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A method of multiplexing fibre optic Bragg grating strain sensors is developed. The 

proposed design is show to be capable of meeting the requirements demanded by 

applications in modem civil engineering constructions. The system is implemented using a 

mode-locked erbium doped fibre laser as the interrogation source and an electro-optic 

modulator to demodulate the strain encoded sensor information. Both experimental and 

theoretical anaiysis is used to examine the system performance. 

The requirements of civil engineea for multiplexing fibre optic sensoa were 

identified and the proposed system was shown to meet them. Some of the particular 

advantages of the system include simple integration with existing single grating sensor 

measurernent methods, a sensing range capable of monitoring many structures up to the 

failure point, relaxed demands on the manufacture of the grating senson and high sensor 

spatial resolution. 
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1.1 Sensing requirements for modern structures 

Modem construction techniques increasingly require the use of "Smart Structures and 

Materials" [LI] that can sense and in some cases adapt to their environments. The 

requirements for these structures are based on a wide range of new constructions in the fields 

of civil and mechanical engineering such as buildings, bridges, airports, airplanes, dams. 

pipelines, and a host of others. Some structures may be able to detect deterioration caused by 

Factors like aging and fatigue, and transmit this information to a central monitoring service 

for appropnate corrective action. Other more advanced designs may even be able to 

implement self-correcthg maintenance in a continuous closed loop cycle. One cm view the 

potential for fbture structures as a biological mode1 where the structure is ouüïtted with a 

"nervous system" of sensors throughout, and respouds to stimuli fiom the environment. [1.2] 



A major challenge in the realization of Smart Structures is the development of 

sensors that can both measure a wide range of parameters and be integrated easily and 

cheaply into structural materials. Some of the measurements which are of interest include 

vibration frequencies, spatial vibration modes, thermally induced strain and deformations, 

loading, impacts, wind monitoring, shear forces, crack formation, darnage assessment, de- 

bonding, corrosion, traf'fïc flow, seismic movement, temperature distribution, and chemical 

contamination. In order for a sensor to be usefùl it must be sensitive enough to the 

measurand of interest, while being able to handle extreme conditions. It must be able to 

withstand a possibly harsh installation process, and it should be immune to types of outside 

interference such as electromagnetic interference. 

1.2 Fibre Optic Senson 

One class of sensors that is particularly attractive for use in Smart Structures is the 

fibre optic sensor. This class of sensors includes a wide variety of configurations. Sensors 

like microbend sensors[l.3], and chemicai sensors [lA]translate measurand signals into a 

change of intensity of light propagating in the fibre. Some are based on Iight scattering 

processes such as Rayleigh, Raman, and Brillouin scattering. [1.5-1.71 Others are based on 

interferornetic measurements of phase or f i g e  visibility. Also, there has been a significant 

amount of research in wavelength encoded sensors produced by one dimensional Bragg 

gratings fabricated in optical fibres [1.8]. These senson have been used to measure such 

parameters as strain, temperature, chemical composition and position. nie main focus of this 



thesis is concemed with fibre optic Bragg grating (FOBG) sensors, so a brief review of fibre 

grating tec hnology and applications will be given. 

1.3 Fibre Optic Bragg Grathgs 

In 1978, it was fust discovered by Hill et al. [1.9,1.10] that permanent refiactive 

index changes could be induced into silica fibres by exposirig it to high intensity light fiom 

an argon-ion laser at 488 nm or 514.5 nm This is known as photosensitivity. In m e r  

experiments, it was discovered that a one-dimensional Bragg grating was being fomed by 

the standing wave pattern created between the fornard propagating wave and the Fresnel 

reflected wave from the reflection at the end of the fibre. In the locations corresponding to a 

maximum of the standing wave, the refkactive index was changed, creating a linear grating 

which reflected light at the writing wavelength. 

In order for this discovery to become a practical tool in fibre optic systems, it was 

necessary to optimize the photosensitivity process and to fabricate gratings which are 

reflective at wavelengths other than the writing wavelength. 

Lam and Garside [Ml]  showed that the refiactive index change was proportional to 

the square of the power of the writing laser when 488 nm radiation was used, suggesting a 

two photon absorption process. Then later in 1989, Meltz et al. [1.12] showed that a Bragg 

grating could be formed in the core of an optical fibre by side exposure through the cladding 

with two intefiering ultraviolet beams at a wavelength of 244 nm. Previously Yuen had 

shown that germanosilicate glasses have a strong absorption peak centred around an optical 



wavelength of 245 nm [1.13] indicating that ultraviolet light would greatly enhanced the 

photosensitivity of the fibres by using a one-photon absorption process. 

The development of the interferometric writing technique greatly enhanced the 

usefùlness of fibre Bragg gratings as they could now be written at a wide variety of grating 

periods simply by varying the pitch between the interferhg beams. Now gratings could be 

fabricated at more useful wavelengths such as the fibre optics communications wavelength of 

1550 nm which is used since it corresponds to a minimum in the absorption of silica fibres. 

However, the interferometric writing technique has some drawbacks. The temporal 

and spatial coherence must be maintained throughout the exposure or else Einge shifis will 

occur and the grating will be washed out. Since grating writing can take several minutes, this 

can be a serious problem. One solution is to use high intensity nanosecond pulses and to 

write the grating in a single pulse, however, this can result in physical damage to the fibre 

resulting in poor grating characteristics[l ,141. 

The development of the phase-mask writing technique by Hill et al.[l.lS], and 

Anderson et al.[l. 161 has alleviated many of the problems of the interferometric method and 

also lends itself to mass production techniques. The phase mask produces a periodic phase 

delay by periodically increasing the optical thickness of the phase mask material with a 

period that is the sarne as the desired penod of the fibre Bragg grating. If the fibre is exposed 

fkom the side through the phase mask and the net phase delay is equal to n, then the zeroth 

order diffiction will be nulled, and the +/- first order difiaction is maximized. The 

interference of the first order dieaction beams will produce an interference pattern in the 

fibre with a periodicity that is twice that of the phase mask. Phase masks can be produced 

reliably using e-beam techniques that are weil developed in the electronics industry. They 



also provide design flexibility so that a wide variety of grating patterns can be fabricated 

such as chirping of the grating period and phase shifts. 

The physicai process of photosensitivity in optical fibres and grating formation is not 

completely understood, although several theories have been proposed. It is generally believed 

that more than one type of physical mechanism is responsible for photosensitivity. The 

earliest studies of light induced refiactive index changes in silica optical fibres showed that 

only heavily doped germanium cores were photosensitive. More recent studies have 

discovered that many types of fibres are photosensitive such as certain rare-earth ion CO- 

doped fibres[l. 171. Also, preparation techniques have been developed to enhance sensitivity 

in various fibres. 

Most models of photosensitivity are related to the natural formation of Ge-Si and Ge- 

Ge "wrong bonds" during the manufacturing process of the fibre[l. 18-1.201. Normally 

germanium plays a substitutional role for silicon in the silica lattice. In this case the 

germanium will bond to four adjacent silicon atoms via bridging oxygen atoms. However, 

depending on the thermal history of the fibre, the germanium may bond directly to a silicon 

or germanium atom. "Wrong bonds" have boen shown to correspond to a strong absorption 

peak in the ultraviolet at a wavelength of 240 to 250 m[1.2 11 which corresponds to the 

wavelength where strong index changes can be induced. Germanium defect centres are 

generally thought to be responsible for the initiation of the photosensitivity process although 

there is still some debate on their exact role. Different models have been proposed to explain 

the mechanism of photosensitivity including the colour centre model, the compaction model, 

the dipole model and the stress relief model. 



