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ABSTRACT 

Distributed sensing is highly desirable in a wide range of civil, industrial and military 

applications. The current technologies for distributed sensing are mainly based on the detection 

of optical signals resulted from different elastic or non-elastic light-matter interactions including 

Rayleigh, Raman and Brillouin scattering. However, they can measure temperature or strain only 

to date. Therefore, there is a need for technologies that can further expand measurement 

parameters even to chemical and biological stimuli to fulfill different application needs.  

This dissertation presents a fully-distributed fiber-optic sensing technique based on a traveling 

long-period grating (T-LPG) in a single-mode fiber. The T-LPG is generated by pulsed acoustic 

waves that propagate along the fiber. When there are changes in the fiber surrounding medium or 

in the fiber surface coating, induced by various physical, chemical or biological stimuli, the 

optical transmission spectrum of the T-LPG may shift. Therefore, by measuring the T-LPG 

resonance wavelength at different locations along the fiber, distributed measurement can be 

realized for a number of parameters beyond temperature and strain.  

Based on this platform, fully-distributed temperature measurement in a 2.5m fiber was 

demonstrated. Then by coating the fiber with functional coatings, fully-distributed biological and 

chemical sensing was also demonstrated. In the biological sensing experiment, immunoglobulin 

G (IgG) was immobilized onto the fiber surface, and the experimental results show that only 

specific antigen-antibody binding can introduce a measurable shift in the transmission optical 

spectrum of the T-LPG when it passes through the pretreated fiber segment. In the hydrogen 

sensing experiment, the fiber was coated with a platinum (Pt) catalyst layer, which is heated by 

the thermal energy released from Pt-assisted combustion of H2 and O2, and the resulted 

temperature change gives rise to a measurable T-LPG wavelength shift when the T-LPG passes 

through. Hydrogen concentration from 1% to 3.8% was detected in the experiment. This 

technique may also permit measurement of other quantities by changing the functional coating 

on the fiber; therefore it is expected to be capable of other fully-distributed sensing applications.  
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Chapter 1 Introduction 

1.1 Motivation 

Real-time sensing of physical, chemical and biological stimuli is critical to maintaining safety 

and operational efficiency in today’s complex industrial facilities and civil infrastructure sites. 

Many of these applications, such as environmental pollution measurement, health care, homeland 

security, flammable gas detection and industrial processes control, require various measurements 

at multiple locations, large spatial area coverage, capability of operation in harsh environments, 

low cost and in real-time. Therefore, there exists a critical need for technologies that can provide 

distributed measurement at multiple points.  

Many kinds of sensors have been investigated for distributed sensing in the past two decades. 

Among these sensors, optical fiber sensors are well known for their intrinsic immunity to 

electromagnetic interference, high sensitivity, high resolution, resistance to chemical corrosion, 

small size, light weight, ease of installation and capability of operation in harsh environment[1, 2] 

thus attracting a great deal of research interest for distributed sensing.  

According to the spatial continuity of the measurand, distributed optical fiber sensors can be 

divided into two categories: fully distributed fiber-optic sensors and quasi-distributed fiber-optic 

sensors. Compared with a quasi-distributed fiber-optic sensing system, where a series of point 

sensors are linked together to provide a number of specific and predetermined measurement 

points, a fully distributed fiber-optic sensing system can detect parameters at any points along 

the fiber with a certain spatial resolution. Although at present, fully-distributed fiber-optic 

sensing technology is hampered by some problems, such as limited sensing parameters and poor 

spatial resolution, it is believed to be a method which has attractive potential and future promise 

for further research[3].  

Current fully-distributed fiber-optic sensors are mainly based on scattering in optical fibers, 

including Rayleigh, Raman and Brillouin scattering. However, although single-point optical fiber 

sensors have been demonstrated for the detection of a large variety of parameters, such as strain, 

temperature, pressure and other physical, chemical and biological parameters, all of the above 

three fully-distributed fiber-optic scattering sensing schemes are only capable for strain and/or 
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temperature measurement[4-7]. Therefore, it is highly desirable to develop a new technology that 

can permit fully-distributed measurement of multiple physical, chemical and biological 

quantities using a single optical fiber. 

1.2 Distributed Fiber-Optic Sensing 

Distributed fiber-optic sensing (DFOS) is a technique utilizing the very special properties of the 

optical fiber to make simultaneous measurements of both the spatial and temporal behavior of a 

measurand field[8, 9]. It offers a new dimension in the monitoring, diagnosis and control of large, 

extended structures of all kinds because of its capability of determining the spatial and temporal 

features of a measurand field with a medium which is non-intrusive, dielectric, passive, flexible 

and easy to install into existing structures.  

The basic theory of DFOS can be illustrated by an Optical Time-Domain Reflectometry (OTDR) 

system, which was the first effectively demonstrated DFOS system in 1976[2, 10]. Figure 1.1 (a) 

shows the schematic of an OTDR system, which consists of a pulsed laser, a detector, a coupler, 

data acquisition and a signal processor. In this system, an optical pulse from the pulsed laser is 

launched into the fiber and the light is continuously backscattered as it propagates in the fiber 

because of Rayleigh scattering from the small inhomogeneities and impurities in the amorphous 

silica which is the fiber material. The backscattered light power was detected at the launching 

end. Since the power of the received light decays as time increases, at the signal processor, the 

power of the back scattered light can be measured as a function of distance, by analyzing the 

time delay of the received light pulse compared with the reference point in the fiber. Figure 1.1(b) 

shows a typical OTDR return trace. Assume the time at which the backscattered light is received 

is τ, and then the fiber section from which the backscattering occurred can be identified by the 

distance from the launching end as:  

2

v
s              (1-1) 

where v is the light velocity in the fiber. Therefore, if there is perturbation at any point along the 

fiber, the location can be determined by measuring the variation of the backscattering coefficient, 

and the spatial resolution depends on the temporal bandwidth of the light pulse.  
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Certainly there are many other methods for positional coding in DFOS, and there are 

compromises and trade-offs among them in terms of sensitivity, spatial resolution, dynamic 

range, etc. The specific DFOS system should be determined by the requirement of the 

application.  

The performance parameters which characterize a given DFOS systems are listed as follows[2], 

as illustrated in Figure 1.2: 

Pulsed laser 

Detector 

Data Acquisition 

Signal Processor 

Coupler 

Sensing fiber 

OTDR (a) 

OTDR 

In
te

n
si

ty
 

Distance 

Launching end 

reflection 

Splice 

reflection 

Splice  

Fiber 1 Fiber 2 

Fiber end 

End reflection 

(b) 

Figure 1.1. (a) Schematic of an OTDR system. (b) A typical OTDR trace. 
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(1) Spatial resolution (ΔL): is the smallest length over which any sensible change of the 

measurand can be detected (unit: meter).  It is usually considered with the total fiber length (L).  

(2) Sensitivity (S): is defined as the change in the detected optical power produced by a unite 

change of measurand field per unite length of fiber (unite: W/field/m). 

(3) Measurement bandwidth (B): is the bandwidth over which the changes in measurand field 

can be measured for the full fiber length (unite: Hz). 

(4) System bandwidth (W): is the bandwidth of the optical detector in the system (unite: Hz).  

(5) Dynamic range (D): is the ratio of maximum to minimum values of the measurand field given 

the required accuracy (unite: dB).  

(6) Measurement accuracy: is the accuracy with which the output power of the optical detector 

can be measured in the face of system noise levels (%).  

(7) Fiber properties: the system specifications must include a specification of the fiber used in 

the system, such as the attenuation, geometrical properties, coating properties, and etc. 

For any given specific application, there is always a strong trade-off among the above parameters 

in order to optimize the system performance. For example, the sensitivity will be greater when 
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Figure 1.2. DFOS system performance parameters [1]. 
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the measurement length is longer which means a worse spatial resolution. Therefore, there is a 

sensitivity/spatial resolution trade-off nearly in all measurement systems.  

As stated earlier, distributed fiber sensors can be divided into two types by the spatial continuity 

of the measurand: fully-distributed sensors and quasi-distributed sensors.  

A quasi-distributed fiber sensing (QDFS) system is one that only the prescribed sections of the 

fiber are sensitive to the measurand field. Figure 1.3 schematically shows examples of QDFS 

systems. Figure 1.3(a) illustrates time domain demodulation of the individual sensors [11]; and 

(b) shows the frequency domain demodulation system [12].  

WDM Coupler 
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λ4 

λ1 λ2 λ3 λ4 

Sensors 

(b) 

Pulsed Laser 

Detector 

Coupler 

Signal Processing 

Measurand field 

(a) 

Figure 1.3. QDFS examples: (a) time domain system; (b) frequency domain system. 
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There are several advantages of QDFS systems. The sensitivity can be relatively high because 

the sensors can be characterized specifically to the wanted measurand. The sensitive fiber section 

can be made arbitrarily small, leading to a good spatial resolution. Because the sensitive fiber 

regions are prescribed, their positions are known, leading to an easy identification of the spatial 

location of individual sensors.  

However, there are also some drawbacks in QDFS. The most important as well as the most 

obvious one is that all the sensing points in a QDFS system are fixed, which means the 

measurement can only happen in predetermined crucial locations. However, in practice, the need 

for detection is usually spatially random, especially in applications such as oil leakage detection, 

gas detection, and fire alarm. Also, there is always a limit on the maximum number of the 

sensors that can be multiplexed in a system, which is usually due to the attenuation of the 

interrogating light introduced by the sensing points or by the limitation of the demodulation 

techniques. And this makes QDFS not capable for long-span measurement, and even within the 

maximum multiplexing sensing points, to make a large number of sensors could be very time 

consuming and costly. 

Compared with a quasi-distributed fiber-optic sensing system, where a series of point sensors are 

linked together to provide a number of specific and predetermined measurement points, a fully-

distributed fiber sensing (FDFS) system can detect parameters at any points along the fiber with 

a certain spatial resolution. Since the fiber is used for both sensing and light guiding, it is also 

called intrinsic distributed fiber-optic sensing [3, 8]. FDFS has been under research for over two 

decades, with common measurands as temperature and strain. Usually, communication grade 

fiber can be used to measure the field over kilometers with a resolution down to the order of 

centimeter.   

Current fully-distributed fiber-optic sensors are only capable for strain and/or temperature 

measurement [4-7]. Therefore, it would be highly desirable to develop a new technology that can 

permit long-span fully-distributed measurement of multiple physical, chemical and biological 

quantities using a single optical fiber.  
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1.3 Scope of the Research 

In this research, the major objective is to develop a novel fully-distributed fiber-optic sensing 

platform based on traveling long-period gratings (LPGs) in single-mode optical fiber. The fixed 

LPG is a proven optical sensing element that can detect a variety of physical, chemical and 

biological parameters [13-20]. Through the novel concept of traveling LPGs, the flexible and 

sensitive fixed LPG is transformed into a powerful distributed sensing platform, for not only 

physical parameters measurement but also some chemical and biological species, such as gases, 

viruses, so it can extend the functionalities of current fully-distributed sensing schemes and 

beyond temperature and strain.  

The contents of this dissertation are organized into five chapters.  

Chapter 1: This chapter describes the motivation of the research with an introduction to the 

importance and needs of a novel fully-distributed fiber-optic sensing scheme, followed by the 

objective and scope of my research.    

Chapter 2: This chapter reviews several mainstream fully-distributed fiber-optic sensing 

technologies, the current situation of biological and chemical fiber-optic sensing, and the 

principle of traditional LPG sensors.  

Chapter 3: A detailed description of the proposed fully-distributed fiber-optic sensing system 

based on traveling acoustic LPG is given in this chapter, including the principle of acoustically 

generated LPG and the sensing scheme.  

Chapter 4: Experiments using this novel sensing system on physical, biological and chemical 

sensing parameters are described in this chapter, and the experiment results are provided.  

Chapter 5: This chapter summarizes the entire thesis and also suggests areas of future research. 
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Chapter 2 Research Background 

2.1 Fully-Distributed Fiber Sensing 

 Most FDFS systems are based on scattering, in which the fiber’s scattered light is sensitive to 

external parameters to be measured at any point along the fiber with a certain spatial resolution. 

Figure 2.1 shows the typical spectrum of light scattering. In optical fibers, Brillouin and Raman 

scattering are 20dB and 30dB weaker than Rayleigh scattering respectively. Based on the types 

of the scattering mechanisms, which are Rayleigh scattering, Raman scattering, and Brillouin 

scattering, FDFS systems can be divided into three classes accordingly:   

2.1.1 Raleigh scattering based systems 

Rayleigh scattering is an elastic scattering process in optical fiber due to the fluctuation in the 

index profile along the fiber. Therefore, the scattered light has the same wavelength as the 

incident light, and FDFS systems using Rayleigh scattering are also called linear backscattering 

systems. In most this type of systems, the detected signal is the time-varying power intensity or 

the state of polarization of the back-scattered light. The demodulation techniques include optical 

time domain reflectometry (OTDR), optical frequency domain reflectometry (OFDR) and 

polarization optical time reflectometry (POTDR). The sensing parameters include temperature, 

strain and pressure.   

 

Incident frequency 

v0 

frequency 

Raman Raman 

Rayleigh 

Anti-Stokes Stokes 

Brillouin Brillouin 

Rayleigth wing 

Figure 2.1. Typical scattering spectrum. 
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OTDR technique has been reviewed in Chapter 1, so the following section mainly reviews the 

POTDR and OFDR techniques. Figure 2.2 shows a typical arrangement of a POTDR system [21]. 

In fact, POTDR was the first FDFS system in the laboratory by Rogers in 1980 [21], which was 

based on detecting the variation of polarization state along the fiber, and he also pointed out its 

potential for distributed sensing of temperature (via the temperature dependence of the elasto-

optic effect), lateral pressure (via the elasto-optic effect), magnetic field (via Faraday rotation) 

and electric field (via the Kerr quadratic electro-optic effect). Different from the OTDR, which 

detects the power of the backscattered Rayleigh scattering of a propagating light pulse; POTDR 

measures the polarization state of the backscattered light, which gives the spatial distribution of 

the polarization state of the backscattered light. In a POTDR system, a broadband frequency 

laser whose linewidth is about 0.1nm is used as the light source to create a polarized light pulse. 

