-offset (o) between the axes of the PMC and birefringent OM can be

represented by the following rotation matrices:
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cosa —sina cosa sina
Ry = (% ) and Ry =(% ) (6.13)
sina cosa —sina cosa

The differential phase between the eigenmodes is governed by the initial
birefringence-induced phase difference (A¢) and the acoustic pressure-induced phase

modulation with amplitude Ag,, radial frequency w and initial phase ®:

Q= (eiT 0) (6.14)

0 ez
where Ap = A¢ + Ag, cos(wt + D)

The in-line mirror can be modeled by:

w=(3 )

0 1 (6.15)

For phase modulation beginning at a quadrature point, the mirror shifting Ap by ©
simply transfers it to an adjacent quadrature point. The electric field amplitudes at

the PMC combine and the resulting optical powers (P,,,) are a function of a and Ag:

out i —i .
O £l ( —e8? cos? a + e sin? > (6.16)
out — t - X i - —q . .
EJY e®®sinacosa + e ¢ sina cosa

out :
P = (Px > _ pin . (1 — sin®(2a) cosZ(Aq))) 6.17)

pyut x sin?(2a) cos?(Ag)
The PC can be used to adjust the angle-offset such that o = n/4, simplifying the
signal processing with the BD output:

_ P,?ut—PJL,mt

- P,?ut+P3‘,)ut -

— cos(2A¢) (6.18)

The output signal can be written purely in terms of the acoustic pressure-induced
contribution to the total Ap at a quadrature point where 2A¢ is equal to w/2 (plus

integer multiples of n):
T = sin[2A¢@, cos(w,t + P)] (6.19)

Since only the modulation amplitude is of interest, the maximum differential phase
change is related to the signal amplitude (AP,;) and the measured fringe amplitude

(P total) :
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20, = sin~! (2 (6.20)

Ptotal

The double-pass differential phase change is given by 2A¢@y. The output voltage
polarity of the detection system depends not only on the acoustic pressure polarity
but also on the electric field orientation of the input light with respect to the
birefringent OM axes, the initial A¢ and the signal processing. Equation 6.20 is only
valid for differential phase changes under a quarter of a fringe (2A¢) < m/2), before
tracking fringes become necessary. Fringe-tracking techniques were not used as the

phase modulation was sub-fringe.

During the characterization of the fabricated sensor, the TLS wavelength was swept
and an interference fringe period of A1 = 30.965 nm was observed for the in-line
MZI. Hence, the quadrature condition in Equation 6.20 can easily be achieved by

tuning the input wavelength.
6.2.5 Simulations

The following parameters are considered for the ABM model, starting with the
silicone rubber mandrel [9]: Viangrer = 0.49, Enangrer = 30 MPa, a = 0.6 mm, b = 1.5
mm, 4 = 12 mm, C = 2000, g = 9.81 m/s*, I = 3.874x10™"%, ppanares = 1110 kg/m’, u =
6590.75 kg/m, p; = 101.325 kPa (i.e. atmospheric air pressure), and p, = 101.326
kPa. Likewise, for the silica OM [10]: Vyiica = 0.17, Esitica = 73 GPa, psitica = 2200
kg/m3 ,L=35mm,and An=1.117x 1073, Lastly, for the polymer coating [11]: Vyopmer
= 0.4, Epotymer = 0.1 GPa, and ppopymer = 1550 kg/m’.

From Equation 6.9, the upper limit of acoustic responsivity for an ABM using a 35
mm length of OM is 427.6 mrad/Pa. In practice, the fixed ends of the relatively short
mandrel will impose a restriction on the displacement of the air-backed wall, leading
to a reduction in the acoustic responsivity. It is reasonable to assume that the
accurate value lies in the region of two orders of magnitude lower around ~4
mrad/Pa or —168.0 dB re. rad/puPa. The responsivity can be increased by lowering the
Young’s modulus and Poisson ratio of the mandrel material. The detection
bandwidth calculated using Equation 6.10 is 0.9 kHz, and it can be increased by
choosing a mandrel material of higher Young’s modulus, lower density and shorter
length. Since the responsivity and bandwidth have conflicting requirements in the

Young’s modulus, a careful choice can deliver a good balance of both attributes.
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6.2.6 Experimental results

The BD had an overall response of 210 V/mW, a bandwidth of DC-10 kHz, and a
noise-equivalent power of 0.4 pW/vHz for a gain setting of 300. Using Equation