The colour centre mode1[1.22] is based on the bleaching of the 'fmong bonds'' by 

photo-ionisation with 245 nm light and the subsequent creation of new absorption bands. 

This permanent change in the ultraviolet absorption spectrum will create rehctive index 

changes in the infrared regions as described by the &amers-Kronig causality 

relationship[l.23]. The 245 nm radiation is believed to break the Ge-Si bonds forming a 

GeE' centre and a free electron. A GeE' centre is a germanium atom bonded to three oxygen 

atoms and one uopaired electron. The free electron may either recombine with the GeE' 

centre or diffuse through the crystal host and be trapped elsewhere forming a Ge(1)- or 

Ge(2)- defect site. These sites correspond to single or double germanium substitutions in the 

silica host. It has been s h o w  that the formation of these sites leads to an increase in 

absorption at 28 1 and 2 13 nm[1.24,1.2 11. 

The compaction model postdates that index changes occur due to a change in density 

of the glass[1.25]. Experiments by Fiori and Devine[1.26] have shown that U V  irradiation of 

a thin film silica sample can reduce the thickness by as much as 15%. Subsequent thermal 

annealing was able to restore the original thickness showing that the change in thickness was 

not due to ablative etching. The measured change in the index of refkaction as a function of 

thickness was in good agreement with hydrostatically compressed silica. This indicates that 

the change in index is due to structural cearrangement and not simply to photochernical bond 

breaking. 

n i e  dipole model is based on the same mechanism as photorefiaciive crystals[l.22]. 

The premise of the argument is that when an electron is released fiom a GeE' centre, it will 

diffise to an area of lower fkee electron density. Since there will be many electrons in the 

area illurninated by ultraviolet light, the electron will dif ise  to areas of Low illumination 



where they eventually recombine to fom Ge(1)- or Ge(2)- sites. Therefore these centres will 

dform isproportionally in areas of low light. This will result in a spatially periodic DC 

elecûical field that will produce an index modulation through the Kerr effect. However, due 

to the large density of Ge(l)- or Ge(2) sites required to affect a significant index 

change[l.27], this model is not expected to contribute to a significant portion of the 

photosensitivity[1.28]. 

The stress relief model accounts for changes in index through the stress-optic 

effect[l.23]. During the fibre drawing process, the core and the cladding will have different 

thermal expansions as they cool. This produces a static tension on the core and reduces the 

refiactive index. When the "wrong bonds" are broken by ultraviolet irradiation, this may 

provide stress relief to the fibre core, and subsequently increase the refiactive index. 

It is still a matter of debate as to which one of these methods is correct. It is most 

likeiy that more than one process contributes to the index change, and the dominant process 

will depend on the particular type of fibre and the writing process. For example, the arnount 

of optical power used, the time the fibre is exposed to the light or whether the light is pulsed 

or continuous will affect the grating formation. Three different regimes of the writing process 

have been identified corresponding to gratings of type 1, type IIA and type II[1.25]. 

Type I gratings are the most common type that are encountered during typical 

writing conditions. These gratings are characterized by an index change which grows linearly 

with writing tirne until saturation. Type 1 gratings are found to be thermally reversible[l.25]. 

Type IIA gratings occur when the index change of the type 1 grating has saturated. Mer the 

type 1 grating disappears, a secondary grating of type IIA will begh to fom, but shifled in 

central wavelength. It is interesthg to note that this secondary grating will form even if 



unifonn ultraviolet light is used at the location of the original grating. The compaction mode1 

is the mechanism which is thought to be responsible for the formation of this new grating 

[1.25]. Generally type IIA gratings are more resistant to thermal annealing than type 1 

gratings. Type II gratings are fomed by high intensity ultraviolet light that is pulsed for a 

period of a few nanoseconds and can be written in a single pulse. Optical inspection of type 

iI gratings reveal a damage track at the core cladding interface causing a very large index 

change. Since type II gratings are caused by physical darnage to the fibre, they are not subject 

to themal annealing. 

Sorne of the techniques that have been developed to enhance optical fibre 

photosensitivity are hydrogen loading[ 1.291, flame brushing[ 1.301, and CO-doping the core 

with other elementsEl.3 1-1.341. 

Hydrogen loading is the process of difhsing hydrogen gas into the fibre core and is 

done by subjecting the fibre to a high pressure hydrogen atrnosphere. Once the hydrogen 

diffbses into the core, it may form OH- ions, causing some Ge-O-Si bonds to become a Ge-Si 

"wrong bondW[1 .35]. In this way hydrogen loading has the effect of increasing the density of 

"wrong bond" defect centres. Flarne brushing uses a high temperature, hydrogen nch flame 

to diffuse hydrogen into the core. It has the advantage of being much faster, but stmcturally 

weakens the fibre. The adding of dopant ions can have two effects. One is to provide an 

additional absorption band for transfemng optical energy to the lattice[l ,181, and the other is 

to modify the thermal expansion coefficient of the core to enhance the stress relief 

mechanism of photosensitivity[l.36]. 



1.4 Bragg Gratings and Strain Sensing 

Bragg gratings work as narrow-band reflection filters that couple light travelling in 

the fonvard direction of a single mode fibre (LPOI mode) to the backward travelling mode. 

The interaction of the iight with the grating is linear, so the reflected light will have the sarne 

wavelength and frequency as the incident wave. The Bragg condition for maximum 

reflectivity can be derived fiom conservation of momentum. Momenhun conservation 

requires that the sum of the incident and grating wavevecton must be equai to the reflected 

wavevector: 

Substituting for the wavevectors in terms of wavelength and grating penods, where A is the 

grating period in a medium of refiactive index n: 

4 = 4 = 5 = 2 n ~  

This is known as the Bragg condition. 



Since the peak of the reflection coefficient of the grating is directly related to the 

grating period and fibre refiactive index, any environmental condition that changes either of 

these parameters can be monitored by tracking the wavelength of a reflected optical signal. It 

is for this reason that fibre gratings have attracted so much interest in strain and temperature 

sensing. Both changes in temperature and strain mod@ the index of the fibre and change the 

physical period of the gratings. By encoding the external measurand in to changes in 

wavelength, the ability to make sensitive absolute measurements over a wide dynamic range 

is greatly enhanced. Problems arising fiom variations in intensity are minimized as long as 

there is enough power to recover the wavelength of the reflected light. 

Some engineering diffculties still do exist in the implementation of fibre optic Bragg 

grating sensors. In some applications, it is necessary to detect very small strains so that the 

wavelength decoding must be done with a resolution of a picometer or les. It can be a 

challenge to accomplish this at a pnce and complexity that are cornpetitive with other 

technologies such as electncal strain gauges. However, because of the intrinsic benefits of 

fibre optics, there are many situations in which there are no practical alternatives. For 

example fibre Bragg sensors are virtually immune to electrornagnetic interference because 

extemal radiation cannot couple into the guided mode of the fibre. They can be embedded 

directly into many different types of material such as concrete and advanced composite 

materials, and they don? pose a risk of igniting combustible materials. 