The fiber loss is modulated by the local polarization state change and detected by backward 

Rayleigh scattering. If disturbance occurs in any location, the local state of polarization (SOP) 

will be modulated. Therefore, any external field that modifies the polarization properties of the 

fiber can be measured in POTDR, such as strain, temperature, electric field and magnetic field.  

Rayleigh scattering based OTDR and POTDR systems usually detect the intensity or the state of 

polarization of the back-scattered light. However, the power intensity of the light is also 

Polarization Analyzer  

Detector  

Polarization independent 

coupler 

Rayleigh backscattering 

Distance 

POTDR trace 

Pulse Laser  

Figure 2.2. Schematic of a typical POTDR system. 
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influenced by many other factors, such as the fluctuation of the light source, bending of the fiber 

and the optical connections along the optical path. The POTDR technique which received 

extensive study for distributed sensing in 1980s, the research efforts on it seem to diminish after 

1990s due to its two critical drawbacks when used as a sensing method [3, 8]. One is the 

extremely low signal to noise ratio (SNR). Because Rayleigh scattering is essentially a weak 

signal, for example, about 70dB below the input laser power for 1m standard SMF working at 

1550nm[22]. Rayleigh scattering is also a random process coming from the microscopic 

inhomogeneity in the fiber, which means it is noisy intrinsically. Therefore, in order to reach a 

reasonable SNR, a large spatial length should be covered, which, however, will reduce the spatial 

resolution significantly. In addition, POTDR requires using single mode fibers, which when used 

with narrow bandwidth lasers, have troublesome problems on application length due to coherent 

addition from multiple Rayleigh back scattering centers[23]. Besides, the fiber SOP appears to 

drift by itself with time, so POTDR is not a good choice for static process sensing. It may be 

used for dynamic measurement such as a distribution vibration sensor with 2km sensing length 

and 10m spatial resolution to detect 5kHz vibration frequency and double events[24]. But 

because the SOP change in one position will affect the following positions, this induces a 

significant location uncertainty, even in the dynamic measurement. So POTDR is mostly used in 

the communication field for locating fiber sections with high polarization mode dispersion (PMD) 

which is a limiting factor for high speed fiber communication systems.   

OFDR in single-mode fiber was reported by W. Eickhoff in 1981 for the first time[25], as a 

method to measure the spatial distribution of the Rayleigh scattering and the fiber loss. After that, 

it has been investigated and commercialized for numerous monitoring applications. There are 

two main classes of OFDR systems: coherent OFDR and incoherent OFDR. Most OFDR 

systems based on Rayleigh scattering are of the first category, and coherent OFDR is mainly 

used in systems using Raman or Brillouin scattering, which will be introduced later. 

The need for short spatial resolution of millimeter scale pushed the interest in OFDR systems. 

Because such a small spatial resolution in OTDR systems would require very narrow pulse (<1ns) 

light source and the corresponding high speed detection system, plus a data acquisition card with 

10GHz bandwidth and tens of GS/s sampling rate, will make the whole set very expensive. 

While OFDR offers an alternative solution for a high spatial resolution sensing system by 
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detecting the frequency response of the sensing fiber and converting it into the time/spatial 

domain response by Fourier transform.  

A typical coherent OFDR system is schematically shown in Figure 2.3. In the system, a 

continuous wave (CW) tunable laser whose optical frequency is linearly swept in time without 

mode hopping is used as the light source. This frequency-modulated light is split by an optical 

coupler into two paths: the reference path and the sensing arm. In the sensing path, the light is 

further split to interrogate the fiber under test and return the backscattered light. The 

backscattered light and the light from the sensing arm coherently interfere with each other when 

recombined at another coupler. And the interference signal contains the beat frequencies which 

appear as peaks at the Fourier transform spectrum of the time-sampled received signal from the 

photodetector.  OFDR is a promising technique for applications demanding for high spatial 

resolution (millimeter-level).  

OFDR can be used to detect temperature, strain, beat length and high order mode coupling in 

tapered fibers. It is an excellent choice for short sensing lengths (<100m), and longer 

measurement distance (5km) is possible at the cost of spatial resolution and temperature/strain 

resolution[26]. Its spatial resolution is determined by the frequency tuning range and chromatic 

dispersion. The maximum sensing length is limited by the phase noise of the laser[27]. A major 

drawback for Rayleigh scattering based OFDR is that its maximum measurement range is limited 
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Figure 2.3 Schematic of a typical OFDR system. 
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to half the coherence length of the optical source. Another problem is the polarization 

dependence. Because of the coherent detection scheme, the intensity of the measured signal is 

strongly affected by the state of polarization (SOP) of the backscattered light with respect to the 

reference light. If the SOP of the light from the sensing arm and the reference arm are orthogonal 

at the detector, their interference will completely vanish. So in order to solve this problem, the 

sum of the reference and sensing light is split into two orthogonal polarization states and 

detected by two photodetectors respectively [28].  

2.1.2 Raman scattering based systems 

Raman scattering is an inelastic scattering process in fiber by vibrating molecules in the fiber 

material, for example thermally driven molecular vibration in silica glass. The process involves a 

material transition from an initial state to a final state, which absorbs an incident photon and 

emits two new photons and thus the incident light is scattered into light at a longer wavelength 

termed Stokes light and light at a shorter wavelength termed anti-Stokes light [4, 29], as shown 

in Figure 2.4.  

The intensity ratio of Stokes and anti-Stokes light can provide an absolute measurement of 

temperature around the fiber with the following relationship[4]:  
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Figure 2.4. Schematic of spontaneous Raman scattering process. 
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where R is the ratio of Stokes power and the anti-Stokes power, va and vs are the anti-Stokes and 

Stokes optical frequencies respectively, h is the Planck constant, v is the optical frequency of the 

incident light, k is Boltzmann constant, and T is the absolute temperature in the core of the fiber 

where the detected light is scattered. 

From Equation (2-1) we can see that R is not related to the incident light intensity, the power 

attenuation and the fiber material composition, which is an advantage of this type of systems. By 

using filters to select Raman scattered light and eliminate other scatterings, the temperature 

sensitivity of the measured signal can be greatly enhanced. The first distributed Raman scattering 

based temperature sensor was demonstrated in 1985[4, 29].  Distributed temperature sensors 

based on Raman scattering are now well established as successful sensors technically, and are 

commercially available. They are widely used for temperature monitoring in oil wells and energy 

pipelines[30]. The highest spatial resolution for Raman OTDR is 0.24m for 135m sensing length 

and temperature resolution of 2.5⁰C[31]. A main drawback of Raman scattering is the low 

intensity which is usually 20 to 30dB weaker than the Rayleigh scattering signal, and thus causes 

a low signal to noise ratio (SNR) and limited sensing length in a Raman scattering based 

distributed sensing system [32]. 

The early demonstration of Raman scattering based systems used the OTDR demodulation 

technique, and a typical system scheme is illustrated in Figure 2.5. A high power probe laser 

launches a pulsed light into the sensing fiber. In the backscattered Raman signal, the Stokes 

component is only weakly dependent on temperature while the anti-Stokes component shows a 

strong relation to temperature. They are then separated by a wavelength-selective optical filter, 

after which they are detected by two detectors respectively, and their ratio is computed [33]. The 

location information is derived from the time of the pulse propagation time in the sensing fiber.   

Typically, the wavelength difference between Stokes and anti-Stokes components is about 

200nm at 1550nm depending on the fiber type. And the temperature difference of the Stokes and 

anti-Stokes ratio is comparable to the fiber loss difference at their wavelengths (0.2dB/km at 
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1550nm, 0.4dB/km at 1310nm), which is about 0.8%/⁰C at room temperature in SMF-28[4, 29]. 

So the reflected Stokes and anti-Stokes light pass through the same fiber length with different 

attenuation, and it would introduce an error if the temperature information is simply decoded 

from their reflected ratio without taking this attenuation difference into consideration. A few 

methods have been proposed to solve this problem such as the dual end method [33], the double 

light source method [34, 35], and the single light source for either Stokes or anti-Stokes method 

[36].  

In the early demonstrations of Raman OTDR, multi-mode fiber was used to increase the 

collection of backscattered photons and pump lasers at 800-900nm wavelength were used so that 

high performance silicon avalanche photodiodes (APDs) could be used for detection[4]. The 

typical measurement range is limited to ~10km, which is due to the fiber loss, and intermodal 

dispersion for multi-mode fiber. Later, telecom-grade low-loss single-mode dispersion shifted 

fiber and optical amplification in combination with coded pulses was implemented to increase 

the measurement distance to 40km [37]. Raman OTDR’s spatial resolution is mainly determined 
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Figure 2.5. Schematic of a typical Raman OTDR system. 
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by the convolution of the laser pulse width with the response function of the detector. Current 

commercially available Raman OTDR systems have typical spatial resolution of 5m over 

distance up to 30km and measurement time is in the order of minutes [38]. Most recently, the 

spatial resolution has been significantly improved to the order of centimeters over several 

meter’s measurement distance by using multi-photon [39] and single-photon counting techniques 

[40].  

Different from Rayleigh scattering based OFDR, which is classified as ‘coherent OFDR’ as 

mentioned previously, OFDR systems based on Raman or Brillouin scattering are identified as 

‘incoherent OFDR’. In coherent OFDR, a continuous wave (CW) laser is used as the probe light 

source whose intensity is modulated by a RF signal. The frequency of the RF signal is changed 

periodically over a certain frequency range either continuously [41] or stepwise [42]. The 

sinusoidally modulated probe signal is launched into the sensing fiber, and the backscattered 

Stokes and Anti-Stokes signals are detected separately as a function of the RF modulation 

frequency. The detectors are usually avalanche photodiodes (APDs) because Raman signals are 

fairly weak. The frequency response of the backscattered signal is processed at the network 

analyzer, and the inverse Fourier transform of the frequency response then gives the time-domain 

impulse response. Figure 2.6 is a typical system schematic of Ramen scattering based OFDR.  

Figure 2.6. Schematic of a typical Raman OFDR system. 
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As mentioned before, the major advantage of Rayleigh scattering based OFDR (coherent OFDR) 

over OTDR is its small spatial resolution. While the key advantage of Raman OFDR (ROFDR) 

over Raman OTDR (ROTDR) is the possibility of using narrow-bandwidth operation which can 

reduce the noise and thus a more efficient data averaging. For ROTDR, broad-band measurement 

is necessary to resolve pulse rising time of several nanoseconds. But in ROFDR, the resolution 

bandwidth is the bandwidth of the down-converted intermediated frequency (IF) signal which 

can be analyzed in a very narrow frequency band (e.g., 1kHz). Here is an example [43]: In 

ROTDR, for 10km sensing fiber, 5ns pulse width is used to have a 1m spatial resolution. It takes 

about 0.1ms for the pulse to propagate to the end of the fiber and back. And the pulse response of 

1m long fiber length takes 10ns propagation time. Therefore, the total measurement time for 

20,000 single pulses is 2s, but the effective averaging time is only 0.2ms. While in the case of 

ROFDR, the measurement bandwidth can be adjusted to 10kHz for the IF signal, corresponding 

to a measurement of 0.1ms which is the same as the transient time of the sensor system. So the 

total measurement time is 0.2ms for each pulse. In order to have 1m spatial resolution, 10,000 

single frequencies are needed for the measurement. So the total measurement time is also 2s, but 

the effective averaging time is 1s, which is far more than 0.2ms in the ROTDR case. Therefore, 

in the same total measurement time, the noise level in ROFDR case is far lower than that in 

ROTDR. Another advantage of ROFDR is that no high speed optical components or fast data 

acquisition or digital sampling techniques are required. In ROFDR, components of frequency of 

several hundred MHz are used, and they are inexpensive, less trouble-prone and easy to get.  

2.1.3 Brillouin scattering based systems 

Brillouin scattering is also an inelastic scattering process caused by the refractive index variation 

which is induced by the acoustic wave traveling along the fiber. Therefore FDFS systems based 

on Brillouin scattering and Raman scattering are also called nonlinear scattering FDFS systems. 

Brillouin scattering process is illustrated in Figure 2.7, which is similar to but fundamentally 

different in nature from that of Raman scattering process.  

In Brillouin scattering process, the microbendings of the acoustic wave traveling in the optical 

fiber can form a periodic structure which is similar as a fiber Bragg grating, and according to 

Doppler’s effect, this moving grating structure will result in a frequency shift of the scattered 
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light from the incident laser. When the acoustic wave travels and the light travel in the same 

direction in the fiber, the scattered light frequency is down-shifted, and is up-shifted when one 

traveling in the opposite direction [32].  

The frequency difference between the incident light and the scattered light is called Brillouin 

frequency, which is given by [32]: 
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2
            (2-2) 

where n is the refractive index of the fiber core, VA is the acoustic velocity in the fiber, and λ is 

the wavelength of the incident laser. For standard single-mode optical fibers, at room 

temperature, Brillouin frequency is 12800MHz at 1319nm and 10850MHz at 1550nm. It is also a 

function of both temperature and strain experienced by the fiber [44-46], which is described as:  
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where T is temperature, ε is tensile strain, Tr and εr are the reference temperature and strain 

respectively, and CT and Cε are the temperature and strain coefficients respectively. Although the 

effective refractive index n also changes with temperature and strain, the dominating effect is 

induced by the material density change which influences the acoustic velocity VA [47]. Therefore, 

by measuring the Brillouin frequency, Brillouin scattering based FDFS systems can be used for 
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Figure 2.7. Schematic of Brillouin scattering proces. 
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temperature or strain sensing. Moreover, temperature and strain can be monitored simultaneously, 

which is an important advantage of Brillouin scattering based FDFS systems[45]. 