6.19, a total received power of 157.8 uW corresponds to a maximum fringe
amplitude of 33138.0 mV. The measured fringe amplitude was 30170.0 mV,
indicating an interference visibility of 0.91. The differential phase change was
calculated using the signal amplitude of the BD output and the measured fringe
amplitude (Equation 6.20). The acoustic responsivity was calculated from dividing
the differential phase change by the acoustic pressure measured with the commercial
microphone. The linear responsivity of 4.94+0.5 mrad/Pa shown in Figure 108 for an
acoustic signal of 70 Hz is near the theoretical value of ~4 mrad/Pa. Differences can

be explained by the non-symmetrical mandrel cross-section due to bending effects.
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Figure 108. Measured acoustic responsivity at a signal frequency of 70 Hz with a
linear fit (dashed line), compared with the theoretical prediction (solid line). For no
acoustic or small acoustic-induced signals with SNR < 1, the noise-equivalent phase

based on the measured noise amplitude was plotted instead.

The acoustic frequency response in Figure 109 was obtained by measuring the
responsivity at varying signal frequencies of fixed amplitude. The fundamental

frequency of the ABM can be observed at ~1 kHz, which is in good agreement with
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the predicted value of 0.92 kHz. The average responsivities are —165.9 dB re.
rad/uPa (-136.7 dB re. rad/uPa.m) and —171.2 dB re. rad/uPa (—-142.1 dB re.
rad/pPa.m) from 40 Hz to 500 Hz and 1.5 kHz to 4 kHz respectively. These are
comparable in magnitude with —168.0 re. rad/puPa from simulations. The responsivity
per unit length is at least one order of magnitude higher than most conventional
polarimetric ABM-based microphones [12] despite the miniaturization. The response
time of the sensor depends on the deformation delay of the elastic mandrel wall, plus
the transit time of light from the output of the MC to the BD.
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Figure 109. Measured frequency response for acoustic responsivities and sensitivities.

The maximum pressure error is +5% based on the specifications of the commercial
microphone. Although dynamic ambient temperature fluctuations up to a few hertz
are outside the frequency range of the measured acoustic signal, static temperature
deviations can affect the quadrature condition (section 5.2.5) and thus influence the
responsivity. A simple solution is to perform a one-point calibration of the sensing

system by wavelength-tuning before each measurement.

Ambient acoustic noise was the dominant source of noise in the measurement data,
ranging from a few hertz to a few kilohertz. Figure 110 shows an example
measurement at a signal frequency of 1562.5 Hz that was analyzed to check the

noise levels. The FFT of the optical signal was computed and a SNR of 11 was
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calculated. The highest noise PSD component of ~3 mV corresponds to a phase error
of £99.4 urad using Equation 6.20. From dividing the phase error by the responsivity
of 3.5+0.5 mrad/Pa at a signal frequency of 1562.5 Hz, the ambient acoustic noise
was 63.0£1.3 dBgpp (re. 20 pPa). This was comparable with 50—65 dBgp; obtained

from a commercial sound-meter over a period of 1 hr.
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Figure 110. Optical and loudspeaker drive signals at the frequency of 1562.5 Hz. The

temporal offset is due to the time delay for the acoustic signal to reach the sensor.

Typically over 24 hrs, the TLS exhibits relative intensity noise of —145 dB/Hz, and
frequency noise resulting from wavelength instability of +2.5 pm. The oscilloscope
noise is in the region of 300 uV,ny for a bandwidth of 300 MHz. The system noise
(i.e. laser frequency noise dominated) measured over a time-frame of 1 ms with 2
running averages was 118.5 puV, by means of computing the FFT of the optical
signal with no measurand and selecting the highest PSD component. Since ambient
acoustic noise is an unwanted component of the measurand and not a part of the
system noise, it was filtered out by shielding the previously exposed ABM to ensure
a complete absence of the measurand during the noise measurement. This yields a
phase sensitivity of 3.9 urad and an acoustic sensitivity of 35.0+1.3 dBgpr, at a signal
frequency of 1562.5 Hz. The acoustic sensitivity is plotted as a function of frequency
in Figure 109, with average values of 31.7 dBgp and 37.0 dBgp. from 40 Hz to 500
Hz and 1.5 kHz to 4 kHz respectively.
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6.2.7 Conclusion

The use of OM technology for ABM-based microphones has been demonstrated.
High compactness and high acoustic responsivity are anticipated, which are
attractive qualities in applications with stringent space requirements, such as in
defense and biomedical uses. An experimental demonstration using a MC of 2 pm
diameter OM and 35 mm uncoiled length exhibited average responsivities of —165.9
dB re. rad/puPa and —171.2 dB re. rad/uPa, and average acoustic sensitivities of 31.7
dBgpr and 37.0 dBgp, from 40 Hz to 500 Hz and 1.5 kHz to 4 kHz respectively. The
measured responsivities show some agreement with the simulated value of —168.0 re.
rad/pPa. The detection bandwidth of the ABM is ~1 kHz, which is close to the
simulated value of 0.92 kHz.