Perhaps the most enticing prospect of fibre Bragg sensors is the potential for 

multiplexing. Since each grating c m  be designed to use only a small portion of the available 

power, then a large majority of the power can be made available for interrogation of other 

gratings. This can be accomplished by several methods hcludiog addressing each sensor at a 



separate and isolated wavelength, or by discriminating between each sensor by measuring the 

time of flight of a reflected optical pulse. By multiplexing each of the sensors, the overall 

system cost can be greatly reduced dong without the trouble of dealing with many optical 

wires or electrical wires in the case of strain gauges. For embedded sensors in a structure it 

is desirable to have as little intrusion as possible to avoid interference with structural 

integrity. 

1.5 Contributions of this thesis 

In this thesis, a new method of tirnedivision multiplexing serially arranged fibre 

optic Bragg grating strain senson on a single optical fibre is developed. Time division 

multiplexing can be implemented by launching a broadband optical pulse d o m  the fibre 

containing the gratings sensors. By distinguishing the time for the pulse to travel down the 

fibre, reflect fiom different sensor gratings, and travel to the detection system, we can isolate 

the wavelength encoded information fkom each individual grating. By measuring the 

wavelength of the retumed pulses, the local strain field at each grating cm be determined. 

In the system that is descnbed in the thesis, some of the problems that still remain in 

multiplexed grating systems are addressed. Specific challenges that are addressed in this 

thesis are described as follows. The fundamental challenge of any multiplexed sensor system 

is to incorporate as many sensors as possible into the system and be able to distinguish the 

sensor signal from each sensor. However, there are many restrictions which make this a 

difficult task. We would Like to maintah a large overall range of the measurand. For 

example, in strain sensing we would like to measure the strain in the structure fiom no strain 



al1 the way to the failure point. We would also like to be able to meamre the smallest strain 

that could have any relevant effect on the structure. This implies that the multiplexing system 

must not significantly lirnit the sensor's dynamic range. Also the rneasurement should give 

the absolute meamrand value as opposed to measuring the relative change in the measurand 

and the system should be capable of measuring the state of the sensors at a rate faster than the 

state of the measurand changes. The sensors should be able to be placed in close physicai 

proxirnity to each other or far apart if needed. The total length of the sensor system should 

not have any restrictive limitations. The system should offer as small of an intrusion to the 

structure as possible. In addition to these requirements, it is very important that the whole 

system is capable of being implemented at a reasonable cost. High sensor count systems offer 

an advantage in this respect since the cost per sensor is generally lower. 

The proposed design was motivated by the requirernents of members of ISIS 

(Intelligent Sensing for Innovative Structures) Canada for multiplexed fibre optic sensor 

systems. We would like to design a system which is capable of demultiplexing a minimum of 

20 fibre optic Bragg grating strain sensors on a single fibre, and the gratings should be able to 

be placed as close a 1 m from each other. From discussions with the former and cunent ISIS 

theme directors in fibre optic sensor technology (Prof. R. M. Measures and Prof. R. C. 

Tennyson) we were able to define the sensing requirements that are desired by civil 

engineers. The system should be able to detect strains in a range approaching 104 pa (E 

represents one unit of strain or a change in length equal to the unstrained length), and should 

have a resolution near a single pstrain. A minimum grating spacing of no more than one 

meter should be achieved, and the total length fiom the first sensor to the 1s t  sensor should 

be able to extend up to 50 m. The rneasurement system shodd be able to measure strain at a 



maximum rate of a few tens of Hertz and perhaps up to 100 Hz. The design should be such 

that there is only a single ingress and egress of the fibre sensor string into the structure, and 

the total cost should be realizable at around a thousaad dollars per sensor or less. 

To my knowledge, no multiplexing system developed to date can achieve al1 of these 

requirements in a single system. In this thesis we propose a system bat will have the 

capability to satisQ al1 of these requirements, and in some cases exceed them. Ln particular, 

the first demonstration of electro-optical time gating is undertaken in our system and offers 

superior demultiplexing performance over comparable systems that have been developed 

previously. The demultiplexing method possesses inherent flexibility that allows it to be used 

with a variety of existing technologies that have already been developed for wavelength 

measurement. It also provides excellent time resolution and low signal cross-talk. 

To investigate the ments of the proposed system, a prototype system was developed 

and tested to examine some of the practical limitations that will be encountered. The 

prototype system does not meet al1 the requirements outlined above, but was designed in 

such a way that the feasibility of implementing a more practical system could be examined. 

Finally the results fiom the prototype system are evaluated and a system design is 

proposed that will meet the stated requirements. 

1.6 Organization of the Thesis 

in Chapter 2 of the thesis, a review of the principles of fibre optic Bragg gratings will be 

given followed by a description of their use in strain and temperature measurements. Then a 

brief survey of demodulation techniques for fibre Bragg sensors is given with a focus on 



wavelength measurement and multiplexing methods. Chapter 3 will investigate in detail the 

requirements and challenges in implementing a tirne-multiplexed sensor system. This is 

followed by a description of a proposed system that is designed to investigate the feasibility 

of meeting the design challenges. Next the results obtained f?om the implementation of the 

proposed system are examined. In Chapter 4 the results of the expenmental system are 

examined and design considerations for a commercially viable system are presented. Finally, 

in Chapter 5, the results frorn the thesis are summarized, conclusions are drawn and 

considerations for future work are discussed. 
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2.1 Fundamentals of Fibre Optic Bragg Gratings 

Consider a periodic medium with a modulation of the effective index of the form: 

Where is the average effective index of the mode, z is the position along the direction of 

forward propagation and A is the period of the grating. A schematic representation of 

equation (2.1) is show in figure 2.1. 



Position (2) 

Figure 2.1 : Schematic representation of the index profile fonning a fibre optic Bragg grating. 

Now suppose an electromagnetic wave at frequency o with an electric field descnbed 

is propagating in the periodic medium with a spatial dependence of 

Where A@) and B(z) are the complex envelopn of the forward and backward propagating 

waves respectively. 



Using Maxwell's equations, and equations (2.1) and (2.2). it can be s h o w  that these 

equations satisQ the following coupled mode equations which descnbe the coupling between 

the forward and backward travelling modes in the periodic medium[2.1]: 

Ap is the detuning of the propagation constant from the Bragg condition and is given by 

The grating Iength is 1 and K is the coupling coefficient. For a strictly periodic sinusoidal 

index modulation, the coupling coefficient is: 

Equation (2.4) is only valid under certain constraints. Fortunately they are satisfied in most 

practical application of fibre Bragg gratings. These conditions are [2.2]: ( h ~ )  ce 1 ; (AP/p) 

cc 1 ; and the envelope of the electric field is slowly varying so that 

Using standard methods to solve the fist order ordinary coupled differential equation 



of (2.4), the output waves can be expressed in terms of the input waves by means of a 

scattering maûix. Letting a(z) = A(z)exp(ipz) and b(z) = B(z)exp(-ipz), then we have: 

Physically, this matrix represents the relation of the waves leaving the grating structure to 

those entering the grating as shown in figure 2.2. The elements of the scattering matrix are 

given by [2.3]: 

where 

Figure 2.2: Location and direction of the optical waves in equation (2.8). 