There are two kinds of scattering in Brillouin scattering. One is Spontaneous Brillouin scattering, 

which is induced by the acoustic noise coming from the Brownian motion of molecules in the 

silica fiber, and it is usually about 20dB weaker than the Rayleigh scattering. The other is 

stimulated Brillouin scattering, which is the process following the spontaneous scattering due to 

the electrostriction effect of silica fiber material[32]. Both these two Brillouin scatterings have 

been used in distributed temperature and strain sensing systems along a communication-grade 

fiber [48].  

The first distributed Brillouin scattering sensing system was based on stimulated Brillouin 

scattering, which was demonstrated in 1990 by researchers in NTT Communication Lab in Japan 

called Brillouin optical time domain analysis (BOTDA). Distributed temperature measurement 

with 3⁰C temperature resolution and 100m spatial resolution over 1.2km sensing length was 

demonstrated [6]. In 1992, the same group proposed another system called Brillouin optical time 

domain reflectometry (BOTDR), and the sensing length was increased to 11km with a similar 

spatial resolution. Figure 2.8 shows typical the schematics of BOTDR and BOTDA systems.  

Figure 2.8. Schematic diagram of (a) BOTDR system and  (b) BOTDA system. 
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In a BOTDR system, there is only one light beam injected into the sensing fiber, and it is pulse 

modulated. When the pulse is propagating along the fiber, its Brillouin Stokes wave at different 

locations is backscattered, and beat with a local CW laser, whose optical frequency is adjusted to 

around the frequency of the Stokes wave. Their beat signal is detected by a photodetector, and 

mapped in a spectrum analyzer, and the measurement of location information is the same as that 

in OTDR systems. Typically, the detected backscattered wave is spontaneous Brillouin scattering 

in BOTDR systems.  

In a BOTDA system, a pulsed light at frequency vp is injected from one end of the sensing fiber 

as pump light, and a CW light at vCW is launched into the other end as probe light. The frequency 

of the CW light is slowly tuned, and when it is tuned to satisfy the condition vCW –vp = vB, where 

vB is the Brillouin frequency, the pulsed light is amplified through the Brillouin gain mechanism, 

and the intensity of the CW pump beam will be reduced. Therefore, by monitoring the CW light 

intensity, the position information can be obtained from the time delay between the launching of 

the pulsed light and the regions where the CW light power is reduced, which corresponds to the 

round-trip time for the light travel to and from that specific region. After reconstruction of the 

Brillouin loss spectra of the CW light at specific locations, distributed measurement is enabled.  

Similar to ROFDR, there is also Brillouin Optical Frequency Domain Analysis (BOFDA), which 

is also a ‘coherent’ OFDR technique. The system diagram is similar to that of ROFDR, as 

illustrated in Figure 2.9. The difference is that BOFDA is used to detect stimulated Brillouin 

scattering, so there are two lasers whose output light is counter-propagating in the sensing fiber. 

And the intensities of the two beams are detected and fed into a network analyzer which 

calculates the baseband transfer function by the ratio of the Fourier transforms of the pump and 

Stokes intensities. The inverse Fourier transform is then taken to provide the temporal pulse 

response corresponding to a spatial response [49]. Another frequency domain system is Brillouin 

Optical Correlation Domain Analysis (BOCDA), in which two CW light waves with a Brillouin 

frequency difference are identically frequency-modulated, and stimulated Brillouin scattering 

occurs at the correlation peak position where the two lightwaves are highly correlated [50].  

Generally speaking, compared with Raman scattering based systems, Brillouin scattering-based 

systems have a major advantage, which is the much stronger signal and a resultant better spatial 
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resolution and temperature/strain sensitivity besides the strain sensing capability. For time 

domain systems, the first demonstration of spatial resolution substantially better than one meter 

(50cm) was in 1998 [51], and this was further improved to 2cm over 2km sensing fiber by using 

a differential pulse width pair (DPP) technique in 2012 [52]. In BOFDA systems, a 3cm spatial 

resolution over 9m sensing length was reported by post-signal processing method [53]. In 

BOCDA systems, the spatial resolution can be further improved to 1cm for short sensing length 

[54]. In BOTDA sensor systems, the ultimate temperature or strain resolution is limited by the 

maximum contribution of system SNR and fiber inhomogeneity [47]. The reported best 

performance is 1⁰C temperature resolution [55] and 20 µε per meter strain measurement 

accuracy [56]. And simultaneous measurement of temperature and strain using polarization 

maintaining fiber was demonstrated with 128 µε per meter strain resolution and 3.9 ⁰C 

temperature resolution at a spatial resolution of 3.5m [45].  

2.1.4 Problems with scattering-based FDFS 

After over twenty years of research, some scattering based fully distributed sensing systems are 

now established as well-developed techniques, both technically and commercially. However, 

some major problems still remain. Some of them may be solved by further research, but some 

others are inherited.  
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One of the common problems for scattering based systems is their high cost, which greatly 

hampers their practical applications. This is due to the need of expensive components in the 

systems, such as the high speed optical detectors, the broadband electronics and digitizer 

requirements in OTDR systems and the narrow linewidth tunable laser in OFDR systems. 

Typically, the price of commercial BOTDA and Rayleigh based OFDR systems is more than 

$50,000. Raman based systems are less expensive, but their capability is temperature 

measurement only and both their measurement accuracy (~1⁰C) and spatial resolution (~1m) are 

worse than that of BOTDA and OFDR systems.  

Although fiber optic sensors have been demonstrated for the detection of a large variety of 

parameters, such as strain, temperature, pressure and other physical, chemical even biological 

parameters, distributed fiber-optic sensing especially in fully-distributed manner is still only 

capable for strain and/or temperature measurement to date. This is mainly due to the scattering in 

regular single mode fibers are intrinsically not sensitive to parameters other than temperature and 

strain. Therefore, the solution is to use special fibers or modified regular fibers in order to do 

extend the FDFS to more measurands.  

2.2 Fiber-Optic Biological and Chemical Sensing 

Monitor of chemical and biological species is becoming more and more important in many 

markets including industrial process control, energy production, health care, environment 

monitoring and anti-terrorism, so fast, reliable, and accurate chemical and biological sensors 

have attracted extraordinary interest in recent years. Optical fiber-based sensors have been 

demonstrated for measurement of a variety of physical and chemical parameters, and possess 

some unique advantages due to the intrinsic characteristics of optical fibers. By researches 

reported in recent years, it is obvious that fiber-optic sensors have great potential in chemical and 

biological sensing compared with other sensors which are usually time consuming and require 

not only high cost equipment but also strictly trained personnel [57-61]. For convenience of 

discussion, all the sensors denote to fiber-optic sensors in the discussion below. 

2.2.1 Fiber-Optic Biological Sensing 
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According to the definition from International Union of Pure and Applied Chemistry (IUPAC), a 

biosensor is a self-contained integrated device providing quantitative or semi-quantitative 

analytical information which includes a biological sensing element in direct contract with a 

transducer [62]. The definition, classification and nomenclature of biosensors have been 

described in detail [62]. Figure 2.10 is a schematic figure of a typical biosensor. At the heart of 

all biosensors there is a biologically active component called receptor, which plays the key role 

in the sensitivity and selectivity of biosensing. Receptor interacts with its target analyte, 

producing a chemical or physical measurable effect, which is transmitted to the transducer that 

can generate another signal that is proportional to the signal received. A good biosensor should 

return to its original state once the measurement has taken place, in other words, it can be reused. 

The analyte recognition mechanism and the close connection between the sensing element and 

the transducer are critical for biosensors.  

Biosensors can be classified according to the different transducer types, including optical, 

electrochemical, piezoelectric and calorimetric. In fiber-optic biosensors, optical fibers act as the 

platform for biological recognition elements and medium for the light propagation, and they 

made great success for in situ and in vivo measurement where conventional sensors may not be 

appropriate. Biosensors can also be divided into many groups by the type of analytes, such as 

enzymatic sensors, immunosensors, DNA sensors, bacterial sensors and etc. In our experiment, 

we chose immunosensors, an important and intensively investigated group among biosensors. 

Immunosensors are used to detect the recognition between specific antigen and antibody. An 

antigen is anything that makes the immune system respond to produce antibodies, and antibodies 

are proteins that bind to the specific antigen with high affinity. Immunosensors have superior 

sensitivity and selectivity because of their inherent specificity of antigen-antibody reactions with 

the high sensitivity of various physical transducers.  

Signal 

Figure 2.10. A typical biosensor structure.  
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Immunosensors can be classified into four commonly used types: direct assay (a), competitive 

assay (b), binding inhibition assay (c), and sandwich assay (d) as shown in Figure 2.11.  

In direct immunoassay, the antigens are incubated with excess amounts of immobilized 

antibodies, and they can be a fluorescent compound in fluorescence-based measurement[63, 64]. 

Unlabeled direct assay is a relatively quick and convenient method because it does not require 

the time-consuming and expensive labeling process. Many techniques have been applied for 

unlabeled direct assay, such as ellipsometry [63], optical waveguide spectroscopy [63], resonant 

mirror [65], surface Plasmon resonance [66] and interferometry [67]. In competitive assay, 

analytes must be labeled with detectable chemicals, such as fluorescein and Cy5 [68-70], and 

they will compete with labeled derivative for limited binding sites of the antibodies during the 

incubating. Since the amount of labeled derivative bound is inversely proportional to that 

unlabeled analyte in the sample, the signal will decrease as the analyte concentration increases. 

Binding inhibition assay is an alternative test format of competitive assay, in which the antigens 

are immobilized and the antibodies are labeled [71, 72]. In the sandwich assay, antibodies are 

immobilized to the sensor, and then the sensor is incubated with the analytes, and complexes are 

formed between the analytes and the immobilized antibodies. At last, another labeled antibody 

recognizes and binds to another epitope of the analytes [73-75]. The sandwich assay requires two 

Antigen (analyte) Labeled analyte Immobilized analyte derivative 

Labeled antibody 
Antiboday 

Substrate 

(a) (b) (d) (c) 

Figure 2.11. Assay formats in immunosensors: (a) direct, (b) competitive, (c) binding inhibition, 

(d) Sandwich 
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antibodies that bind to two different epitopes on the same antigen, which can be done by either 

two monoclonal antibodies that recognize discrete sites or by batch of affinity-purified 

polyclonal antibodies. The extent of reaction in this case is directly proportional to the amount of 

antigens, and the cross reactivity is significantly reduced due to the recognition of different 

epitopes.  

The specific binding of antigens and antibodies is dependent on hydrogen bonds, hydrophobic 

interactions, electrostatic forces, and van der Waals forces, so it is reversible non-covalent 

interactions. The interactions between antibodies and antigens can be disrupted by high salt 

concentrations, extremes of pH and detergents. It has also been reported that chemical reagents 

can remove antigens bound to antibodies, which makes the sensors reusable  [76, 77].  

2.2.2 Fiber-Optic Chemical Sensing 

According to the types of species, fiber-optic chemical sensors can be divided into three classes. 

The first one is sensors for gases, vapors and humidity, which currently is the major focus among 

the three; the second one is sensors for pH and Ions; and the third one is sensors for organic 

chemicals.  

In the first type, the major research focuses on gas sensing which is usually referred to hydrogen, 

hydrocarbons and oxygen. Hydrogen is of great research interest because it is highly explosive 

when mixed with air and at the same time is viewed as a potential supply to the ‘hydrogen 

economy’ of the future. There are also some flammable alkanes remain to be the analytes for 

safety considerations such as methane. Oxygen and carbon dioxide are clinically highly 

significant blood gases, so quantitative detection for them is important for medical applications. 

Optical humidity sensors can always attract much attention due to their highly different 

applications such as control of air conditioning, quality control of food products in a wide range 

of industries, paper and textile industries. Vapors, often referred to as volatile organic 

compounds, and are sensed by optical means in order to risk of explosion.  

The second type covers all kinds of inorganic ions including the proton (i.e. pH), cations and 

anions. Fiber-Optic pH sensors are now commercially available, but the measurement and 

control of pH is kind of evergreen, because there are still challenges on the limited range of pH 
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as well as material improvement. Generally speaking, the applications of ion sensors can be very 

different depending on the specific intended ion, but current major interest in health care 

incorporating specific ions like K
+
 and Ca

+
.  

The third type usually means sensors for organic species (mainly saccharine), pollutants, 

agrochemicals and drugs. For an example, a hot topic recently is glucose sensor for heal care. 

Because the applications focus mainly on biomedical applications, there is a tendency of viewing 

them as biosensors.  
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Chapter 3 Fully-Distributed Fiber-Optic Sensing Based on 

Traveling Long Period Grating 

In this work, we proposed a fully-distributed sensing technique based on the propagation of an 

acoustically induced transient long period grating (LPG) in a regular single-mode fiber [78]. The 

optical transmission spectrum from the area where the LPG is propagating was shown to be 

sensitive to the local changes to the fiber. Besides multi-functionality, the sensing method can 

potentially have some other advantages, such as high sensitivity, temporariness and flexibility, 

low cost and capabilities of temperature and nonspecific compensation.  

3.1 Long Period Fiber Grating  

Fiber gratings are a special case of waveguide gratings, and have been among the most popular 

optical fiber devices widely used in both optical communications and fiber sensing. There are 

two general types of fiber gratings: fiber Bragg grating (FBG) whose grating period is on the 

scale of optical wavelength (generally several hundreds of nanometers), and long period grating 

(LPG) with a few hundreds of microns grating period typically. LPG was first observed by Hill 

et al. in 1990 [79], the same group who developed FBG in 1978 [80]. After that extensive 

research have been done on the optical characteristics, fabrication technologies, and applications 

of LPG. LPG has a periodically modulated refractive index profile in the core of the fiber, as 

illustrated in Figure 3.1(a). The periodic pattern promotes coupling between the fundamental 

core mode and forward propagating cladding modes. The high attenuation of cladding modes 

results in a series of attenuation bands at discrete wavelengths in the transmission spectrum of 

LPG, and each attenuation band corresponds to a specific cladding mode. A typical LPG 

transmission spectrum is shown in Figure 3.1 (b). The central wavelength of each attenuation 

band is called the resonance wavelength of the LPG, which is determined by the phase matching 

condition as 

 )( i

clcoreres nn           (3-1) 

where λres is the LPG resonance wavelength, and ncore and n
i
cl are the effective indices of the core 

and the i-th cladding modes. When the light is coupled from the fiber core into the cladding, its 
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evanescent fields can stretch beyond the physical boundary of the fiber or into the fiber surface 

coating. Therefore, changes in the fiber surrounding medium or in the surface coating will shift 

the LPG resonance wavelength. This response to surrounding environment makes LPGs 

particularly attractive for sensor applications, especially in multi-parameter sensing including 

various physical, chemical and biological measurands.  