To increase the responsivity, a longer length of OM must be used. The limiting
factor is the maximum length of OM that can be fabricated, which can be vastly
extended using a modified tapering rig presented in the next section. A mandrel
material of lower Young’s modulus and lower Poisson ratio would also be preferable.
Moreover, the wall thickness of the mandrel and the polymer packaging can be
reduced to lower the stiffness while still maintaining clearance of the central support.
The phase and acoustic sensitivities can be enhanced by applying a larger number of
averages for each measurement, though at the expense of prolonging the
measurement time. To increase the fundamental frequency and thus the detection
bandwidth, a mandrel material of higher Young’s modulus, lower density and shorter
length would be ideal for the assembly of the ABM. Hence, there is an optimization
issue with increasing the Young’s modulus to extend the detection bandwidth and
decreasing it to improve the responsivity. The response time can be reduced by
minimizing the fiber length between the MC and BD. To reduce the loss, air bubbles
must be removed from the polymer packaging. The ultimate compactness of the
sensor head is restricted by the diameter of the mandrel, which has to be wider than
the diameter of the support pin. It is then followed by the minimum bend radius of

the OM.
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6.3 Development of tapering rig for fabricating long optical

microfibers

The development and testing of a new tapering rig specialized for making long fiber
tapers is reported in this section. The aim is to deliver sufficient lengths (e.g. tens of

meters) of OM to realize the full potential of OM-based sensors.
6.3.1 Introduction

As highlighted in the previous chapters, the responsivity of non-resonator OM-based
sensors can be scaled up by making use of longer OMs so as to increase the
interaction length with the measurand. The existing tapering rig employed for the
experiments described in this thesis is only capable of producing OMs up to ~10 cm
in total length. To-date, most conventional tapering rigs reported in literature can
only produce OM lengths up to tens of millimeters with diameters of the order of
microns. A recent attempt [13] using a similar tapering configuration to the one
described in this section was unable to achieve micron-order diameters. Although the
taper length was ~10 m, the reduction of the fiber diameter was less than 1%. The
true capabilities of this type of tapering rig is presented in this section by addressing
the previous short-comings, with the demonstration of a fiber taper featuring 10 um
diameter and 0.4 m length at the uniform waist. Critical improvements over the
original design include extensive fiber cleaning, setup enclosure, and smooth

differential velocity transitions.
6.3.2 Tapering setup

The tapering rig shown in Figure 111 consists of five main stages: the feed and exit
motors, the fiber-cleaner module, the ceramic micro-heater, and the laser measuring
head. The entire setup was encased in a robust, transparent enclosure to minimize air
flows that could perturb the tapering process. The differential velocity between the
feed and exit motors controls the pull rate and thus the taper diameter profile.
Typically, the feed motor velocity is kept constant while the exit motor velocity is
increased to stretch the optical fiber. The fiber-cleaner module comprises of two
glass slides sandwiching a folded, medical-grade tissue paper soaked with
isopropanol. The cavity of the micro-heater was vertically aligned to be level with

the optical fiber. The micro-heater itself was mounted on a rail so that it can quickly
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engage or withdraw from the optical fiber. Lastly, the measuring head monitors the

fiber diameter with a resolution of 0.1 um in real-time using red laser beams.

Feed motor Fiber cleaner Microheater Exit motor

Figure 111. Schematic diagram of the newly developed tapering rig setup.

6.3.3 Tapering procedure

Two meters of SMF-28 was soaked in acetone for ~10 min to soften the acrylate
layer before it was mechanically stripped in a smooth motion. The bare fiber was
then thoroughly cleaned with isopropanol to remove any acrylate residue. Even small
quantities can ignite in the micro-heater and disturb the temperature uniformity,
potentially weakening the OM. After the preparation, the bare fiber was tapered with
a single pass through the micro-heater over the duration of ~20 min, as shown in
Figure 112. The temperature inside the hot-zone was ~1350 °C, measured using a

commercial thermometer.

Opt|cal fiber —.
Ceramrc I

Cleaner lcro-heater

" |

f’ Feed motor

Figure 112. Photograph showing the tapering rig inside the enclosure. Inset: side-

view of the micro-heater with the optical fiber positioned in the center of the cavity.
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6.3.4 Experimental results

The preliminary results obtained from the testing of the tapering rig indicated the
successful fabrication of a 10 pum diameter, 0.4 m length OM. The fiber diameter
profile in Figure 113 shows the down-taper from 125 um to 10 um, followed by a
near-uniform waist length of ~0.4 m, then followed by the up-taper back to 125 pum.
The maximum error at the waist region is 8.5%. Due to the distance between the
measuring head and the exit motor, the measured diameter profile lagged behind the
ideal trace. However, the two plots have been shifted together in Figure 113 for
better comparison. Figure 114 shows the transmission spectrum of the uncoated OM.
The average loss of the air-cladded OM is ~6 dB from 1450 nm to 1650 nm. At a

wavelength of 4 = 1550 nm, the normalized loss is a = ~7 dB/m.
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Figure 113. Measured and ideal fiber taper diameter profiles.