By rearranging the scattering rnatrix equations, we cm express the field parameters at 

the start of the grating by the field parameters at the end of the grating in a transmission 

matrix[2.3]: 

Where 

The transmission matrix (or T matrix) allows one to analyze several segments 

individually and multiply them together to get an overall transfer fùnction. In general, we c m  

divide a grating of total length 1 into n consecutive subsections of length li, i = Ln. To find 

the overall T matrix, one just multiplies the T matrces of each section in order: 

[T, l =  [T,, Ir,, l***[r," 1 

If the individual subsections cover a length that is not an integer multiple of the grating 

period, then it will be necessary to incorporate a complex phase factor into the coupling 

coefficient, K [2.3]. However if the segments always cover a integer multiple of the grating 

period then K is aiways real and given by equation (2.6). Furthemore, this appmach can be 

used regardless of the shape of the index modulation function. To extend this method to more 



complex periodic index profiles one needs only to 6nd the Fourier component which 

corresponds to the phase matching condition (eqn. 1. l), and use this for AQ. 

When using this equation for fibre Bragg gratings there are a few points to consider. 

In an optical fibre, it is not the absolute index change that is hduced in the fibre that should 

be used in equation (2.6), but instead the change in the effective index of the propagating 

mode. Normally when fibre grating are written, only the core has a significant index change. 

Therefore, the coupling coefficient as given in equation (2.6) should be replaced by one of 

the fonn 

Where q is the overlap factor between the modal field of interest and the index 

variation[2.1 J.41. 

a) 
Wavelength 

l 

b) 
Wavelength 

Figure 2.3: (a) Transmission and (b) reflection spec tm of a strong grating showing coupling 
to the cladding modes in transmission. From [2.4] 



In single mode fibres, it is usuaily desirable to couple light fiom the foward 

propagating LPoi mode to the reverse LPoi mode as given by the Bragg condition (1.3). 

However, it has been observed that coupling may also occur hto the reverse propagating 

cladding modes and radiation modes on the short wavelength side of the main reflection peak 

[2.4]. Figure 2.3 shows the transmission and reflection spectnim for a strong grating. It can 

be seen that there is a loss of power in the forward propagating mode for wavelengths shorter 

then the Bragg wavelength. However, this power is not seen in the reflection spectnun. This 

must rnean that the light is being coupled to some other mode. In order for this to occur, the 

phase rnatching condition as given by equation (1 .l) must be satisfied for other modes and 

there must be a signifiant overlap integral between the modes. To discover the wavelength 

closest to the main Bragg reflection peak that may couple to the cladding modes we note that 

the effective index of the cladding modes is less than or equal to the fundamental mode 

index. If we let the wavelength offset be hop = he - hi , where hi is the longest wavelength 

that cm couple to the cladding, and letting 41 and ibn be the cladding index and the 

hindarnental mode eflective index respectively then 

and 



So the phase matching condition for coupling to the cladding modes becomes [2.4] 

The actuai coupling strength to each mode will be related tu the overlap integnl between 

the modes in the fibre. This integral will be of the fom[2.l]: 

which relates the change in the forward propagating LPo mode of polarization degeneracy p 

to the integral between the electric field of this mode and the fields of al1 other possible 

modes of order a and polarization p'. B is the field strength of each respective coupling 

mode. Normally the fields of different modes are orthogonal to each other so this integral 

would calculate to zero for al1 cladding modes if An was uniform in the x and y directions, 

and no mode couplhg would occur. However, since only the core is photosensitive in most 

cases, the overlap integral will generally be non-zero. 

In figure 2.3 a series of peaks can be seen in the coupling to cladding modes. These 

peaks are due to a cylindricai Fabry-Perot resonator that is formed by the air-cladding 

interface. If the fibre is placed into index matching gel, then a continuous loss of light into 

radiation modes is seen at wavelengths shorter than hi. 

Normally the short wavelength coupling is not signincant until the index change 

approaches 105. It cm be shown that the power lost to radiation modes is proportional to the 

square of the index change in the core[2.4]. Therefore for gratings of weak to moderate index 



change this effect is not significant. In the case of type II grathgs (see chapter l), the short 

wavelength features are highly pronounced due to the extreme non-unifomity in the spatial 

x-y profile of the index change. 

Many grating stnictures do not have a uniform structure along their entire length, but 

can be classified as "almost periodic" structures. Typical structures such as these can be 

fabricated by varying the magnitude of the index change along the length of the grating, by 

changing the grating pitch, by modifiing the average effective index, or by adding discrete 

phase shifis in the grating period. These effects have been used to produce apodized 

gratings[2.5] with reduced sidelobe levels, chirped gratings[2.6], phase-shifled gratings[2.7] 

and many other novel structures. 

Unfortunately the coupled mode equations (2.4) cannot be solved analytically for 

most non-uniform structures, but they can be solved numerically using the T-rnatrix 

formalism. A non-uniforrn grating may be broken up into n sections where each small section 

c m  be considered to be uniform. A T-matrix c m  be calculated for each section using the 

average coupling coefficient, grating pitch and effective index for that section. The T-matrix 

for the entire grating can then be calculated by multiplying the T-matrix of each section as 

shown in equation (2.13). For typical structures this method cm accurately predict the 

grating response of non-uniform structures with a small number of sections. The validity of 

the rnethod can be verified by increasing the number of sections used and noting if there is 

any significant change in the calculated grating response. Indeed, in the limit as n+ao, the 

overall T-rnatrix will be the exact grating response, although numerical noise will place a 

praciical limit on n. 



Once the overall T-math is found, the grating response in transmission and 

reflection can be easily calculated. If a(L) and b(L) in equation (2.1 1) are set to O and 1 

respectively, then the reflection coefficient is given by r(h)=a(0,7c)/b(O,A) and the reflectivity 

given by ~(h)=lr(h)l~. Likewise the transmission coefficient and transmissivity are given by 

t(h)=b(L, h)/b(O, h), and ~(h)=[t(h)f. Note that if coupling to other modes is ignored, then 

R(k) + T(h) = 1. 

In the simplest case of a uniform grating, the reflection spectrum of the grating is 

given by 

At the Bragg fiequency, 

R(A = AB) = tanh2(d), (2.20) 

whiçh pmvides a convenient method to quickly find the coupling strength of a unifom 

grating of known length. 

An alternative method to the T-matrix method for detennining R(k) for an arbitrary 

grating structure is to define a local reflection coefficient, which when substituted into the 

coupled mode equations, produces a Riccati differential equation that c m  be integrated to 

find the overall reflection coefficient[2.8]. To develop the Riccati equation, it is useful to 

write the index modulation in the form 



Here we have added an additional factor ((2) to account for variations in the grating pitch. 

Note that this terni is not required for the T-matrix method, since this can be accounted for by 

varying the grating period or the coupling phase in each section. Now we can define a local 

reflection coefficient given by 

If we take the derivative of equation (2.22) with respect to z, and substitute these equations 

into a modified version of the coupled mode equations (2.4) that includes the phase factor 

then we obtain the Riccati differential equation [2.8], 

This equation can be directly integrated dong with the boundary condition 

to yield the reflection coefficient at the front of the grating. The reflectivity is given by pp*. 

The Riccati equation for the reflection coefficient can be linearized if we resûict 

ourselves to gratings that have low reflectivity. If we rnake the substitution, 



then equation (2.23) can be written 

For low reflectivity gratings, the squared term can be neglected and the equation can be 

integrated to find the reflectivity, 

Therefore, except for some constant factors, the grating reflectivity cm be approxirnated by 

the Fourier transform of the h c t i o n  ~(z)exp(i+(z)). This relation assumes low reflectivity 

and can be arrived at by assuming that the incident wave is undepleted or by using the first 

Born approximation which does not take into account multiple reflections[2.9]. 