The sensitivity to a particular measurand is dependent on the core-cladding refractive index 

contrast, the core-cladding dimension, and the order of the cladding mode to which the 

fundamental core mode is coupled to. Therefore, different cladding modes exhibit different 

sensitivities.  

Generally speaking, analytical modeling of an LPG is much more complicated than that of an 

FBG. Because in an FBG, the forward propagation core mode is coupled exclusively to the 

(a) 

 

cladding modes 

core mode 

(b) 

 

Figure 3.1. (a) Schematic of LPG operation mechanism. (b) Transmission spectrum of an LPG. 
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backward propagation core mode. While in an LPG case, the core mode is coupled to various 

cladding modes. And intuitively speaking, the coupling process is more like a competition 

among different cladding modes. Moreover, the coupling between different forward cladding 

modes makes the LPG modeling more complex. Eventually, at a certain wavelength, one 

cladding mode will have the dominant power from the core mode, determined by the grating 

properties and the fiber waveguide properties. Coupled mode theory has been a well-established 

technique to analyze LPGs, and will be discussed in detail in the following paragraphs.     

To describe the cladding modes in an optical fiber, people use definition of LP modes. LP modes 

are considered to be transverse waves by letting E and H field on propagation direction equal to 

zero [81]. In a weakly guided single-mode fiber structure, an LPmn mode is defined as mode of 

order n and within a cylindrical dielectric layer I whose radius satisfies ri-1 < r < ri and with 

refractive index ni, as shown in Figure 3.2. And its transverse electric field components 

propagating along the fiber axis are given by [82, 83]:  
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where k0 = 2π/λ is the free space wavenumber, βmn is the longitudinal propagation constant of the 

LPmn mode, γmn,i =(| k0
2
ni

2 
– βmn

2
|)

1/2
 is the magnitude of the transverse wavenumber, ϕ is the 

azimuthal angle, and Amn,i and Bmn,I are the field expansion coefficients determined by the 

boundary conditions within layer i. Jm (rγmn,i) and Ym (rγmn,i) are the ordinary Bessel functions of 

the first and second kind of order m; Im (rγmn,i) and Km (rγmn,i) are the modified Bessel functions 

of the first and second kind of order m.  
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Figure 3.2. Cylindrical fiber waveguide with multilayer structure. 
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The interaction among the LP modes can be modeled by the coupled mode theory, in which the 

coupling between optical modes is proportional to their coupling coefficient K. In the coupled 

mode theory, each forward propagating mode (core and cladding) is assumed to have a complex 

form A(z), and the coupled mode equation governing the interaction of these modes is [84]:  
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With the assumption that there is no mode coupling between forward cladding modes, which 

means that the coupling coefficient K
z
mn,µk between the LPmn and the LPµk modes in the 

propagation direction is zero. So the coupling coefficient K
t
mn,µk can be replaced simply by 

Kmn,µk, which is derived by integrating the different mode fields over the whole fiber cross 

section as [85]:  
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where s0 and s1 are the dc and ac components of the refractive index perturbation and ζmn,µk 

describes the field overlap between the LPmn and LPµk modes within the entire fiber cross section, 

and is given by [84]:  
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where ω is the radial frequency of the light; ε0 is the free space permittivity; P0 is the normalized 

power in the LPmn mode; n0 is the refractive index of the fiber; N is the number of layers in the 

optical fiber structure; and Rmn(r) and Rµk (r) are the radial components of the electric field in the 

LPmn and LPµk modes, respectively. For an LPG with air as the surrounding medium, we only 

need to consider two layers, which means N = 2. This is because the cladding diameter (125µm) 

is much larger than the core diameter (8µm), making the fiber outer diameter approximately 

infinite in regards to the position of the core-cladding boundary. n0 is a step function along the 

fiber radius r, whose profile is illustrated in Figure 3.3. 
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By substituting Equations (3-4) and (3-5) into (3-3), and neglecting rapidly oscillating terms by 

applying common synchronous approximation, the coupled mode equation is modified as an 

equation system with M×M dimensions as [84]:  
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We can further define Qmn and Vmn,µk as the self-coupling and cross-coupling coefficients 

between different LP modes, respectively, as:  
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Then the coupled mode equation system can be expressed as:  










































































)(

)(

)(

)(

)(

)(

)(

)(

05

03

02

01

1,02,01,

,1

0302,0101,03

,0203,020201,02

,0103,0102,0101

0

03

02

01

zA

zA

zA

zA

QVVV

V

QVV

VVQV

VVVQ

zA

zA

zA

zA

MMMMM

MM

M

M

zM















    (3-8) 

The initial condition of the above equation is:  A01 (z=0) = 1, and Amn (z=0) = 0 for mn = 02…M. 

So by solving this equation set, we can calculate the electrical field of each cladding mode at a 

certain grating condition.  

r 

n2 

n1 

cladding 

Refractive 

index 

core 

Figure 3.3. Refractive index profile of single-mode fiber.  
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3.2 Acoustically Generated LPG  

A number of techniques have been investigated to fabricate LPGs. The first demonstration of an 

LPG was done by a point-by-point inscribing method through the side of the fiber using a UV 

laser source with controlled grating period [79]. Electric arc discharge and focused infrared 

femtosecond laser pulses have since been used to write LPGs also on a point-by-point basis [86-

89]. All of these methods can make a permanent density variation in the fiber core, resulting in a 

permanent modification of the refractive index profile of the core. Ion implantation has also been 

used to fabricate LPGs through a metal amplitude mask [90]. Hollow-core optical fiber filled 

with a liquid crystal solution can be periodically poled by applying a voltage to electrodes to 

create a LPG structure [91]. A simple method to create temporary LPG is to press a periodically 

grooved plate onto a fiber, and this is based on the physical deformation to the optical fiber 

which can also change the refractive index profile of the fiber core [92, 93]. CO2 laser irradiation 

methods were developed to write LPGs using the localized rapid heating and subsequent cooling 

of the optical fiber, which results in the stress relief-induced refractive index changes in the fiber 

core.  

A big problem with the UV inscription method is the LPGs fabricated by this method cannot 

survive at high temperature. When the temperature goes much beyond room temperature, the UV 

written LPG starts to fade and eventually loses the modal coupling. Among the techniques 

mentioned above, femtosecond laser, CO2 laser irradiation and electric discharge are able to 

make survival LPG at a temperature up to 1000⁰C [94]. But femtosecond lasers are too 

expensive to be used in LPG fabrication; and CO2 laser irradiation and electric discharge method 

may significantly affect the mechanical strength of the optical fibers.  

Meanwhile, there are two common problems for nearly all the traditional LPG fabrication 

methods mentioned above. Firstly, nearly all of them produce permanent inscription to the fiber. 

Once the LPG is written in a fiber section, the section is designated for the LPG permanently and 

only. Although as mentioned before, pressing a periodically grooved plate onto a fiber can 

generate a temporary LPG, it also damages the mechanical properties of the fiber making the 

fiber more fragile and thus is not practical in LPG sensing applications. Secondly, in regards to 

the fiber sensing applications, they can only provide sensors for single-point measurement. 
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Theoretically speaking, multi-point measurement also works for LPGs. However, people prefer 

using FBGs with much shorter grating period because FBG sensors have better multiplexing 

capability and spatial resolution.  

To overcome the problems of conventional LPGs, we proposed the idea of acoustically generated 

traveling LPG (T-LPG). In this concept, the LPG is generated by an acoustic wave, so it is 

temporary. When the acoustic source is off, there is no acoustic wave in the fiber and thus no 

LPG, making the fiber versatile for many applications. Also, T-LPG is generated by pulses of 

acoustic wave, and is traveling along the fiber as the acoustic pulses propagate in the fiber. So 

the T-LPG is detectable at different locations in the fiber, enabling the distributed measurement 

capability.  

Using acoustic wave to generate grating originates from the acousto-optic Bragg diffraction 

technique, which is an interaction between two or more light waves and an acoustic wave in an 

optical material [95]. The acoustic wave can cause a periodic change in the refractive index by 

periodically straining the material. This periodic refractive index change acts like a diffraction 

grating, causing coupling between the light waves when the coupling condition is satisfied. The 

light waves can be in the same or opposite propagation directions, as long as their beatlength Lb 

equals to the acoustic wavelength λa. When two interfering light waves propagate in an optical 

fiber, their phase relation is restored after integer multiples of a certain propagation length, which 

is called beatlength defined as:  
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where Δβ is the difference between the propagation constants of the two modes; Δneff is the 

difference between the effective refractive indices of the two modes at the resonance wavelength; 

λres is the optical resonance wavelength at which the coupling happens. The amount of light 

coupled in the coupling process depends on the interaction length, the acoustic amplitude, the 

elasto-optic properties of the fiber and the overlap between the optical and acoustic waves.  

To enable coupling between two optical modes using periodic acoustic wave, the wavelength of 

the acoustic wave should equal the beatlength of the two modes. In the low frequency regime, 
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the acoustic wavelength λa is in a relation with the acoustic frequency and the applied axial strain 

on the fiber as given by [96]: 
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where va = 5760m/s is the acoustic velocity of extensional waves in silica; fa is the acoustic 

frequency; R is the fiber radius; ε is the axial strain. When an axial strain is applied to the 

acoustic-optic interaction region, both the acoustic wavelength and the optical beatlength change. 

So the local acoustic wavelength may change depending on different local strain, resulting in a 

small shift of the local LPG resonance wavelength. A small strain ε changes the acoustic 

wavelength by Δλa as[97]:  
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In our case, we can minimize the strain effect in the experimental setup, so we can assume ε is so 

small that we can ignore it for simplicity. Therefore, the acoustic wavelength in our case can be 

expressed as:  
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Figure 3.4 plots the relations of the acoustic wavelength with the acoustic frequency ranging 

from 1MHz to 5MHz. 

We can also have the effective acoustic velocity of acoustic extensional wave in optical fiber as: 
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To have the modal coupling, we need to have:  
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Based on the phase matching condition as given by Equation (3-1) for traditional LPG, we can 

have the phase matching condition for gratings generated by acoustic waves in an optical fiber as:  
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where ncore and n
i
cl are the effective indices of the core mode and the ith cladding mode.  

An acousto-optic device can be used as an optical switch by simply turning the acoustic wave on 

and off, and as a frequency shifter because the refractive index modulation travels along with the 

acoustic wave and thus gives the coupled light a Doppler shift [95]. It can also be used as a 

tunable optical filter because the coupling is weakened and eventually falls to zero at deviating 

wavelengths far from the resonance.  

3.3 Traveling LPG (T-LPG) 

Generally speaking, fiber-compatible acousto-optic devices require appropriate means to excite 

and couple acoustic waves into the optical fiber, and there have been theoretical and 

Figure 3.4. Acoustic wavelength as a function of the applied acoustic frequency.  
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experimental investigations in this field. However, the scope of research  has been confined 

within applications for optical communications, such as tunable filters [98], and it has never been 

used for sensing until our report [78]. In the previous work for tunable filters, continuous 

acoustic waves were used to generate a standing LPG; while in our work, acoustic pulses are 

used to generate a transient and also traveling LPG. This acoustically generated traveling LPG 

(T-LPG) can propagate along the fiber as the acoustic pulse travels in the fiber, and its length is 

defined by the spatial span of the acoustic pulse. Moreover, because the T-LPG is traveling along 

the fiber with the propagation of the acoustic pulses, the meaurand field can be continuously 

monitored along the fiber. The LPG spatial location information can be known by the timing of 

the acoustic pulse relative to the optical measurement. By tuning this differential timing, any 

point along the fiber can be addressed to enable fully-distributed measurement. 

Figure 3.5 illustrates the schematic of the T-LPG excitation and coupling setup.  A pulsed 

acoustic wave is generated by a piezoelectric transducer (PZT), magnified by a cone-shaped 

aluminum horn and delivered to a segment of a single-mode fiber. This kind of acoustic horn has 

been investigated extensively in the literature[99]. The acoustic horn transforms low amplitude 

oscillations into high amplitudes by changing the cross section of the horn. The acoustic 

frequency is chosen to promote effective optical coupling from the core mode to a number of 

cladding modes for an interested optical spectral range. In the experiment, acoustic frequencies 

ranging from 1MHz to 4MHz were tested, and their corresponding LPG resonance wavelengths 

fall into the range from 1520nm to 1570nm. The key issue is how to appropriately bond the fiber 

with the horn to have a firm connection as well as an effective acoustic coupling. UV cured 

      

 

 

Fiber coating 

 

Signal Generator 

Bare SMF 

Acoustic horn 

PZT actuator 

Acoustic wave 

Figure 3.5. Operation principle of acoustically generated T-LPG. 
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optical adhesive was used to glue the bare fiber to the aluminum horn. The adhesive is designed 

for optical bonding with excellent clarity, low shrinkage and light flexibility providing good light 

injection and transmission properties. It is cured when exposed to ultraviolet light for several 

minutes. However, the amount of the UV adhesive should be controlled to minimum to optimize 

the acoustic coupling from the horn to the fiber because the larger amount of adhesive would 

have a significant damping effect on the acoustic wave. The polymer coating of the single-mode 

fiber (SMF) on the sensing side is removed to reduce the acoustic loss, and the coating on the 

other side is kept as an acoustic damper. The strength and coupling wavelengths of the LPG can 

be easily tuned by adjusting the magnitude, frequency and number of periods of the acoustic 

wave, which makes the LPG characteristics more flexible to control.  