It is worth mentioning that there is no theoretical limit to the length of OM that can
be fabricated using this tapering rig, as it is based on motors rather than translation
stages. However, the minimum achievable OM diameter depends on several factors.
The first factor is the cleanliness of the motor treads, as specks of dust and acrylate
lumps can crush the fragile OM in the touching zone of the motor treads. More
importantly, unwanted materials could stick to the surface of the OM and cause high

loss due to the absorption and scattering of the evanescent field. The second factor is
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the vertical alignment of the successive stages, as an OM under tension will
experience extra friction at the edges of each stage and thus it will be more prone to
breaking. Furthermore, vertical misalignment on either side of the micro-heater must
be avoided, because the high roughness of the heated ceramic surface will terminate

the OM upon contact.

----SMF-28 ——Microfiber
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Figure 114. Transmission spectra of the optical microfiber compared to the original

SMF-28.
6.3.5 Conclusion

A significant increase in the maximum OM length is anticipated with the new
tapering rig. A preliminary demonstration yielded a near-adiabatic taper with 0.4 m
of uniform waist diameter and a normalized loss of ~7 dB/m. Further work is
required to reduce the waist diameter from 10 um to 2 um for single-mode

applications, such as the various sensors described in this thesis.
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7. Summary, Discussion and Conclusion

This chapter concludes the thesis with a summary of results and a discussion on
future work aimed at overcoming challenges and scaling the performance of existing

OM-based sensors.
7.1 Summary

This thesis has presented both theoretical and experimental research work on
demonstrating the temperature, current, acceleration and acoustic sensing ability of
OMs. Both interferometric and polarimetric detection schemes were employed, in
addition to resonance shift detection. It was the principal aim of this research to
develop the OM-based current sensor and address the factors limiting its responsivity,
reliability and reproducibility. The work done and results achieved are now

summarized.

The preliminary exploration involved the development of a compact thermometer
capable of sliding along electrical wires to detect electrical arcing-induced hot spots.
This was devised using a MCR coiled around a Teflon tube. The magnitude of the
temperature-induced resonant wavelength shift can be tailored by the choice of
materials, due to thermal expansion and thermo-optic effects. For the first time,
MCRs were designed with such mobility so they can efficiently measure the
temperature profile of a rod-like structure. This type of sensor can be potentially
used in industrial applications to inspect insulated wires and cables for insulation

defects, aiding the prevention of electrical fires.

The same physical arrangement of self-coupled OM coiled around a wire was
subsequently established as a current sensor. Current-induced variations in the local
magnetic field axial to the direction of light rotate the polarization azimuth via the
Faraday Effect. The relatively short length of OMs allows short transit times of light,
giving rise to potentially gigahertz detection bandwidth for fast current detection.

The responsivity to current was linearly proportional to the number of OM turns.
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A means to increase the current responsivity without being limited by the maximum
producible OM length was investigated. It was subsequently demonstrated both
theoretically and experimentally that resonantly enhanced Faraday rotation can be
realized in MCRs, and it is a function of the ER. However, by increasing the OPL
there is an unavoidable trade-off between the responsivity and the detection

bandwidth.

The upmost-compact resonator configuration is achieved at the expense of temporal
and wavelength instability. Thermal drifts and vibrations transfer from the ambient
environment can modify the geometrical and optical properties of the MCR, thereby
radically detuning the operating wavelength from the resonant condition and thus
altering the Faraday rotation. This issue was solved using two different approaches,
one being passive and the other active. The first approach involved optimizing the
spatial arrangement of the OM turns with RI chirping to instigate a broadening of the
lower region of the resonance shape such that its output transmittance is much more
tolerant to resonant wavelength fluctuations. The second approach incorporated a
PZC element inside the MCR package as a support rod, which can be actively tuned

using feedback control to lock the resonance detuning.

Linear birefringence associated with packaged MCs and MCRs was another major
concern. This characteristic is typical of devices operating with the Faraday Effect.
Bend- and packaging-induced birefringence causes the differential phase between
the eigenmodes in the two orthogonal axes to increase with OPL, resulting in
alternating polarities of Faraday rotation that produce zero net rotation at half beat
length intervals. The problem was solved by introducing a twist during the
fabrication of hi-bi OMs to create the first reported SOMs. The magnitude of the
intrinsic linear and circular birefringence can be optimized to deliver a good balance

between resistance to external effects and responsivity.