The converse of equation (2.27) allows use to calculate the grating profile from the 

measured complex re flection coefficient b y simpl y calculating the inverse Fourier transfom. 

Therefore the instantaneous graikg pitch cm easily be found. If the index profile is given by 

(2.21) then the instantaneous grating pitch is aven by [2.10]: 



where A. is the nominal grating period. Under the condition 

which is true for almost any practical grating structure we can write 

Calculating the grating structure through the inverse of 2.27 is generally more 

accurate near the start of the grating than near the end. The approximation of an undepleted 

incident wave may not be true near the end of the grating, and certainly it will be less valid 

than near the front of the grating. It is difficult to give a general figure of merit for when this 

approximation is valid since the error is position dependent, but a very rough figure is that a 

good estimate of the reflectivity can be made if the peak reflectivity is less than 30% and the 

first half the grating can be accurately calculated if the maximum is less than 90%[2.10,2.11]. 

2.2 Fiber Optic Bragg Gratings as Strain and Temperature Sensors 

When a fibre Bragg grating is subjected to strain or temperature variation, the 

properties of the grating such as effective index and grating penod rnay change, resulting in a 



shift of the resonant Bragg wavelength. It is this feattue of Bragg gratings that makes them 

attractive for use as sensors. 

The Bragg wavelength for light polarized in the a direction in a fibre grating is given 

by 

where n is the effective mode index and A is the grating period. If we use the O subscript to 

indicate the non-perturbed parameter value and assume that no shear stress is applied to the 

fibre, then the response of the Bragg wavelength to strain and temperature is given by 

a~~ 3 an, aAa an, 
AAa = 2 n o , x - A L y  +2ho,C-AL, +2n, , -AT+2Ao,a-AT 

aT dT (2.33) 
y., aL, y - ,  at, 

where L is the grating length and the subscript y indicates the three coordinate directions. 

Since the effects of strain and temperature act independently of each other, we cm examine 

their effects separately. 

The fibre response due to strain is given by the first half of the nght hand side of 

equation (2.33). If (2.32) is substituted into (2.33) then the strain response can be written as, 

If the change in grating period is not dependent on polarkation[2.12] then for a=1,2 



The axial strain is given by E,=AL~/L~,. Furthemore, the strain-optic effect [2.12] States that 

Where P, is the contracted strain-optic tensor of the fibre and E, is the block reduced strain 

tensor. 

If the fibre is isotropic and elastic, and the coordinate system is given by the 1 

direction being in the axial direction of the fibre (Le. the z-axis) and the 2 and 3 directions 

being transverse to the fibre axis in a right handed Cartesian coordinate system, then for a 

purely longitudinal stress, E, is given by 

according to the Butter and Hocker mode1 [2.13] which assumes that there is no shear strain. 

The quantity v is Poisson's ratio for silica. The contracted strain-optic tensor Tor a low- 

birefringent optical fibre is of the form 

Therefore equation (2.34) can be written 



where we have introduced  as the effective strain optic constant given by 

For a typical optical fibre, the effective strain optic constant has a value of 0.22 [2.12]. It 

should be noted the values of the strain-optic rnatrix should relate the change in effective 

index of the mode of interest due to the applied strain if they are to be applicable to fibre 

optic waveguides. In birefngent fibres the effective index of the slow and fast axis will 

respond differently to strain, and the matnx will have to be modified accordingly[2.12]. 

A fibre grating's response to temperature change is given by the right half of equation 

(2.33). This c m  be written 

Ma 1 ah, -=-- i an, 
AT + -- AT a., A , ,  aT no., a* 

The change in index is related to the thermo-optic coefficient 5 by [2.12] 

And the change in the grating penod is given by the coeffecient of thermal expansion for 

glass, a [2.12]: 



Therefore, equation 2.4 1 can be written 

Typically the value for the therrno-optic coefficient in germanosilcate is 8.3 1 x l 0 ~ 1 ~ ~  

and the coefficient of thermal expansion is 0.55 x 1 0 ~ ~ 1 " ~  [2.12]. The change in cefiactive 

index with temperature is the dominant mechanism that shifts the Bragg wavelength. 

At a sensor interrogation wavelength of 1550 nrn the expected strain and temperature 

induced shifts in the Bragg wavelength are 1.2 1 p m / p  and 13.7 prn/OC [ 1.14- 1.161. 

2.3 Detection of Wavelengtb Encoded signals 

We have seen that the returned signal fiom a fibre optic Bragg grating (FOBG) sensor 

is wavelength encoded. The centrai wavelength of the signal gives information about the 

Bragg wavelength of the grating, which in turn gives infonnation about the temperature or 

strain applied to the grating. To use Bragg gratings as sensors, one must be able to measure 

the wavelength of an optical signal to a high degree of precision. In this section, 1 will 

discuss some of the issues and methods for performing this measurement, and refer to 

specific examples fiom the literanire. 

A FOBG sensor cm incorporate its wavelength discriminating element in either the 

source or the receiver. The choice wiiA depend on which implementation is easier given the 



available resources and the application of the sensor. Many wavelength detection techniques 

are very flexible in terms of where in the system they can be placed while others are 

integrated out of necessity with the source or detector. 

A common detection technique selects the wavelength in the interrogation source and 

scans it across the sensing range of a FOBG sensor. The detector can consist of a simple 

photo-detector and plays a passive role. When the source wavelength is the same as the 

grating Bragg wavelength, the detector will register a maximum in the reflected light. 

Therefore, by rneasuring the received light as a function of the source wavelength, one can 

determine the Bragg wavelength of the grating. 

An example of sensor demodulation by tuning the source wavelength is given by 

Coroy et al. [2.17]. The wavelength was tuned by varying the injection cunent into a 

distributed feedback laser diode. In order to make reliable rneasurements with this method it 

is necessary to have a narrow-band source that cm be tuned continuously over the sensing 

range. Problems can be encountered if the laser mode-hops during tuning. 

If a reliable tunable narrow-band source is not available for use, then a broadband 

source may be used with a narrow-band tunable filter. The primary limitation of this method 

is that the filter rejects a large portion of the source power if the filter is very narrow, and the 

peak of the grating becomes harder to discem if the filter is too broad. 

Any device that produces an output that is dependent on the optical wavelength of the 

input can be used to measure wavelength. However FOBG sensors place high demands on 

the detection system, such as fine wavelength resolution, wide full-scale range, sensitivity to 

very low optical powers, and high speed operation. The most common techniques that have 



been used to achieve these goals are interferometric detection and optical wavelength 

filtering using passive or active detection techniques. 

OPD = nd 

Broadband 
Source 

seasor signal 

+ 
3 

Figure 2.4: A basic type of interferometric detection using an unbalanced interferometer. 

W!velength encoded 

A basic form of interferometric wavelength detection is shown in figure 2.4. The 

optical signal is passed tluough an unbalanced fibre optic Mach-Zender interferometer 

[2.18,2.19]. If one path of the interferometer is longer than the other by a distance d and the 

optical index of the fibre is n, then the optical path difference (OPD) of the interfierorneter is 

nd. The output light intensity to the detector will be related to: 

Therefore the interferometer gives a signal that varies with the optical waveiength, and is 

periodic in wavelength with a period of: 



Without additional f i g e  couating? it must be assured that the Bragg wavelength of the 

sensor will not extend beyond this range of wavelengths. For example. if the sensor operates 

around a wavelength of 1.55 pm and has a physical path difference, d, of I cm, and an index 

of 1.45, then the maximum detection range is about 0.15 nm, or about 125 p. 