In the experiment, firstly we need to choose proper acoustic frequencies to work with. According 

to the phase matching condition given by Equation (3-11), the acoustic frequency can be 

expressed as:  
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From the above equation we can see that to generate LPG at the same wavelength (the same λres), 

high order cladding modes (lower n
i
cl) correspond to higher acoustic frequencies. Generally 

speaking, to make the LPG more sensitive to the surrounding medium, higher order cladding 

modes are preferred because they have more evanescent fields extending to the outside of the 

fiber. However, the acoustic frequency is also limited by the resonance frequency of available 

PZTs as well as the wavelength range of the measurement equipment. Therefore, it is always 

necessary to test the acoustic frequency for LPG using continuous acoustic wave. This can give 

the appropriate acoustic frequency and the wavelength scanning range needed in the traveling 

LPG spectrum measurement.  

Figure 3.6 is the schematic of the experimental setup of the standing LPG spectrum measurement. 

There is a scanning laser source and a photodetector in the optical component testing system 

(CTS, Micron Optics si720), which is used to measure the transmission spectrum from 1520nm 

to 1570nm. The signal generator (Agilent, 33120A) outputs sinusoidal waveform, whose 

amplitude is amplified to 30Vp-p by a power amplifier (Electronics & Innovation, 403LA). In the 
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test, the frequency of the waveform was continuously tuned around the PZT’s central frequency, 

and at each frequency, the corresponding transmission spectrum was monitored from the CTS. 

PZT discs (from Steminc, Inc) with thickness mode vibration were used to generate acoustic 

waves in the transverse mode. For PZT with 2.2MHz resonance frequency, when the PZT’s 

frequency was tuned from ~1.5MHz to ~3MHz, its generated acoustic LPG was continuously 

observed within the 1520-1570nm range but with different grating strength (notch depth). In later 

experiment, PZT with different resonance frequencies were also tested. It was found that in our 

acoustic excitation setup, the requirement of the PZT’s frequency is not very strict, and the 

frequency can be any value between 1MHz to 5MHz, corresponding to different cladding modes.  

Because continuous acoustic wave was used in this test, the generated grating length was 

determined by the length of the bare fiber used in the test. Regular single-mode fiber (Corning, 

SMF-28) has Acrylate coating outside the cladding to protect the fiber. But Acrylate has high 

acoustic attenuation, and based on our experience, acoustic wave cannot propagate longer than 

several centimeters in the fiber with the coating. So we need to strip off the Acrylate coating. An 

easy way to do so is to immerse the fiber into Acetone for a while, and the coating is detached 

from the fiber automatically. To de-coat fiber of several meters, usually around 1 hour 

immersion time is enough. Since Acetone evaporates easily, a covered container is needed with 

the fiber coiled into loops in it. This de-coating method can quickly strip off the coating for a 

long fiber section (up to tens of meters) without damage to the fiber surface.  

Figure 3.7 shows typical transmission spectra of T-LPG generated by different acoustic 

frequencies, from which we can see that for a given fiber, the grating resonance wavelength can 

Component Testing System (CTS)

 

Signal Generator 

 

Power Amplifier 

Figure 3.6. Schematic of acoustic LPG spectrum measurement setup. 
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be tuned by changing the acoustic frequency. Different resonance wavelengths correspond to 

different cladding modes with different coupling coefficients resulting in different grating 

strength (notch depth in the spectrum). The side lobes are introduced by nearby cladding modes.  

The purpose of this test using continuous acoustic wave is to choose a proper acoustic frequency 

based on its corresponding LPG spectrum, which will be used in later experiment to generate 

transient LPG. There are two main factors that are considered to choose the acoustic frequency. 

One is the strength of the generated grating, and stronger gratings are preferred to have better 

signal to noise ratio (SNR). The other is the wavelength of the generated grating. In later 

experiment, a tunable laser was used as the light source whose wavelength tuning range is 1510 

nm – 1580nm, so the preferred LPG resonance wavelength is in the center region of this range in 

order to have the full spectrum of the grating, especially when the grating is broadened by 

shorter acoustic pulses or shifted by the measurands for a sensing application.  

Once the acoustic frequency is chosen using continuous acoustic wave as described in the above 

test, the signal generator is fixed at that frequency, and an acoustic pulse is used to generate a 

traveling LPG. To generate acoustic pulses, the signal generator is operated in burst mode, and 

each burst corresponds to one LPG. There are four parameters that need to be set in the burst 

mode. One is the waveform, which is set to sinusoidal in our experiment. The second is the 

frequency of the waveform, which should be the value selected by the previous test. The third 

one is the burst rate. It is the frequency of the burst, and is determined by the length of the 
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Figure 3.7. Transmission spectra of T-LPG at different acoustic frequencies. 
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sensing fiber. To avoid confusion, we need to make sure that there is one LPG at most 

propagating in the fiber at any data acquisition time. For example, according to Equation (3-12), 

the effective acoustic velocity for applied frequency fa = 3.5MHz is about 2000m/s. So the 

propagation time for a 10cm LPG generated by this frequency in 1m sensing fiber is about 0.6ms, 

corresponding to 1.7kHz burst rate. Lower burst rate should be chosen for a longer sensing fiber 

length. The forth parameter is the number of cycles in each burst. It is the number of grating 

periods, and also determines the spatial resolution in the distributed sensing. A larger cycle 

number corresponds to a longer spatial resolution, but also a narrower grating linewidth and thus 

a higher sensitivity. Therefore, there is a trade-off between the spatial resolution and the 

sensitivity. 

Figure 3.8 shows the transmission spectra for different grating lengths or different cycle numbers 

(CN) for a given acoustic frequency in each burst. From the spectra we can see that the grating’s 

strength increases and its linewidth decreases with the increase of the cycle numbers. However, 

400 cycles in each burst means the grating length is about 30cm for 2.365MHz acoustic 

frequency, making the spatial resolution not so good for sensing span of several meters.  

Figure 3.8. Transmission spectra of T-LPG of different lengths. 



40 
 

The experiment setup to measure the traveling LPG’s spectrum is schematically shown in Figure 

3.9. The acoustic frequency was set as 3.745MHz, and the generated LPG has 550µm period and 

with resonance wavelength at ~1547nm. The signal generator was operated in burst mode with 

200-cycle sinusoidal waves in each burst, corresponding to about 11cm LPG length. The total 

length of the sensing fiber is 2.5m, so the burst rate was set as 500Hz to make sure that at any 

time there is only one LPG at most propagating in the fiber. The voltage applied on the acoustic 

horn was about 40Vp-p. A tunable laser (New Focus 6328) was used as the optical source, whose 

wavelength was scanned from 1540nm to 1552nm at a step size of 0.1nm.  At each wavelength, 

the change of the light intensity output from the fiber end as a function of the acoustic wave 

traveling time was recorded by an oscilloscope (LeCroy LT322). The acoustic wave traveling 

time was mapped to the fiber location by perturbing the fiber at specific locations and observing 

the signal variations from the oscilloscope. After scanning the wavelengths, the LPG 

transmission spectrum at a specific location of the fiber was reconstructed from the intensities 

recorded by the oscilloscope.  

Figure 3.10 shows the experimental results. Figure 3.10 (a) is the data collected by the 

oscilloscope when the tunable laser output was 1547nm. At each tunable laser output wavelength 

in the LPG spectrum range, the signal seen from the oscilloscope was similar as this, indicating 

the intensity of the LPG when it was traveling along the fiber. Because LPG couples light from 

the core mode to cladding modes, the transmitted light intensity is decreased when there is LPG 

Figure 3.9. Schematic of T-LPG spectrum measurement setup. 
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in the fiber. So we can see from the figure that the light received at the photodetector started to 

decrease when the LPG started to enter the fiber at about t = 0.1ms. And after that, the LPG 

intensity was increasing as the LPG entered into the fiber gradually because the number of 

grating periods in the fiber was increasing. During this time, the received light was decreasing 

until the entire LPG had entered into the fiber, corresponding to the time of the dip in the figure. 

At this time, the T-LPG had fully entered into the fiber after traveling in the fiber for the distance 

that equals the LPG length.  After the dip, the grating got weaker and weaker as it was traveling 

along the acoustically lossy fiber. So the received transmitted light intensity was increasing until 

the grating was totally damped by the fiber coating at the end of the fiber.  

(a) 

(b) 
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Figure 3.10. Experimental results: (a) Oscilloscope data at 1574nm wavelength of tunable laser 

output; (b) transmission spectrum of the T-LPG at t = 0.12ms propagation time; T-LPG spectral 

evolution as the LPG was (c) entering the fiber and (d) traveling along the fiber.  
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Figure 3.10 (b) is the transmission spectrum of the T-LPG measured at t = 0.22ms at which the 

entire grating has fully entered the fiber. Figure 3.10(c) plots the LPG transmission spectra at 

different locations from the sensing fiber starting point to the position corresponding to 

propagation time t = 0.22ms. It shows how the LPG transmission spectrum changes as the 

acoustic cycles sequentially enter into the fiber. Figure 3.10(d) plots the LPG transmission 

spectra at different locations in the whole sensing span, and it shows how the LPG transmission 

spectrum changed as the grating travels along the fiber. 

The LPG spectra in the experimental results show that the acoustically generated LPG is weak, 

e.g. the spectral density at the LPG resonance wavelength was only 10% lower than the 

shoulders at distance of 0.6m. This is due to the weak acoustic wave coupled into the fiber, 

which can be enhanced by using a higher power signal generator or by using a more efficient 

acoustic coupling setup.  It is also seen that acoustic wave attenuates rapidly when it propagates 

down the fiber, which would limit the measurement range. We believe this can be improved by 

exciting other acoustic modes, e.g. longitudinal modes or torsional modes which have smaller 

attenuation in the fiber, or by using specially designed fibers to better confine the acoustic wave. 

The fiber length used in the experiment was 2.5m, which could be substantially increased by 

generating stronger LPG through higher power of acoustic wave.  

3.4 T-LPG transmission spectrum simulation 

3.4.1 Transmission function 

In our case, the acoustic wave is the fundamental flexural wave, and the optical mode coupling is 

between the core mode and any asymmetric cladding mode which is the second-order cladding 

modes in the frequency range used. The discussion below is based on coupled mode theory and 

previous theoretical investigation of acousto-optic coupling of fiber modes over the years [97-

100]. According to the theory of gratings, the transmission of the generated T-LPG can be 

expressed as [100]: 
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where κ is the acoustic wave coupling coefficient determined by the acoustic amplitude. It 

describes the overlap between the index perturbation and the optical mode field over the fiber 

cross section. L is the grating length. δ is the phase mismatch coefficient that is zero on the 

resonance wavelength. It is given by [97]:  
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where λa is the acoustic wavelength determined by the acoustic frequency as given in Equation 

(3-12), and Lb is the beatlength of the two optical modes involved in the optical coupling, given 

by Equation (3-9). Therefore, by substituting these two equations into Equation (3-18) we can 

have the phase mismatch coefficient as:  
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where Δneff is the effective refractive index difference between the core mode and the cladding 

mode; fa is the acoustic frequency applied on the PZT; R is the fiber radius; and va is the acoustic 

velocity in silica.  

3.4.2 Effective refractive index calculation 

To calculate Δneff, we need to analyze the field distribution of the core and cladding modes.  The 

following discussion of this is based on the class notes of ‘Photonic Devices and Systems, 

ECE6154’ instructed by Dr. Ahmad Safaai-Jazi in Bradley Department of Electrical and 

Computer Engineering at Virginia Tech.  
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Figure 3.11. Schematic of refractive index profile of single mode fiber.  
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The refractive index profile of a step-index single-mode fiber is illustrated in Figure 3.11, and for 

illustrative purpose, the size of the fiber core relative to the fiber cladding is greatly exaggerated 

in the figure.  

 n1 and n2 are the refractive indices of the fiber core and cladding respectively; n3 is the refractive 

index of the layer outside the cladding, and r is the radius of the fiber. Regular single-mode fiber 

(SMF-28, Corning) has germanium-doped silica and pure silica as the core and cladding material, 

respectively. So n1 and n2 are dependent on the dopant as well as the wavelength. In the 

simulation, n1 and n2 are calculated from the Sellmeier’s equation given as[101]:  
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where Aij and λij are material constants. For regular single-mode fiber, the core material (n2) is 

germanium-doped glass and the cladding material (n2) is pure fused silica. In the simulation, we 

choose 3.5 mol % GeO2-doped silica as the core material and pure silica as the cladding material 

Their Sellmeier constants are given as [102]:  

 Ai1 Ai2 Ai3 λi1(µm) λi2(µm) λi3(µm) 

n1 0.7042038 0.4160032 0.9074049 0.0514415 0.1291600 9.896156 

n2 0.696750 0.408218 0.890815 0.069066 0.115662 9.900559 

Figure 3.12 shows the calculated n1 and n2 using the Sellmeier’s equation. The normalized 

refractive index difference is about 0.35%, which is similar to the value 0.36% provided by the 

datasheet of SMF-28 (Corning).  In our simulation, the outer cladding layer is air, so n3 =1.  

Table 3.1. Sellmeier constants 
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Figure 3.13 schematically shows the cross-section of an optical fiber. As previously mentioned, 

scalar modes LPmn are used to describe the modes in weakly guided single-mode fiber. The core 

mode is the fundamental mode, expressed as LP01 mode. In solving LP01 core mode, we assume 

the cladding region is infinitely extended. Because the guided core modes have exponentially 

decaying fields outside the core, and if the cladding radius is large enough which is the case in 

practice, the field of the guided modes at the outer boundary of the cladding can be ignored.  So 

the mode field of the core mode is nearly isolated from the outer cladding layer ambient, the 

refractive index profile is simplified to a double-layer structure without consideration of the 

ambient layer in solving the effective index of the LP01 mode.  

 

 

 

 

 

  

Figure 3.12. Calculated refractive index for core (n1) and cladding (n2).  