Although SOMs are capable of delivering near-maximum performance for non-
resonator sensor heads, resonantly enhanced OM devices would require further
design optimizations due to their structural complexity. The exploration of OM
resonator designs led to the investigation of MLRs. It was found that design

optimizations are possible to host efficient Faraday rotation for both birefringent and
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non-birefringent sensor heads. This study provided the groundwork for designing

practical current sensors using MLR sensor heads with a high responsivity to current.

Going back to non-resonator sensor heads, an alternative to the SOM was proposed
in the form of a novel post-fabrication technique for reversing the detrimental effect
of linear birefringence in MC-based current sensors. By means of changing the local
birefringence at the right positions along the fiber axis, the differential phase of light
can be progressively optimized to deliver uni-directional Faraday rotation and thus

maximum responsivity.

Diverging to the exploration of other sensing applications, a compact accelerometer
based on a centrally supported FD overlaid with OM was modeled and demonstrated.
Both the acceleration responsivity and detection bandwidth were influenced by the
choice of disc material and geometry. There are several benefits from down-scaling
the traditional accelerometer, including easier deployment, less intrusive and lower
cost. Due to the large minimum bend radii of standard optical fibers, to achieve such
small package sizes would result in severe PDL and depolarization. The excellent
bend insensitivity of OMs enables very compact devices to be made without
compromising their performance. Moreover, the responsivity scales with the length
of OM and it can be potentially several orders of magnitude higher than conventional

designs using standard optical fibers.

For a different purpose, a compact microphone based on an ABM coiled with OM
was proposed and demonstrated. Both the acoustic responsivity and detection
bandwidth were dependent on the material and geometry of the mandrel. Likewise,
there are benefits with the compactness of the device, notably for defence
applications. The microphone showed the potential for very high responsivity despite
the miniaturization, which generates strong interest for future development. Another
possible direction is the development of a hydrophone for underwater acoustic

sensing.

Finally, the latest developments on a tapering rig specialized in manufacturing long
fiber tapers were reported. The demand for very long OMs is driven by the objective
of moving beyond the proof-of-concept stage to realize the full potential of OM
technology.
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7.2 Discussions

There have been many interesting developments in the various areas of MNF-based
sensing. This section highlights the numerous advantages of MNF-based sensors
over their traditional counterparts employing standard optical fibers, accompanied by
an overview on the challenges ahead and the practical issues that need to be

addressed.
7.2.1 Advantages of optical microfibers and nanofibers

By significantly reducing the size of sensors and their associated electronics with
supporting hardware, miniaturization offers the possibility of complete portable
micro-systems which can carry out many of the operations traditionally performed in
a laboratory. The other benefits of high compactness due to the bend insensitivity of
MNFs include easier deployment and minimal intrusion. The consequential
reduction in weight also draws substantial interest, particularly from the aerospace

industry.

It is widely recognized that for sensors responding to a mechanical stimulus, the
better sensitivity associated with the higher responsivity resulting from the lower
stiffness of MNFs grants a notable enhancement in the detection of weak signals of
the measurand. In chemical and bio-chemical sensing, the superior sensitivity
accompanying the higher responsivity resulting from the larger evanescent field of
MNF waists gives rise to an improved detection of fewer atoms in its close vicinity.
In addition, the greater selectiveness linked to the higher optical confinement of
MNF tips allows the selection of fewer atoms to detect. As for current sensors based
on the Faraday Effect, the higher detection bandwidth hosted by the shorter OPL
resulting from the bend insensitivity of MNF coils enables the measurement of

faster-changing current signals.
7.2.2 Challenges and practical issues (future work)

To compete with traditional fiber-optic sensors in terms of responsivity, some MNF-
based sensors would require their tapered uniform waist region to be in excess of
~10 cm. Generally, the responsivity of non-resonator-type MNF-based sensors scales

with the MNF length. However, the detection bandwidth associated with certain
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sensing mechanisms such as the Faraday Effect decreases with longer OPLs. Hence,
a trade-off must be considered for a good balance between responsivity and detection

bandwidth.