Aside fiom the limited detection range, the basic interferometric detection 

configuration has some significant drawbacks. There is a limit to the OPD that can be used 

since the OPD must be shorter than the coherence length of the light retuming from the 

grating in order to give reasonable ninge visibility. For low to medium reflectivity, the 

coherence length is roughly the length of the grating, and is shorter for high reflectivity 

gratings. AIso, it may be difficult to determine where on the interferometric Fringe the signal 

lies due to the non-ideal fringe visibility caused by any imbalance in the interferorneter's 

splitting ratio or by different optical losses in each path. Variations in input light power can 

also cause difficulties in determining the wavelength. Furthemore, al1 these parameters can 

drift over time making it difficult to obtain accurate readings. 

To make it easier to determine where the received light lies on the interferometers 

transfer function some systems employ an actively tuned interferometer. Usually a 

piezoelectric element is used to dynarnically Vary the path length in the interferometer 

[2.20,2.21]. 

If the optical path length, nd, is dithered tiom zero to a half wavelength, then for any 

given wavelength, the output will Vary between the mlliimum and maximum output light 

power of the interferometer. If the dither signal is applied as a linear ramp as shown 

in figure 2.5, then the output will be a sinusoid with a period equal to the period of the 



OPD = nd 

element 
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Figure 2.5: Effect of applying a ramped dither signal to one path of the interferometer when a 
continuous monochromatic signal is used as input. 

applied ramp. The phase of the sinusoidal signal relative to the phase of the applied ramp will 

be detennined by the input wavelength of the interferometer. These phases can be easily 

cornpared using standard lock-in amplifier phase detection techniques. 

To deterrnine the sensitivity 

wavelength shifis must be determined. 

of this technique, the sensitivity of the phase to 

From equation 2.45, the phase of the sinusoidal output 

A 

And the change in the phase with wavelength is: 

So for a path difference of 1 cm and an index of 1.45, and at a central wavelength of 1.55 

Pm, the phase changes about 38 radians per nanometer change in the input. If the phase cm 



be measured to an accuracy of 1 prad/&iz, then a theoretical resolution of 45 p~/dHz is 

attainable. 

Unbalanced interferometers can therefore be used to make very fme relative 

waveiength measurements, however the drawback is that it is difficult to make absolute 

measurements. The bias point of the interferometer will slowly drift over time, and will be 

mistaken as a low fiequency shift in the retumed optical wavelength from the sensor. To 

eliminate this error, the returned signal may be compared to a signal of known reference 

wavelength [2.22,2.23,2.24]. 

A reference wavelength can be provided by using a second FOBG that is isolated 

From any strain or temperature changes [2.24]. Instead of comparing the phase of the signal 

with the ramp voltage of interferometer, it is compared with the phase of the returned signal 

fiom the reference grating. This method was found to produce a long-tenn absolute accuracy 

of about 0.5 pe per hour. 

The interferomettic approach can therefore be used to produce very accurate 

measurements for dynarnic strains, but is limited in its detection range by the periodic nature 

of the interferometer. A trade-off is established between the sensitivity and the detection 

range by setting the OPD of the interferometer. With a moderate increase in cornplexity this 

detection technique can be adapted to measure static and quasi-static strain. 

An alternative technique that can make it easier to track quasi-static strains and 

provide a larger detection range is the use of a narrow tunable bandpass wavelength filter. 

The filter can either be huied to track the peak wavelength of the grating or it can be scanned 

across the sensing range. Two commonly used filters are the Fabry-Perot interferometer and 

the acousto-optic tunable filter [2.25-2.281. The peak wavelength of the grating can be 



tracked by applying a small dither signal to the tunable filter and obsenring the ef5ect on the 

optical output. This is shown in figure 2.6 for an acousto-optic tunable filter [2.26]. If a radio 

fiequency electrical signal is applied to the filter, it will open up an opticd transmission 

passband in the filter. This band can be tuned by varying the fiequency of the electrical 

signal applied to the filter. If the radio frequency signal is modified by a small low frequency 

dither signal at fiequency, a, then the passband wavelength of the filter will Vary at the same 

rate. If the filter is not at the centre wavelength of the optical signal fkom the sensing grating 

then the optical intensity at the output of the filter will also Vary at the Erequency of the dither 

signal. However, if the filter is centred to the Bragg wavelength of the grating, then only a 

2 0  variation in light intensity will corne out of the filter. This is because the light intensity 

will decrease for both positive and negative excursions of the dither frequency. Therefore, 

the amplitude modulated component of the returned light at the dither fiequency can be 

monitored as an error signal by mixing it with the dither signal and using this error signal as a 

correction to the centre wavelength of the filter. 

As an alternative approach, the tunable filter can be scanned across the sensing 

spectrum and the sensor wavelength cm be determined by noting the wavelength of the filter 

when the optical signal is at a maximum [2.27]. An illustration of this using a Fabry-Perot 

filter is shown in figure 2.7. The Fabry-Perot may be tuned by adjusting the mirror separation 

with a piezoelectric control. One method to determine the strain signal sirnply sends the 

retwned signal fiom a photo-detector to a standard electronic peak detector. When the signal 

reaches a maximum, the centre wavelength of the filter is recorded. 



Figure 2.6: Grating wavelength detection using an Acousto-optic tunable filter (AOTF). FBG 
= fibre Bragg grating, VCO = voltage controlled oscillator, LF = low fiequency, ELED = 
edge emitting light emitting diode. From [2.26]. 

The only problem with this technique is that it may sometimes be difficult to determine 

where exact1 y the maximum occurred. An alternative technique feeds the photo-detected 

signal into a differentiation circuit (Which is done in figure 2.7 by applying a dither signal). 

The maximum of the signal can be detennined when the output crosses zero, which is much 

easier to detemine. 

Figure 2.7: Scanning Fabry-Perot method of measuring wavelength. From [2.27]. 



Instead of using a bandpass filter, some researchers have used another FOBG as a 

wavelength selective element [2.29]. The wavelength encoded strain signal may be passed 

through the FOBG in the detector. If the Bragg wavelength of the sensor is the same as that 

in the detector, then the output signal will be minimized. By applying a known strain to the 

detection grating, the strain of the sensing grating can be tracked in a rnanner sirnilar to that 

described earlier for the bandpass filters. 

Another technique using optical filters is ratiomeûic detection [2.30-2.321. In this 

method, a filter whose transmission (or reflection) increases (or decreases) almost linearly 

with wavelength is used to filter the retumed signal from the FOBG sensor. If 

this filter signal is divided by an unfiltered version of the signal, then the ratio will be 

proportional to the wavelength. For example, assume that a perfectly linear transmission 

filter exists with zero transmission at a wavelength of hi, and unity transmission at 

wavelength h2. The transmission function of this filter will be, 

for an optical input at wavelength h where 1, is the transrnitted intensity and Ii is the incident 

intensity. If this power is normalized by the photo-detected signal fiom an unfiltered version 

of the signal, then the detected signal will be a measure of the wavelength given by: 



In practice, signais will have a finite bandwidth. However as long as the bandwidth of 

the signal falls within a linear section of the filter, the output will be proportional to the 

centroid of the optical signal [2.32]. For this type of filter, the sensitivity will obviously 

increase with a steeper slope. However, the steeper the slope, the smaller the range of 

wavelengths that can be covered. One way to overcome this limitation is to actively tune the 

wavelength dependent section of the filter across the spectral range that one wishes to 

measure. This has been accomplished by Coroy et. al. by shifling the band-edge in a multiple 

quantum well p-i-n photodiode [2.33]. This device was used for some of the work of this 

thesis and is descnbed in greater detail in Chapter 3. 