Figure 3.13. Schematic of cross-section of a round optical fiber.  
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The mode field of LP01 core mode can be written as [103]:  
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where ψ represents either Ex or Ey; ϕ is the azimuthal angle as described in the model in Figure 

3.13; J0 is the first kind Bessel function and K0 is the second kind modified Bessel function. A1 

and A2 are constant coefficients to describe the field amplitude. q1 and q2 are given by:  
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where k0 = 2π/λ is the free space wavenumber, and ncore  is the effective refractive index of the 

core mode. The boundary condition of Equation (3-21) is that both ψ(r) and dψ(r)/dr are 

continuous at r = a. dψ(r)/dr is given by:  
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and for Bessel functions we have:  
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so we can obtain the following equation after applying boundary conditions to Equation (3-21) 

and Equation (3-23):  

)(

)(

)(

)(

212

20

111

10

aqKq

aqK

aqJq

aqJ
          (3-25) 



48 
 

This is the characteristic equation for LP01 core mode, which can be numerically solved for ncore. 

The following values are used in the calculation based on the data sheet of SMF-28:  a = 4.1µm, 

b = 62.5 µm. So the calculated effective refractive index of the LP01 core mode is plotted in 

Figure 3.14.  

It is demonstrated that the acoustic-optic coefficient is only non-zero for modes differed by an 

integer in angular momentum, so there is no coupling between the LPmn and LPm’n’ modes unless 

m’ = m+k’ where k is an odd integer [99]. Therefore, the core LP01 mode will be coupled to 

second order cladding modes LP1n. To solve the effective refractive index of the cladding modes, 

similarly we need to write down the mode field. But differently, we need to consider the outer 

cladding ambient layer. So the mode field of the second order cladding modes can be written 

as[103]:  
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Figure 3.14. Calculated effective refractive index of LP01 core mode.  
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where J1 and Y1 are the first and second kind Bessel functions, respectively; K2 is the second 

kind modified Bessel function. A1, A2, A3, A4 are constant coefficients to describe the field 

amplitude. q1, q2 and q3 are given by:  
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So dψ(r)/dr is expressed as:  
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The boundary condition is that both ψ(r) and dψ(r)/dr are continuous at r = a, and r =b. Therefore, 

we can have the following equations:  
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From Equation (3-31) and (3-32) we can get the relationship between A2 and A3 as:  
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Substituting Equation (3-33) into Equations (3-29) and (3-30), and based on Equation (3-24), we 

can have the characteristic equation for the LP1n cladding modes as:  
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There are many cladding modes in the fiber, but it is found in our acoustic frequency range from 

2MHz to 4MHz, the acousto-optic coupling is mainly efficient to the first three LP1n cladding 

modes: LP11, LP12 and LP13. So we only numerically solve the above equation for these three 

cladding modes. Figure 3.15 plots the calculation results of the effective refractive indices of 

these three modes.  

Then based on Equation (3-9), we can calculate the beatlength Lb (λ) of these three modes with 

the core mode LP01 as shown in Figure 3.16. Therefore, for a given acoustic frequency, we can 

simulate the transmission spectrum of the T-LPG generated by this acoustic frequency according 

to Equation (3-17). The acoustic wave coupling coefficient κ is different for different cladding 

modes, and also determined by the amplitude of the acoustic wave. For the same acoustic 

Figure 3.15. Calculated effective refractive index of cladding modes: LP11, LP12, LP13.  
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amplitude, among the three cladding modes of our interest, LP13 cladding mode has the largest 

value [99].  

If we set its coupling coefficient to 1, the other two coupling coefficients are relatively calculated 

as: 0.4 for the LP11 mode and 0.8 for the LP13 mode [104]. In the simulation, we assume: the T-

LPG grating length L = 10cm and the acoustic frequency fa = 2.395MHz. And the simulation 

results of the T-LPG transmission spectrum for the above cladding modes are plotted in Figure 

3.17(a). From the simulation results we can see that only LP11 and LP12 cladding modes have 

transmission spectra within the wavelength range from 1450nm to 1700nm. In order to compare 

the simulation results with the measured results in Figure 3.7, we set the acoustic frequency fa = 

2.365MHz and 2.395MHz, respectively; and the grating length L = 1m.  

From Figure 3.17(a) we can see that for these two acoustic frequencies, LP11 cladding mode is 

the mode that can generated T-LPG with resonance wavelength around 1550nm. So we plot the 

T-LPG transmission spectrum simulation for LP11 cladding mode in Figure 3.17(b). In the 

comparison with the measured results, the resonance wavelength is of our interest. For both these 

two acoustic frequencies, the simulated T-LPG resonance wavelength is about 2nm smaller than 

Figure 3.16. Simulated beatlength as a function of the wavelength for the LP01 

core mode and cladding modes: LP11, LP12, LP13.  
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the measured results. A possible reason is strain applied on the fiber affected the acoustic 

wavelength, resulting in a slight shift of the LPG resonance wavelength. Because according to 

Equation (3-19), the acoustic wavelength λa becomes larger when an axial strain is applied on the 

fiber, and thus shifts the resonance to a longer wavelength.  

 

 

Fig.3.18. Simulated transmission spectra of T-LPG of different lengths. 

(a) 

(b) 

LP11 

LP12 

Figure 3.17. T-LPG transmission spectrum simulation for: (a) different cladding modes at the 

same acoustic frequency; and (b) different acoustic frequencies for the same cladding mode. 



53 
 

Figure 3.18 plots the simulation results of transmission spectra for different grating lengths, 

corresponding to different CNs in each burst. The acoustic frequency was 2.365MHz, and the 

cladding mode was chosen to LP11 to match the T-LPG resonance wavelength in the range of the 

measured results, as previously shown in Figure 3.8. From the comparison with the measured 

results, we can see that the simulation results well agree with the measured results in the change 

of the grating strength.  

3.5 Sensing Principle 

LPG has been demonstrated sensitive to a number of physical, chemical and biological 

parameters [18, 58, 105]. Because the field of cladding modes can extend beyond the physical 

boundary of the fiber or into the fiber surface coating, it is sensitive to changes in the fiber 

surrounding medium or in the surface coating, which can affect the phase matching condition 

resulting in a shift in the LPG resonance wavelength.  

According to Equation (3-15), the T-LPG resonance wavelength is determined by:  

effares n            (3-15) 

Figure 3.18. Simulated transmission spectra of T-LPG of different lengths. 
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where λa is the acoustic wavelength, and in the previous discussion, we ignore the axial strain 

applied on the fiber and get the approximation expression in Equation (3-15). But since in the 

following discussion strain is a potential measurand, we will not ignore it in the acoustic 

wavelength calculation. According to Equation (3-19), the acoustic wavelength with 

consideration of axial strain ε is given by:  
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So we can rewrite the T-LPG resonance wavelength equation which is also the T-LPG phase 

matching condition as: 
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where R is the fiber radius, and fa is the acoustic frequency applied on the PZT. These two 

parameters are not affected by the change in the fiber surrounding medium. The strain effect on 

λres is straightforward, and it has been used to tune the LPG resonance wavelength [106]. va is the 

acoustic velocity in the fiber, which is about 5760m/s in silica. It is determined by the fiber 

material as well as the temperature. The thermo-acoustic coefficient is defined as:  
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For pure silica, CTA = 9.6×10
-5

(1/⁰C) [107]. This value varies with different dopants in silica. 

However, since the acoustic wave has much more field in the fiber cladding region than in the 

core region, using the thermo-coefficient for pure silica is a good approximation in our case.  

ncore and n
i
cl are the effective indices of the core mode and the ith cladding mode. Both ncore and 

n
i
cl are temperature dependent, and their change with temperature is determined by the thermo-

optic coefficient defined as:  
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For silica, CTO = 0.5×10
-6

(1/⁰C) [108], which is much smaller than CTA. So it means when 

temperature changes, the major effect on the LPG resonance wavelength shift is induced by the 

thermo-acoustic effect rather than the thermo-optic effect.  

From the previous simulation, it is clear that n
i
cl is dependent on the refractive index of the fiber 

surrounding medium which is n3 as illustrated in Figure 3.11. So any parameter that can affect n3 

will change n
i
cl, resulting in the change of λres. This is the sensing principle when there are 

chemical or biological stimuli in the fiber surrounding medium.  
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Chapter 4 Experimental Results 

4.1 Physical Sensing 

Generally speaking, temperature, strain and pressure are the most common parameters that 

physical fiber sensors measure. As mentioned in the sensing principle, T-LPG can measure 

temperature or strain by detecting the grating resonance wavelength shift. In our experiment, we 

chose temperature measurement to demonstrate the distributed sensing capability of T-LPG.  

The experimental setup is schematically shown in Figure 4.1. The acoustic frequency was set as 

2.461MHz, and the generated LPG had 678µm period which led to the resonance wavelength of 

~1540nm. The signal generator was operated in burst mode with 200-cycle sinusoidal waves in 

each burst, corresponding to about 14cm LPG length. The total length of the sensing fiber was 

2.5m, so the burst rate was set as 500Hz to make sure that at any time there was only one LPG at 

most propagating in the fiber. The voltage applied on the acoustic horn was about 40Vp-p. A 

tunable laser (New Focus 6328) was used as the optical source, whose wavelength was scanned 

from 1530nm to 1560nm at a step size of 0.1nm.  At each wavelength, the change of the light 

intensity output from the fiber end was received by a photodetector (HP 11982A), and recorded 

as a function of the acoustic wave travel time by an oscilloscope (LeCroy LT322). The acoustic 

wave travel time was mapped to the fiber location by perturbing the fiber at specific locations 

and observing the signal variations from the oscilloscope. After scanning the laser wavelength, 
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Figure 4.1. Schematic of T-LPG distributed temperature measurement setup. 
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the LPG transmission spectrum at a specific location of the fiber was constructed from the 

intensities recorded by the oscilloscope that corresponded to the location at all wavelengths. A 

~20cm fiber section was heated by a hotplate to different temperatures ranging from the ambient 

temperature (22⁰C) to 111⁰C at a step of about 10⁰C. The temperature was monitored by a 

thermocouple.  

Figure 4.2 shows how the LPG transmission spectrum changed as the LPG traveled along the 

fiber when the fiber was at ambient temperature 22⁰C (a) and heated to 111⁰C (b), respectively. 

The black curves in Figure 4.2(b) plot the T-LPG transmission spectrum at the heated section. It 

is evident the spectrum is shifted for the heated area while the spectra remain unchanged for the 

other locations. The distance between two neighboring curves is 8cm, so the heated fiber section 

covers two curves in the figure.  Figure 4.2(c) shows a more detailed gradual shift of the heated 

fiber section, in which the distance between two neighboring curves is 1cm. Therefore, it is clear 

that the spatial resolution is smaller than 14cm which is the length of T-LPG.   

(a) 

N
o

rm
al

iz
ed

 I
n
te

n
si

ty
 



58 
 

 

(b) 

N
o
rm

al
iz

ed
 I

n
te

n
si

ty
 

Heated fiber section 

N
o

rm
al

iz
ed

 I
n

te
n
si

ty
 

Heated fiber section 

(c) 

Figure 4.2. Experimental results of the T-LPG spectral evolution as the LPG was traveling 

along the fiber under different temperatures: (a) 22⁰C, (b) and (c) 110⁰C. 
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The T-LPG resonance wavelength shift amount as a function of the fiber distance at different 

temperatures is plotted in Figure 4.3(a). The T-LPG resonance wavelength was shifted toward 

longer wavelength at the heated area while remaining largely unchanged at the other parts of the 

fiber. It also clearly shows that temperature can be continuously monitored along the fiber by 

monitoring the resonance wavelength. The temperature sensitivity is about 0.097nm/⁰C, as 

shown in Figure 4.3(b), which plots the LPG resonance wavelength against the temperature 

change at the heated fiber area. The blue dots are the experimental results, and they can be well 

fitted by a straight line. The experiment results demonstrate that T-LPG can be used for 

distributed temperature measurement by spatially monitoring the T-LPG resonance wavelength 

along the fiber.  

(a) 

(b) 

Figure 4.3. Experimental results of the T-LPG resonance wavelength as a function of: (a) 

distance and (b) temperature. 



60 
 

Analy

te 

Precursor film 

IgG receptor 

LPG 

4.2 Biological Sensing 

The principle of using an LPG for biological sensing is usually based on specific binding 

between the functionalized fiber surface and the intended biochemical species, which causes a 

change in the effective thickness of the fiber and consequently shifts the LPG resonance 

wavelength[13, 20]. There are many kinds of biosensors according to different classifications of 

biological species. In our experiment, we chose immunosensors, an important and intensively 

investigated group among biosensors. Immunosensing is based on specific molecular 

recognitions by antigen-antibody reactions, which can form a stable complex that causes changes 

of both size and reactive index in the sensing medium. Specifically in the experiment, we 

measured the interaction between immobilized immunoglobulin G (IgG) and its corresponding 

antigen, a mature biological sensing technology. The sensing principle is conceptually illustrated 

in Figure 4. 4. 

 

 

A 

distributed sensor for detection of anti-pig IgG was demonstrated by functionalizing the sensing 

fiber surface with pig IgG. The system setup is similar to the one shown in Figure 4.1, the 

difference is instead of a heating furnace a glass U-groove with solutions in it was used to 

functionalize a desired fiber section, as shown in Figure 4.5.  
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Figure 4.4. Schematic of immunosensing principle. 

Figure 4.5. Schematic of part of the immunosensing experiment setup. 
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Biological molecules are highly efficient at recognizing specific analytes or catalyzing reactions; 

however, only in specific aqueous media [109]. A preferred medium is needed to avoid 

denaturation or loss of reactivity in many cases where biomolecules are directly bound to solid 

surfaces through adsorption. So in biological sensing, people usually use immobilization 

techniques to stabilize and preserve the reactivity of biomolecules [109]. Organic thin films are 

very popular for supporting or embedding the biomolecules, and it has been demonstrated that 

polymer self-assembly is an effective method for immobilization of biological molecules [110]. 