The optical loss of MNFs is one of the key areas that need improvement. Although
the theoretical minimum attenuation when embedded in polymers is very low [1], in
practice it is usually not the case. Micro-bubbles in the polymer cladding cause
scattering of the evanescent field [2], and contaminations of the polymer material
introduce unwanted absorption. The average loss observed in packaged samples of
OM ranged from 0.5-3 dB/cm. Therefore, to reach acceptable levels of loss (<0.1
dB/cm), a significant amount of work needs to be done to remove micro-bubbles
from the polymer resin (e.g. vacuum pump) before UV-curing and to minimize
contaminations (e.g. cleanroom conditions). Due to the availability of C-band laser
sources, wavelengths around 1550 nm were used to excite the sensor heads described
in this thesis. However, this wavelength region is known to exhibit relatively high
absorption loss in polymers. At lower wavelengths such as 650 nm, light is more
sensitive to scattering loss in polymers. Hence, it is better to operate somewhere in

the middle, with the exception of water-absorption regions.

Another practical issue with MNF-based sensors is the dynamic temperature range,
which is determined by the polymer material used for packaging. For the Efiron PC-
373 AP, the polymer experiences significant evaporation in OH content around
~80 °C and noticeable deformation by ~120 °C. Apart from the physical
deterioration of the material, thermal expansion and contraction can induce internal

stresses in the embedded MNF, resulting in unpredictable loss and birefringence.

The life-time of each fabricated sensor head primarily depends on the curing state of
the polymer coating. The UV-curing time of the polymer makes a profound impact
on the long-term stability of the packaged device. A short duration tends to avoid the
build-up of internal stresses that can modify the intended MNF geometry. On the
other hand, the protective coating is more volatile and the geometrical stability of the
embedded MNF is at risk from external perturbations. Hence, it is to be appreciated
that ensuring long-term reliability is likely to be challenging. The aging process of
the polymer itself was discovered at the time of writing to be slower in other variants,

such as the now-discontinued Efiron PC-375 AP.
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An alternative solution is suspended-core fibers, which exhibit the same optical
properties of MNFs albeit in a mechanically stable arrangement. However, since the
evanescent field is not accessible outside the optical fiber, they cannot be used for
resonators that rely on self-coupling. In addition, suspended-core fibers are far

bulkier than MNFs, which eliminates their advantages over standard optical fibers.
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7.3 Conclusion

This thesis has researched new varieties of optical sensors based on OM technology
to provide compact and high-performance solutions to well-known areas of sensing.

The main achievements are:

e Developed a MCR-based thermometer for efficient probing of electrical
wires to identify insulation faults [3].

e Analyzed issues relating to the detection bandwidth, pulse broadening and
optical response of current sensors using the Faraday Effect [4].

e Overcame OM length limitation of the previously demonstrated MC-based
current sensor by exploiting the resonance enhancement in MCRs [5].

e Envisaged both passive and active stabilization techniques to minimize the
impact of external perturbations on MCR sensor heads [6].

e First reported fabrication of SOM to suppress bend- and packaging-induced
birefringence in MC/MCRs, thereby maximizing the responsivity of the
sensor heads [7].

e Design optimization of MLRs with birefringence for highly efficient
resonance enhancement [8].

e Proposed a post-fabrication technique to revive non-ideal MC sensor heads
with birefringence for high-performance current sensing [9].

e Theoretical and experimental demonstrations of a compact accelerometer
consisting of a centrally supported FD overlaid with OM [10, 11].

e Demonstration of a compact microphone comprising of an ABM coiled with
OM [12], potentially functional as a hydrophone.

e Development on a new tapering rig capable of delivering significantly longer

lengths of OM.

Table 10 lists the key achievements in the core research area of current sensing:

Sensor type Problem Solution

Non-resonator | Bandwidth Optical response correction

Fiber length | Resonance enhancement
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Birefringence | Spun optical microfiber

Birefringence | Birefringence modulation

Resonator Birefringence | Spun optical microfiber

Birefringence | Geometrical optimization

Stability Refractive index chirping

Stability Piezo-electric tuning

Table 10. Summary of contributions to current sensing using optical microfiber

technology.

The results achieved in this thesis represent a significant advance in harnessing OM
technology for sensing. It would be useful to combine the numerous techniques
developed so far when engineering a sensing system to attain the best possible
performance. Aside from achieving unprecedented high compactness, MC/MCR
sensor heads have the potential to raise the detection bandwidth of traditional fiber-
optic current sensors by at least one order of magnitude. Accelerometers and
microphones employing OMs can expect a similar leap of improvement in their
responsivity, which gives rise to enhanced sensitivity. Although the experiments
were performed with relatively short OM lengths and a host of further scientific and
more practical challenges remain, these results can be considered an important step
towards demonstrating the feasibility of using OMs for sensing. While still in their
infancy, these sensors promise a tremendous impact on a wide range of technological
applications in industries such as biomedical, defence, navigation, oil & gas, process
control and transportation. One should expect substantial activity in the rise of OM
technology in the coming decade, and significant progress should be anticipated in
the development of OM-based sensors as well as their outlook to establishing

commercial interest.