A different method of wavelength detection is the use of conventional bulk optic 

spectromeiers. In one implementation the light was coupled out of the fibre onto a two- 

dimensional grating spectrometer [2.34]. The first order reflection from the wavelengths of 

interest was directed towards a CCD detector anay, and the peak wavelength of the grating 

was determined by interpolating between the pixels of the detector may. 

Al1 these detection techniques have been used to determine the strain or temperature 

encoded wavelength signal from FOBG sensors. Each detection technique has particula. 

strengths and weaknesses that make it more or less suitable for different applications. In 

general we wouid like a detector that has a very large wavelength range while maintaining a 

very high resolution. It should be able to measure high fiequency strain variations, while 

maintaining high accuracy for quasi-static measurements. The design should be such that it is 

easy to incorporate into a fiber optic system, and should be easy to manufacture. 

The wavelength demodulation techniques above are not an exhaustive list, but merely 

highlight some of the most commonly used techniques. 



2.4 Strain/Temperature Discrimination 

A FOBG sensor responds to both temperature and strain by shifting its Bragg 

wavelength in accordance with equations (2.39) and (2.44). This property can be advantages 

in some circumstances shce it allows both effects to be monitored with the same type of 

sensor. However, this property can sometimes be a serious disadvantage, especially if a 

change in temperature is interpreted falsely as a change in strain. If both effects are encoded 

as wavelength shiAs only, then it is impossible to determine if the shifi was due to strain or 

temperature. 

Several researchers have developed methods to correct this problem by taking two or 

more rneasurements fiom different sensors or different features of the same sensor. The 

simplest, but sometimes impractical, method is to use two FOBG senson and isolate one of 

the sensors fkom either temperature or strain effects. For example, one sensor may be 

mounted in such a way that it is relieved of any applied strain, and placed in thermal contact 

near a second sensor which is embedded within a structure. Instead of using a second grating, 

a different temperature measurement device may be used such as a thermistor. Any 

temperature variations in the reference sensor can be used to remove the false readings in the 

strain sensor since the Bragg wavelength shifi with temperature is known. Unfortunately, if 

the sensing grating is buried deep within a structure, it will be very difficult to get an accurate 

measure of the temperature at the sensing point. Another technique is to make an 

independent measurement of the temperature and stabilize the temperame at the sensing 



point to a constant value using a temperature control device such as a Peltier effect thenno- 

elechic cooler. This method is also impractical for most embedded sensor applications. 

Most strain/temperature discrimination techniques utilize either two different grating 

structures that respond to temperature and wavelength differently [2.35-2.371 or they use one 

sensor, and interrogate it at two different wavelengths [2.38]. 

The relationship between the Bragg wavelength shift of a FOBG sensor and the 

change in temperature, T, and strain, E, applied to it can be written as [2.38]: 

where the constants K, and KT are related to the Poisson ratio of the fibre, the photoelastic 

coefficient, the effective index of the guided mode, the thermal expansion coefficient, and the 

thenno-optic effect as shown in section 2.2. If the wavelength response of two FOBG sensors 

written with different periods are measured then the resulting wavelength shifts can be 

expressed as follows: 

where the subscripts 1 and 2 are identified with each of the gratings. If the 4x4 matrix 

(referred to as the K matrix) is nonsingular, then it cm be inverted to uniquely determine the 

strain and temperature change in the grating when the Bragg wavelength shift of the two 

gratings is rneasured. 



In the ided case presented in section 2.2, the K matrix will be singular, because using 

equation 2.39, = (hei/Xez)I&,n. Fortunately this is not what is found in practice 

because the photoeleastic and thermo-optic coefficients are slightly dependent on wavelength 

[2.38]. Furthemore, they Vary at different rates with wavelength, so the K rnatnx will be 

linearly independent if two wavelengths are chosen that are sufficiently far apart. 

Other techniques have discriminated between strain and temperature by using two 

different types of fibre optic sensors. For example Patrick et al. used a combination FOBG 

and long period grating [2.36]. A long period grating shows significantly different strain and 

temperature response compared to a Bragg grating. 

2.5 Multiplexing Seosors 

For many sensing strategies, it is of great advantage to incorporate many sensors into 

a single system. This rnay be done to reduce overall system cost by reducing the number of 

components required per sensor. Multiplexing can also make installation and monitoring of 

sensor systems substantially easier. In many structures, it may simply be impractical to instdl 

a separate sensor system for each sensor or it may be required that al1 of the sensor readings 

be made fiom a single point, in which case al1 the sensors should be accessible fiom the same 

fibre output. Also, significant gains can be made if al1 the sensors are hterrogated using the 

same source. To minirnize any intrusions into a structure, al1 the sensors rnay be deployed on 

the same optical fibre if a suitable method is found to distinguish between the returned 

optical signal fiom each grating. 



Several different methods have been developed to multiplex fibre optic sensors 

including time, wavelength, fiequency, space, polarkation, and coherence [2.38]. Of these 

methods, the most widely and successfully used for FOBG point sensors are spatial, 

wavelength and time division muitipiexing. In the following section a brief review of these 

three methods will be given. Although each of these methods is presented as a separate 

multiplexing system, combinations of different multiplexing methods may be used. 

2.5.1 Spatial Multiplexing 

Spatial multiplexing works by fanning out the sensors on separate fibres as show in 

figure 2.8. A series of 3-dB couplers is oRen used to divide the signal path among many 

fibres. In this sensor configuration, each fibre contains only one sensor, with the sensor being 

placed on each of the last branches of the fan-out network. The retumed signal is measured 

by tapping the reflected signal fiom the unused branch of the last 3-dB coupler [2.39]. This 

configuration offers the advantage of allowing al1 of the sensors to be interrogated by the 

sarne source, and if the wavelength seiective element is placed at the source, then it can also 

be used for al1 the sensors. For example, Rao and Jackson used a fan-out network to 

interrogate a sensor network using a scanning Michelson interferorneter at the source [2.40], 

and Coroy et. al. interrogated a sirnilar network using a tunable laser diode [2.41]. The 

network also has the advantage that the signal returned fiom each sensor is analyzed 

separately so that sensor cross t a k  is not an issue. Placing each sensor on a different fibre 

also mllllmizes the risk of system failure due to a break in the optical fibre. In this case, only 

the multiplexed sensors &et the break will become unieadable. 
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Figure 2.8: Network topology for spatial multiplexing. 

Another straightforward type of spatial multiplexing is the use of a fiber optic 

switching network [2.42]. In this type of network each fibre optic line acts as an individual 

sensor. A mechanical or other type of efficient switch is used to select between each of the 

fibre-input lines embedded in the structure. In this case the entire sensor network can be 

treated as just a single sensor for the purpose of sensor interrogation design. 