So in our experiment, we use the layer-by-layer electrostatic self-assembly (LbL/ESA) method to 

functionalize the fiber section.  

LbL/ESA has been extensively investigated for biological sensing and is considered a highly 

feasible nanofabrication technique capable of depositing a variety of thin films of nanometer 

thickness for biological species and agents [111, 112]. LbL/ESA can provide precise control of 

the thickness of a thin film in the range from a few angstroms up to a micron. It also well 

controls the thin film structure in the vertical dimension. Its basic concept is driven by charge 

neutralization and resaturation upon adsorption of charged materials on oppositely charged 

surfaces. The basic process involves the immersion of a charged substrate into oppositely 

charged aqueous poly-electrolytic solutions of polyanions and polycations in alternating 

sequence at room temperature and ambient conditions [113]. These processes result in an 

alternating change in the surface charge and lead to a continuous assembly between positively 

and negatively charged materials (polycations and polyanions, respectively). The properties of 

the thin film are determined by the properties of individual molecules and the dipping sequence.  

Figure 4.6 schematically shows the LbL/ESA process. A clean charged substrate (negatively 

charged as shown in the figure) is dipped into the polycation solution, and a monolayer of 

polycation molecules is deposited on the substrated because of the Coulombic attraction between 

the oppositely charged substrate and the polycation. Further polycation adsorption is limited 

once the deposition of one monolayer of polycation tends to be saturated. Then the polycation-

coated substrate is rinsed with deionized water to remove excess polycation molecules that are 

not ionically bonded. After that, the substrated is immersed into the polyanion solution. Another 

monolayer of polyanion molecules is absorbed onto the substrate also due to the Coulombic 

attraction. The combination of one monolayer of polycation and polyanion is called a bilayer. By 
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repeating these two steps, a multilayer thin film with an (AB)n structure is formed. The growth 

process for LbL/ESA is quick with a few minutes per layer.  

In our experiment, a 10cm fiber section was used as the substrate for LbL/ESA. It was first 

cleaned in piranha solution (H2O2: H2SO4 = 30/70 v/v) at room temperature for 30minutes. After 

that, the fiber was ultrasonically rinsed in ultrapure water and dried in ambient condition. The 

ultrapure water was obtained by reverse osmosis (Barnstead Diamond RO) followed by ion 

exchange and filtration (Barnstead Nanopure Diamond UV/UF). Then the fiber was immersed 

into the polycation solution for 5 minutes, followed by rinsing in ultrapure water and drying. 

Then the fiber was dipped into the polyanion solution for 5 minutes, also followed by rinsing in 

ultrapure water and drying. The polycation and polyanion solutions in the experiment were poly 

{1-(4-(3-carboxy-4-hydroxy-phenylazo) benzenesulfonamido)-1, 2-ethanediyl, sodium salt 

(PCBS) and Polyallylamine hydrochloride (PAH), respectively. Their solutions are of 10mM 

concentration with 7.5 pH value. Under this condition, the thickness of one bilayer PAH/PCBS is 

about 2.3nm, and refractive index is about 1.695 [113]. Using LbL/ESA, a thin film of ten 

bilayers of (PCBS/PAH) was deposited onto the fiber substrate. This 10cm section was tested by 

the T-LPG in a 2.5m fiber. The acoustic frequency was 3.745MHz, corresponding to T-LPG with 

550µm grating period and resonance wavelength at 1548nm. The length of the T-LPG was 

controlled as 11cm by setting 200 cycles in each acoustic burst. The experiment results are 

shown in Figure 4.7. The T-LPG transmission spectra at different locations were plotted in 

Figure 4.7(a), with black curves showing the thin film deposition position. Figure 4.7(b) plots the 

T-LPG resonance wavelength at different thin film thicknesses, The 5 and 10 PAH/PCBS bilayer 

thin film coatings shifted the T-LPG resonant wavelengths toward shorter wavelengths by 

approximately 0.5 nm and 1 nm, respectively.  

 

r 

Figure 4.6. LbL/ESA process for the formation of multilayer thin films.  
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The fabricated PAH/PCBS thin film works as a precursor layer in biological sensing for Igg and 

anti-IgG detection. It is used to support IgG molecules because IgG molecules can be absorbed 

onto the polymeric surface by hydrophobic and electrostatic interactions [109].  

After the precursor layer deposition, the pre-coated fiber was subsequently immersed into a pig 

IgG solution of 0.05mg/mL concentration for one hour and then a standard binding block 
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Figure 4.7. Thin film deposition experimental results for T-LPG transmission spectra at:  (a) 

different locations along the fiber; (b) different deposition thicknesses. 



64 
 

solution (2% bovine serum albumin (BSA)) for another hour. Each of these two steps introduced 

an additional -0.1nm shift on the LPG resonance wavelength, and the fiber was washed by 

ultrapure water after each step in order to remove the only partially adsorbed material. The 

blocking is a standard procedure in immunosensing to avoid non-specific binding by using BSA 

or other proteins to cover the portion of the fiber surface which is not covered with pig IgG. This 

step completed the sensor fabrication process.  

Figure 4.8(a) presents the LPG transmission spectrum at it is propagating along this pretreated 

fiber. The spectrum in red line shows the position of the functional coating which has a 

wavelength shift towards shorter wavelength. Then the sensor was tested with a cross-reactivity 

experiment. The effectiveness of the binding block layer, which is designed to minimize non-

specific binding, was tested via exposure to an anti-rabbit IgG, unrelated antigen.  

Figure 4.8(b) shows the fabrication and testing of the traveling LPG immunosensor. For each 

rectangular box in the figure, the central red line is the median, and the blue edges of the box are 

the upper and lower quartile. The error bars were computed with 20 samples for each testing step, 

and the standard deviation is 0.02nm. Therefore, from the results, we can conclude that fully-

distributed immunosensing can be realized by having the entire length of an optical fiber 

pretreated by the method described above. Furthermore, by changing the deposited molecules 

according to different specific binding pairs, many other biological agents can also be detected.  

Functional coating position 

N
o

rm
al

iz
ed

 i
n
te

n
si

ty
 

(a) 



65 
 

 

 

4.3 Chemical Sensing 

In the chemical sensing experiment, we demonstrated  hydrogen sensing, which is of great 

interest among many topics of chemical sensing because of its participation in a wide range of 

chemical processes and its emerging importance as a promising clean source of energy. 

Hydrogen is very reactive, and well-known for its high risk of explosion. It is has a low 

explosive limit as 4.0% and a wide explosive range up to 74.2%, with a flame velocity almost ten 

times higher than that of natural gas [114, 115]. Therefore, in order to address the safety concern 

due to potential leaks, hydrogen leakage detection and monitoring is often essential. Moreover, 

distributed monitoring of hydrogen is becoming more and more desirable in today’s complex 

industrial facilities, gas delivery systems and civil infrastructure sites. Fiber-optic sensors are 

superior to electrical sensors for hydrogen detection because of no detonation risk from electric 

arcing. Sumida et al. reported a distributed hydrogen sensing technique using specially designed 

fibers with hydrogen sensitive materials as the fiber cladding [116], and a few meter spatial 

resolution was reported. Using the traveling LPG method, we realized fully-distributed hydrogen 
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Figure 4.8. Distributed immunosensing results. (a) Evolution of T-LPG transmission 

spectrum along a pretreated fiber. (b) T-LPG resonance wavelength shift during film 

synthesis and sensor test. 
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detection by coating a regular SMF with platinum (Pt) and a spatial resolution of 10cm is 

obtained. The sensing principle is when the fiber is exposed to hydrogen; the presence of Pt will 

convert H2 and O2 to H2O and gives off heat. The resulted temperature increase causes a shift in 

the LPG resonance wavelength. Therefore, by measuring the LPG resonance wavelength at 

different locations along the fiber, distributed hydrogen detection can be realized.  

In the experiment, a Pt thin layer was deposited onto a 20cm fiber section using physical vapor 

deposition (PVD), and the thickness of the Pt layer is about 200nm estimated from the deposition 

rate. This Pt coated fiber section was placed in an open-end gas tube which was connected to a 

gas chamber with premixed hydrogen of certain concentrations, as illustrated in Figure 4.9. The 

diameter of the gas tube is 1cm, and the length is 20cm. The pressure of the out coming gas from 

the gas chamber was precisely controlled by a gas regulator, which together with the open-end 

structure can minimize the influence of the gas pressure on the acoustic LPG spectrum change.  

The LPG transmission spectra at different locations of the fiber are shown in Figure 4.10(a). The 

spectrum in red is at the pt-coated position, while the others are at non-coated region. The Pt 

layer introduces a wavelength shift (blue shift) and also weakens the spectrum intensity, which 

could limit the maximum sensing length of the system. To test the influence of the gas flow 

perturbation on the acoustic LPG, we also measured the acoustic LPG spectrum change for pure 

nitrogen.  

Figure 4.10 (b) presents the LPG spectra at the functional fiber section under different situations, 

and (c) is the error bar analysis computed with 20 samples for each testing step (rectangular box 
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Figure 4.9. Schematic of part of the hydrogen sensing experiment setup. 
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in the figure). Concluded from the results, gas flow could shift the acoustic LPG spectrum, which, 

however, is much smaller than the wavelength shift introduced by the hydrogen. Therefore, the 

gas flow perturbation can be viewed as the system noise, which could possibly be further 

reduced by improvements in the application of hydrogen to the sensor.  

Figure 4.10 (d) shows the sensor response to hydrogen. The wavelength shift rate is about 

0.04nm for one percent of hydrogen, and the standard deviation in the resonance wavelength 

measurement is 0.0099nm. The linear fitting line has a non-zero value when the hydrogen 

concentration is zero. This is because of the gas flow perturbation as mentioned before.  
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The  response and recovery times for the H2 - O2 reaction are approximately 3 and 10 minutes, 

respectively [117]. The actual system response and recovery times were not measured in our 

experiment because the system response and recovery time is much more determined by the data 

acquisition time which is about 5 minutes or even longer depending on the average times. 
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Figure 4.10 Distributed hydrogen sensing results: (a) Spectra of T- LPG at different locations 

along the fiber. (b) T-LPG spectra and (c) T-LPG resonance wavelength shift at the Pt coated 

fiber section under different situations; (d) T-LPG resonance wavelength shift.  
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4.4 Temperature Compensation 

All optical biological and chemical sensors are susceptible to thermally-induced fluctuations. 

Temperature variations inevitably cause changes in refractive index and material volume via the 

thermo-optic effect and thermal expansion of the optical material. T- LPG enables a unique way 

to compensate for the temperature induced detection errors. It measures the temperature along 

the fiber, and uses this information to compensate the thermal resonance wavelength shift 

through signal processing. The principle is schematically shown in Figure 4.11 (a).  

When the T-LPG is used for biological or chemical sensing, some sections of the fiber are 

intentionally left unfunctionalized. In most cases, the temperature variations of the neighboring 

functionalized and unfuntionalized areas can be considered identical and cause identical shifts of 

the T-LPG resonance wavelengths; while the specific binding of biochemical specifies can only 

cause T-LPG resonance wavelength shift in the functionalized area. Therefore, temperature 

cross-sensitivity can be compensated for when the difference of the T-LPG resonance 

wavelengths in the two areas is used as the detection signal. Compared with active temperature 

control, in which usually a thermal electric cooler is used to stable the temperature, temperature 

compensation is passive and does not require separate electrical cabling, retaining the 
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Figure 4.11. Schematic of temperature compensation: (a) principle and (b) experiment setup. 
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electromagnetic immunity and eliminating the electric sparking possibility, traits that are 

essential for applications in explosive environments. 

To test this temperature compensation capability, a 2.5m fiber with 10cm functional coating was 

heated to simulate the temperature variation environment, as illustrated in Figure 4.11 (b). The 

test results are plotted in Figure 4.12, which shows the T-LPG transmission spectra of 

functionalized and unfunctionilized positions measured at two different environmental 

temperatures (23 and 28 °C). It shows that although the environmental temperature variation 

caused the LPG resonant shift at both points, their resonant wavelength differential remained 

unchanged.  

4.5 Traveling Rocking Grating  

Previous T-LPG experiments are based on flexural acoustic waves. Besides flexural waves, 

torsional and longitudinal acoustic modes can also exist in the cylindrical silica waveguide 

structure [118]. However, compared with acoustic torsional wave, acoustic flexural wave 

attenuates more quickly in optical fiber, and is more vulnerable to fiber bending and other 

unwanted physical contacts [119]. In this section, T-LPG generated by a torsional acoustic mode 

is investigated for temperature sensing.  

Figure 4.12. T-LPG spectra at different locations under different temperatures. 
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The traveling rocking grating is enabled by pulsed acoustic torsional waves propagating in an 

single-mode polarization maintaining fiber (PMF), and the sensing mechanism is based on the 

changes in the acoustic properties of acoustic torsional wave with the surrounding medium. In 

our previous work, we demonstrated fully-distributed sensing using an acoustically generated 

long period grating, formed by acoustic flexural waves [78, 120]. Using acoustic torsional waves 

to generate a rocking grating has been studied in the past [121, 122], but the acoustic waves used 

in their works were continuous waves. Their applications have been limited to tunable filters for 

optical communications. Moreover, traditional rocking gratings are usually inscribed 

permanently into optical fibers by a complicated fabrication technique, usually achieved by 

mechanically twisting the fiber in the fiber drawing process [123, 124] or in the grating writing 

process [125]. Therefore, the acoustically-induced traveling and transient rocking grating 

provides an effective means of high sensitivity and low cost to the fully-distributed temperature 

sensing; and it may also serve other fully-distributed sensing applications, e.g. pressure and 

transverse stress. 