237



Chapter 7 Optical Microfiber Sensors

7.4 References

L.

10.

11.

12.

G. Brambilla, V. Finazzi, and D. J. Richardson, “Ultra-low-loss optical fiber nanotapers”,
Opt. Express, vol. 12, no. 10, pp. 2258-2263, 2004.

S. Wang, X. Pan, and L. Tong, “Modeling of nanoparticle-induced Rayleigh—Gans
scattering for nanofiber optical sensing”, Opt. Commun., vol. 276, no. 2, pp. 293-297,
2007.

G. Y. Chen, G. Brambilla, and T. P. Newson, “Inspection of electrical wires for
insulation faults and current surges using sliding temperature sensor based on optical
microfibre coil resonator”, Electron. Lett., vol. 49, no. 1, pp. 4647, 2013.

G. Y. Chen and T. P. Newson, “Faraday Effect based fiber-optic current sensors:
detection bandwidth, pulse broadening and optical response correction”, Electron, Lett.,
submitted, 2014.

G. Y. Chen, T. Lee, R. Ismaeel, G. Brambilla, and T. P. Newson, “Resonantly enhanced
Faraday rotation in an microcoil current sensor”, IEEE Photonic. Tech. L., vol. 24, no.
10, pp. 860-862, 2012.

G. Y. Chen, X. Zhang, G. Brambilla, and T. P. Newson, “Temperature compensation
techniques for resonantly enhanced sensors and devices based on optical microcoil
resonators”’, Opt. Commun., vol. 285, no. 23, pp. 4677-4683, 2012.

G. Y. Chen, G. Brambilla, and T. P. Newson, “Spun optical microfiber”, IEEE Photonic.
Tech. L., vol. 24, no. 19, pp. 1663—-1666, 2012.

G. Y. Chen, G. Brambilla, and T. P. Newson, “Efficient Faraday rotation in birefringent
optical microfibre loop resonators for current sensing”, Electron. Lett., vol. 48, no. 24,
pp. 1547-1548, 2012.

G. Y. Chen, T. P. Newson, and G. Brambilla, “Birefringence treatment of non-ideal
optical microfibre coils for continuous Faraday rotation”, Electron. Lett., vol. 49, no. 11,
pp. 714-715, 2013.

G. Y. Chen, X. Zhang, G. Brambilla, and T. P. Newson, “Theoretical and experimental
demonstrations of a microfiber-based flexural disc accelerometer”, Opt. Lett., vol. 36, no.
18, pp. 3669-3671, 2011.

G. Y. Chen, X. Zhang, G. Brambilla, and T. P. Newson, “Enhanced responsivity of a
flexural disc acceleration sensor based on optical microfiber”, Opt. Commun., vol. 285,
no. 23, pp. 47094714, 2012.

G. Y. Chen, G. Brambilla, and T. P. Newson, “Compact acoustic sensor based on air-
backed mandrel coiled with optical microfiber”, Opt. Lett., vol. 37, no. 22, pp. 4720—
4722, 2012.

238



Appendix A

List of publications

A.1 Journal publications

1.

10.

G. Y. Chen, C. A. Codemard, R. J. Lewis, L. Jankowski, J. S. Chan, P. M.
Gorman, and M. N. Zervas, “Enhanced responsivity with skew mode excitation
of transmission- and reflection-type refractometric sensors”, Optics Letters,
submitted, 2014.

G. Y. Chen and T. P. Newson, “The detection bandwidth of fiber-optic current
sensors based on the Faraday Effect”, Electronics Letters, vol. 50, no. 8, pp.
626-627,2014.

G. Y. Chen, M. Ding, T. P. Newson, and G. Brambilla, “A review of micro- and
nanofiber based optical sensors”, Open Optics Journal, vol. 7, pp. 32-57, 2014.
(invited paper)

G. Y. Chen, T. P. Newson, and G. Brambilla, “Optical microfibers for fast
current sensing”, Optical Fiber Technology, vol. 19, no. 6B, pp. 802-807,
2013. (invited paper)

G. Y. Chen, T. P. Newson, and G. Brambilla, “Birefringence treatment of non-
ideal optical microfibre coils for continuous Faraday rotation”, Electronics
Letters, vol. 49, no. 11, pp. 714-715, 2013. (featured article)

G. Y. Chen, G. Brambilla, and T. P. Newson, “Inspection of electrical wires for
insulation faults and current surges using sliding temperature sensor based on
optical microfibre coil resonator”, Electronics Letters, vol. 49, no. 1, pp. 4647,
2013.