An optical rocking grating is a type of long-period grating in a PMF that rotates the polarization 

state of the light between the two orthogonal degenerated modes of the core mode by 

periodically twisting the principal axes of the fiber at a rocking angle. When the input light is 

launched into a PMF at one of the principal axes, it is coupled to the other principal axis at a 

certain wavelength where the phase matching condition is satisfied. So if we monitor the power 

intensity of the output light at the input polarization state, there is a dip in the received 

transmission spectrum at that wavelength, which is the resonance wavelength. When the periodic 

twisting is induced by a torsional mode acoustic wave, the generated rocking grating becomes 

transient, and the grating pitch length is equal to the acoustic wavelength. This is the phase 

matching condition of the rocking grating, which is the same to that of the LPG generated by 

acoustic flexural wave, given by Equation (3-14). The difference is in the case of acoustic 

flexural wave, the two modes are the core mode and one cladding mode; while for the acoustic 

torsional wave case, the two modes are the two degenerated modes of the core mode. So the 

phase matching condition can be written as:  

atfatVfB
r

           (4-1) 
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where λr is the resonance wavelength; Bf is the fiber birefringence; Vat and fat are the acoustic 

torsional mode velocity in the fiber and the acoustic frequency, respectively. When there is a 

temperature (T) change to the fiber, the resonance wavelength of the rocking grating will be 

shifted. The temperature sensing principle is given by:  

dTatV

atdV

dTfB

fdB

dTr

rd










         (4-2) 

Unlike traditional permanent rocking gratings, the acoustically induced rocking grating is 

affected by not only the fiber birefringence, but also the acFiber oustic velocity in the fiber. And 

both of them are temperature dependent, resulting in a shift in the grating resonance wavelength 

with the temperature change. 

Figure 4.13 illustrates the operation principle of acoustic torsional wave generation and coupling 

to a PMF. A flexural wave is generated by a piezoelectric transducer (PZT) disk vibrating in 

thickness mode and excited into a 4mm-long side fiber by a horn amplifier. At the end of the side 

fiber where it is glued onto the sensing fiber (main fiber) using a UV epoxy, the flexural wave 

gives rise to an acoustic torsional wave in the sensing fiber. Both of the sensing fiber and the side 

fiber are bare fibers of 125µm diameter without polymer coating to reduce acoustic loss.  
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Figure 4.13. Operation principle of acoustically generated rocking grating. 
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Figure 4.14 is the schematic of experimental setup used for the demonstration of the proposed 

distributed temperature measurement in a 3m sensing fiber. To have acoustic pulses to generate a 

transient and traveling rocking grating, the signal generator driving the PZT was operated in 

burst mode. Each burst, corresponding to one grating, consisted of 200 cycles (number of grating 

periods) of a sinusoidal wave whose frequency was chosen to 860 KHz in order to match the 

beat length of the sensing fiber at 1550nm, which is about 4mm. So the generated grating length 

is about 80cm. The burst repetition rate was 500Hz to make sure there was only one grating 

traveling in the whole fiber span at a time. A tunable laser was used as the optical source, whose 

wavelength was scanned from 1500 to 1580nm at a step size of 0.1nm.  

At each wavelength, the change of the light intensity output from the fiber end as a function of 

the acoustic wave traveling time was recorded by an oscilloscope. After scanning the 

wavelengths, the grating transmission spectrum at any location of the fiber was reconstructed. 

The timing of the acoustic pulse relative to the optical measurement provides the information 

about the spatial location of the grating. At the polarization beam splitter (PBS), the incident 

light is divided into two output paths according to the power ratio of the two orthogonal 

polarizations in the input light. Both of the PBS output light beams are aligned on the slow axis 

of the output PMFs, so their polarization states are the same in the two output ports although they 
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Figure 4.14. Schematic of acoustic torsional wave based T-LPG distributed 

temperature measurement setup. 
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are orthogonal in the original input light. Then both of the two output light beams from PBS 

propagate in the grating section in opposite directions, and at the grating resonance wavelength 

(λr) each of them is converted to the other by the rocking grating. So after their round-trip in the 

fiber loop containing the rocking grating, both of the two light paths have opposite polarization 

directions as compared to their original one, which cannot be coupled back through the PBS to 

the input port. Therefore, only the light at the resonance wavelength is removed at the PBS, and 

the light at non-resonance wavelength is collected back at the detector, resulting in a spectrum 

dip at the resonance wavelength. A furnace was used to uniformly heat a fiber section of 1m to 

different temperatures, which was monitored by a thermal couple.  

The measured transmission spectra at different temperatures are shown in Figure 4.15(a), and the 

non-heated region in the figure is the fiber section before it entered the furnace whose spectrum 

remained almost unchanged at different temperatures while the spectrum at the heated region 

was significantly shifted to smaller wavelengths when the temperature was increased. The 

measured temperature range in the experiment was about 20⁰C, limited by the wavelength range 

of the optical source. Figure 4.15(b) shows how the grating transmission spectrum changed as it 

was traveling along the fiber when the heated fiber section was at 40⁰C. It is evident that the 

grating transmission spectrum was gradually shifted when passing through the heated region, and 

then shifted towards the original wavelength at the non-heated regions afterwards. It clearly 

demonstrates that the temperature can be continuously monitored along the fiber by monitoring 

the grating resonance wavelengths. It is also seen that the rocking grating attenuates rapidly as 

the acoustic torsional wave propagates in the fiber, which could limit the measurement distance. 

The measured attenuation of the acoustic torsional wave in the fiber is about 2dB/m, but the 

maximum sensing length can be easily increased by coupling a stronger acoustic torsional wave 

into the fiber using an improved acoustic excitation and coupling setup.  

Figure 4.15 (c) plots the temperature sensitivity of the resonance wavelength shift, which is 

about -1.6nm/⁰C. So we can have dλr/(λr·dT) = 1000ppm/⁰C, which is the left hand side in 

Equation (4-2). We also measured the fiber birefringence versus temperature change for the PMF 

used in the experiment using a Sagnac loop interferometer [126], and the result is shown in 

Figure 4.15 (d). The measured dB/(B·dT) is 844ppm/⁰C, which is the first term on the right hand 

side of Equation (4-2). So we can get the second term dVa/(Va·dT) to be about 150ppm/⁰C, and 
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the calculated velocity of torsional acoustic mode in the given PMF is 3.7674×10
3
m/s. Therefore, 

both the fiber birefringence and the acoustic velocity in the fiber contribute to the rocking grating 

resonance wavelength change with temperature, and the first one is dominant.  
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Figure 4.15. Distributed temperature measurement results: (a) spectra of rocking grating at 

different temperatures; (b) rocking grating spectral evolution as the grating travels along the 

fiber when the heated area was at 40⁰C; temperature sensitivity of (c) rocking grating and (d) 

fiber birefringence . 
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Chapter 5 Conclusions and Future Work 

5.1 Conclusions 

In this work, a fully-distributed fiber-optic sensing technique based on a transient and traveling 

LPG in a SMF has been demonstrated. The T-LPG is generated by a pulsed acoustic wave with a 

finite overall length, and is made to propagate down the fiber along with a broadband optical 

pulse which serves as a sensing signal. Through control of the time delay between the T-LPG 

and the optical pulse, measurements can be made at any point along the fiber. Schematically 

varying this time delay generates a sampling of the measurement quantity along the length of the 

sensing fiber.  

Based on this technique, we demonstrated fully-distributed temperature sensing, biological and 

chemical sensing by coating the fiber with functional coatings. In the temperature sensing 

experiment, a fiber was locally heated from room temperature (22⁰C) to ~110⁰C, and 

transmission spectrum of the T-LPG was monitored continuously along the fiber. The 

experiment results demonstrated the distributed measurement capability of this technique by 

showing T-LPG resonance wavelength shift only at the heated fiber position, and the resonance 

wavelength shift amount was proportional to the temperature change. In the biological sensing 

experiment, immunoglobulin G (IgG) was immobilized onto the fiber surface via ionic self-

assembly, and we show that only specific antigen-antibody binding can introduce a measurable 

shift in the transmission optical spectrum of the traveling LPG when it passes through the 

pretreated fiber segment. It is also shown that non-specific binding to other unintended IgG can 

be avoided by the application of a standard binding block in the sensor fabrication. In the 

hydrogen sensing experiment, the fiber was coated with a platinum (Pt) catalyst layer, which is 

heated by the thermal energy released from Pt-assisted combustion of H2 and O2, and the resulted 

temperature change gives rise to a measurable LPG wavelength shift when the traveling LPG 

passes through. Hydrogen concentration from 1% to 3.8% was detected in the experiment.  

This sensing technology is flexible in that it can be used to detect almost any stimulus that alters 

the properties of the acoustic wave (acoustic velocity) or the optical fiber (refractive index) or 

the surrounding area of the fiber (thickness, refractive index). Physical quantities such as 
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temperature and strain can be measured directly by launching the T-LPG into a standard optical 

fiber. Various biological and chemical species can be detected using a sensing fiber with a 

functionalized coating. Through the use of specific functional coatings, deposited through 

established physical or chemical processes such as LbL/ESA, the sensing fiber can be made 

sensitive to a variety of biological and chemical species. By selecting uncoated and coated fiber 

regions with various functionalities, multiple physical, biological and chemical stimuli can be 

measured in a single distributed sensing link, resulting in a multi-functional sensing platform. 

Because the sensing element itself is comprised of low-cost commercially-available fiber, the T-

LPG concept can provide the basis for wide-area sensor networks needed to monitor large-scale 

industrial process and environmental phenomena. The periodicity of the T-LPG is established by 

the excitation wavelength, so it is inherently highly uniform and can be very long. Additionally, 

cross-sensitivity to physical stimuli can be eliminated in the sensing fiber by changing the coated 

and un-coated sections through local measurement and compensation.  

5.2 Recommendations of Future Work 

The experiment results have demonstrated that the proposed T-LPG technique shows great 

promise in achieving fully-distributed physical, biological and chemical measurement. Using 

acoustic waves to generate LPGs also provides a large degree of freedom in the sensor design. 

By adjusting the acoustic wave frequencies, amplitude, and number of periods, we can readily 

control the LPG strength, resonance wavelength, resonance bandwidth, and cladding mode 

number. All these flexibilities, however, haven’t been fully exploited to enhance the sensor 

performances. Moreover, there are a number of challenges that need to be addressed for this 

proposed sensing platform to be more practical. A major task among them is the acoustic 

excitation and confinement 

In our experiment, we used standard optical fibers, whose coating is acrylates polymers with 

high acoustic attenuation, so we stripped off the polymer coatings and used bared fiber to guide 

the acoustic waves. There are several problems related to the bare fiber acoustic waveguding: 1. 

Bare fiber is fragile and not suitable for practical applications; 2. Despite the extremely small 

acoustic attenuation of fused silica (4.7dB/km at 2MHz[127]), the acoustic transmission length in 

a bare fiber exposed in air is severely limited by the extremely high acoustic attenuation of air 
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(6.4 ×10
5
 dB/km at 2MHz [128]); 3. When the bare fiber is immersed into liquids or in contact 

with solid surfaces, acoustic waves can quickly dissipate into the environment, reducing the 

application flexibility and increasing the packaging difficulties. Therefore, methods that can 

better confine the acoustic within the sensing fiber for enhanced sensing range (hundreds of 

meters) are highly demanded.  

One possible solution is to excite the acoustic wave with higher efficiency or to excite acoustic 

modes with lower attenuation in single-mode fiber. Generally, there are three types of acoustic 

modes transmitted in optical fibers: transverse, longitudinal, and torsional. The acoustic wave 

excited in the preliminary experiment is transverse mode, particularly the lowest-order flexural 

mode. Compared with the other two modes, transvers mode acoustic wave is the easiest to excite 

and coupled into optical fibers, however, it also has the largest attenuation [129]. And it has been 

reported that torsional acoustic wave is insensitive to fiber bending and physical contact. 

Therefore, we believe that by using acoustic modes with better transmission properties in optical 

fibers, the sensing span and the application flexibility could be greatly improved.  

Another solution for this problem is using special fibers to form an acoustic waveguide, which 

consists of a core surrounded by a cladding with an acoustic wave velocity higher than of the 

core. The proposed acoustic waveguide structure is a direct analogy to optical fiber waveguide. 

And in the following analysis, we focus on acoustic wave in transverse and longitudinal modes. 

Assume for these two modes, similar to optical refractive indices, we have the acoustic refractive 

indices as:  

lsilicalla

tsilicatta

vvn

vvn

/

/

__

_,





          (5-1)

 

where vt and vl are the transverse and longitudinal wave velocities of doped fused silica and 

vt_silica and vl_silica are the transverse and longitudinal wave velocities of pure fused silica. 

Fortunately, the commonly used dopants for modifying the optical refractive indices of silica in 

optical fiber also affect the acoustic refractive indices [130], as shown in Table 5. 1.  

This makes it possible that a double-cladding fiber structure shown in Figure 5.1(a), which can 

confine both light and acoustic waves within the fiber. For instance, in the double-cladding 
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structure, we can use B2O3 as the dopant in layer 2, and Al2O3 as the dopant in layer 3. The 

resulting acoustic index and optical index profiles are shown in Figure 5.1(b) and (c) respectively. 

It is clear that layers 1 and 2 can confine light while layers 2 and 3 can confine acoustic waves. 

There are other possible dopant selections that can achieve simultaneous optical and acoustic 

confinement. And we still need to further investigate the acoustic waveguide theories to validate 

the proposed double-cladding fiber design for both optical and acoustic confinement.  

Dopant Δnop%/W% Δna,t%/W% Δna,l%/W% 

GeO2 +0.056 +0.54 +0.52 

P2O5 +0.020 +0.45 +0.34 

F -0.31 +3.4 +3.70 

TiO2 +0.23 +0.5 +0.65 

Al2O3 +0.063 -0.23 -0.46 

B2O3 -0.033 +1.30 +1.35 

 

 

  

Table 5.1. Optical (Δnop%) and acoustic indices (Δna,t% and Δna,l%) vs. dopant 

concentration (W%) 

Layer 1 

Layer 2 

Layer 3 

(a) (b) (c) 

nacoustic  

noptical  

Acoustic field  Optical field  

Figure 5.1. (a) Schematic of the proposed double-cladding fiber structure and its corresponding 

(b )acoustic index profile and (c) optical refractive profile. 
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