G. Y. Chen, G. Brambilla, and T. P. Newson, “Efficient Faraday rotation in
birefringent optical microfibre loop resonators for current sensing”, Electronics
Letters, vol. 48, no. 24, pp. 1547-1548, 2012. (highlighted paper)

G. Y. Chen, G. Brambilla, and T. P. Newson, “Compact acoustic sensor based
on air-backed mandrel coiled with optical microfiber”, Optics Letters, vol. 37,
no. 22, pp. 4720-4722, 2012.

G. Y. Chen, G. Brambilla, and T. P. Newson, “Spun optical microfiber”, IEEE
Photonics Technology Letters, vol. 24, no. 19, pp. 1663—-1666, 2012.

G. Y. Chen, X. Zhang, G. Brambilla, and T. P. Newson, “Temperature
compensation techniques for resonantly enhanced sensors and devices based on
optical microcoil resonators”, Optics Communications, vol. 285, no. 23, pp.
46774683, 2012. (invited paper)

239



Appendix A Optical Microfiber Sensors

11. G.Y. Chen, X. Zhang, G. Brambilla, and T. P. Newson, “Enhanced responsivity
of a flexural disc acceleration sensor based on optical microfiber”, Optics
Communications, vol. 285, no. 23, pp. 4709—4714, 2012. (invited paper)

12. G. Y. Chen, T. Lee, R. Ismaeel, G. Brambilla, and T. P. Newson, ‘“Resonantly
enhanced Faraday rotation in an microcoil current sensor”, IEEE Photonics
Technology Letters, vol. 24, no. 10, pp. 860—862, 2012.

13. X. Zhang, M. Belal, G. Y. Chen, Z. Q. Song, G. Brambilla, and T. P. Newson,
“Compact optical microfiber phase modulator”, Optics Letters, vol. 37, no. 3,
pp- 320-322, 2011.

14. G. Y. Chen, X. Zhang, G. Brambilla, and T. P. Newson, “Theoretical and
experimental demonstrations of a microfiber-based flexural disc accelerometer”,
Optics Letters, vol. 36, no. 18, pp. 3669-3671, 2011.

240



Appendix A Optical Microfiber Sensors

A.2 Conference publications

1.

10.

G. Y. Chen “Recent progress in physical sensing with optical microfiber
technology”, POEM, in press, 2014. (invited paper)

G. S. Murugan, C. A. Codemard, M. N. M. Nasir, G. Y. Chen, A. Langner, H.
Quarzglas, and M. N. Zervas, “Optical microstub resonator lasers”, SPIE
Photonics West LASE, pp. 8960-43, 2014.

G. Y. Chen, G. Brambilla, and T. P. Newson, “An optical microfiber acoustic
sensor”’, OSA Sensors, pp. ST5B.2-1-2, 2013.

G. Y. Chen, X. Zhang, T. Lee, G. Brambilla, and T. P. Newson, “Compact
flexural disc accelerometers based on optical microfiber”, OSA OFS-22, pp.
84210U-1-4, 2012.

X. Zhang, G. Y. Chen, Z. Song, M. Belal, E. Koukharenkoc, G. Brambilla, and
T. P. Newson, “Compact optical microfiber components based on small size
piezoelectric ceramic transducer”, OSA OFS-22, pp. 842112-1-4, 2012.

G. Y. Chen, T. Lee, R. Ismaeel, M. Belal, T. P. Newson, and G. Brambilla,
“Optical microfiber sensors for the detection of current pulses”, OSA Sensors,
pp- IW2A.3-1-2, 2012. (invited paper)

M. Belal, X. Zhang, G. Y. Chen, Z. Song, G. Brambilla, and T. P. Newson, “A
compact optical microfiber based PZT phase modulator”, CLEO, pp. JW2A.78-
1-2,2012.

M. Ding, M. Belal, G. Y. Chen, R. Al-Azawi, T. Lee, Y. Jung, P. F. Wang, X. L.
Zhang, Z. Q. Song, F. Xu, R. Lorenzi, T. P. Newson, and G. Brambilla, “Optical
microfiber devices and sensors”, ACP, pp. 83070Y-1-6, 2011.

G. Y. Chen, M. Belal, Y. Jung, G. Brambilla, and T. P. Newson, “High
frequency current sensing using optical fiber micro-wire”, CLEQ/Europe, pp.
CH6 4, 2011.

G.Y. Chen, T. Lee, Y. Jung, M. Belal, G. Brambilla, N. G. R. Broderick, and T.
P. Newson, “Investigation of thermal effects on embedded microcoil resonators”,
CLEO/Europe, pp. CH2 2,2011.

A.3 Book chapters

l.

G. Y. Chen and G. Brambilla, “Optical microfiber physical sensors” in “Optical
fiber sensors: advanced techniques and applications”, CRS press, in press, 2014.

241