Spatial multiplexing networks are usefûl in many different applications, however, in 

many instances it is of greater advantage to be able to incorporate many sensors on the same 

fibre to reduce components, cost, and the number of entrance points into a structure. 



2.5.2 Wavelength Division Multlplexing (WU#) 

Perhaps the most commonly used technique to multiplex FOBG senson is 

wavelength division rnultiplexing. In this method, each of the sensors is assigned a unique 

wavelength range. To demultiplex the sensors, the detection system has to separate each of 

the wavelength ranges. For this technique to work, it must be assured that any particular 

sensor will not have its Bragg wavelength extend outside of its assigned wavelength slot. 

Usually the gratings are designed to have a nominal unstrained Bragg wavelength in the 

centre of the assigned slot to allow for both compressive and tensile strains. 

An exarnple of the retumed optical spectrum fiom a WDM Bragg grating network is 

s h o w  in figure 2.9. If each grating is assigned a unique ten-nanometer slice of the optical 

spectrum, then at a wavelength around 1.55 Pm, this corresponds to a maximum 

unambiguous sensing range of a bit more than f 4000p. When the sensor is embedded 

inside a structure, it may be pre-strained to an essentially random value. The pre-strain cm 

m e r  Iimit the unambiguous sensing range. 

The maximum number of sensors in a wavelength multiplexed system is given by the 

total spectral bandwidth of the interrogating source divided by the width of each wavelength 

dot. This can place a significant limitation on the number of multipiexed sensors. If one 

wishes to have a large sensing range, then the source will be required to have a very large 

spectral width. Furthemore, the power retumed fiom the grating will be proportional to the 

bandwidth of the grating (typically - 0.1 nm) divided by the bandwidth of the source. 
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Figure 2.9: Optical Spectrurn from a WDM sensor network. The dotted lines show the 
unperturbed sensor spectrum and the solid lines show the response to strain or temperature. 

In order to separate the different wavelengths in the retumed optical signal, a few 

different techniques have been employed. One method uses wavelength division 

demultiplexers to separate each of the channels and directs the optical signal to separate 

detectors [2.20]. A variety of technologies can be used to make wavelength dernultiplexers 

including arrayed waveguides, waveguide couplers, interferometen, and fiber gratings. An 

alternative technique is to scan a funable wavelength filter across the entire sensing spectnun. 

For example, a hi& finesse Fabry-Perot filter may be used. In one system a piezoelectric 

element was used to tune a Fabry-Perot filter that had a fiee spectral range of 50 nm, and a 

filter bandwidth of 0.3 nm [2.18]. 



2.5.3 lime Division MulUplexing (TOM' 

In a TDM system, the grittings are intenogated by a short pulse of light that has 

sufficient bandwidth to measure the desired sensing range. The gratings are identified by the 

time it takes for the opticai signal to arrive at the detector. Instead of assigning a wavelength 

slot to each sensor, each grating has a tirne dot. Therefore there is no need to design al1 of the 

gratings at a separate wavelength. However, the reflectivity of the gratings must be kept low 

to ensure that a sufficient portion of the optical power will reach the last sensor in the systern. 

To discriminate between the signals from each grating, some type of time sensitive 

element must be used. For exarnple, Berkoff et. al. [2.43] used an electronic gate to 

demultiplex the sensor signal. In this system, lOOns pulses where launched fiom a broadband 

erbium-doped fibre source with a period of 600ns. The returned optical signal tom three 

FOBG sensors was directed towards a photodetector f i e r  passing through a scanning Fabry- 

Perot wavelength filter. A sample and hold circuit was used to sarnple the electrical pulses 

corresponding to each grating. 

in another system, Demis et. al. [2.44] used a section of highly dispersive fibre as a 

time sensitive element. The sensor array was interrogated by pulses fiom a mode-locked fibre 

laser [2.45]. The returned pulses fiom the fibre gratings passed through the dispersive fibre. 

Since the group delay of the fibre varies with wavelength, the Bragg wavelength of each of 

the gratings could be determined by measuring the t h e  for the retumed pulses to traverse the 

length of dispersive fibre. 

In T'DM systems, the criticai considerations are to have each tirne slot to be as small 

as possible, to have a large number of rime slots available, and to have sufficient optical 



power retunied fiom each sensor. This will allow the system to utilize a large number of 

sensors, and allow them to be placed in close proximity to each other. We believe that TDM 

offers the most potential for realizing the potential of multiplexing fibre Bragg grating 

sensors. in the following chapters of this thesis, a method of multiplexing sensors in time will 

be descnbed in detail that meets the specifications required by civil engineers. 
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3.1 General Requirements for TDM sensing networks 

A general block diagram for a time division multiplexing (TDM) and demultiplexing 

FOBG (Fibre Optic Bragg Grating) sensor system is shown in figure 3.1. The basic structure 

of this system, like most fibre optic senson systems, consists of a source, sensing fibre, and 

receiver. For serial TDM, there is only one entrance and exit point into the sensing fibre, so 

the source and receiver c m  be contained within the same unit. 

The source produces a train of pulses separated by a period T that are launched into 

the sensing fibre. As the pulse travels d o m  the fibre, it will reflect off each of the gratings. If 

there are N gratings, then there will be N pulses retumed fkom the sensing fibre. Each 

individual pulse wiii contain the wavelength idonnation of the grating which it reflected 



nom and will retum in a unique time slot. If the nth grating is located at a distance d, from the 

start of the sensing fibre, then the time for a pulse to enter the fibre and be refiected back 

tiom that grating is s, = 2d& where v, is the group velocity for the fibre mode. The sensing 

idonnation from each of the retumed pulses cm be matched to its respective grating by 

measuring the time it takes for the pulse to r e m  after it has been launched hto the sensing 

fibre. 
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Figure 3.1 : General block diagram for a time division muitiplexing sensor system utilizing 
fibre Bragg gratings. 

+ Sensor Array 
pqi i i i  ~~I~III~-~IIIIIIII , 

The minimum spacing between the gratings will be determined by the minimum 

resolvable time dot for each of the retumed pulses. This time will be related to the width of 

the pulses used to interrogate the system, the resolution of the demultiplexing system, and the 

puise response of the grating. To ensure that d l  the pulses retum in a unique time slot, al1 the 



reflections fiom a pulse launched into the fibre should leave the fibre before the next pulse 

fiom the source enters the fibre. For example, two different pulses h m  the source may 

interfkre if a pulse is launched into the fibre and reflects off the last grating in the fibre. By 

the time this pulse travels down the fibre and back, the next pulse could already have been 

launched and reflected off the first grating. If the spacing between these two gratings is half 

the propagation distance corresponâing to the puise repetition period T, then the pulses will 

r e m  together fiom the sensing string. 

In general, if the minimum duration of each time dot is r,, then the maximum number 

of unique time dots, Nt will be given by: 

The easiest way to guarantee that every pulse retums in a unique dot is to both limit 

the length between the first grating and the 1st  grating to half the propagation distance in a 

time T, and ensure that the gratings are separated by at least the distance corresponding to the 

propagation of the pulse in tirne rJ2. 

In order to measure the entire range of strain that is applied the grating, the source 

must have sufficient bandwidth to cover the sensing range. Furthemore, the spectral 

intensity must be fairly uniforni as a function of wavelength. Sharp variations in the spectnim 

will cause the reflection spectnim fkom the grating to appear distorted. The pulse width of the 

source must be kept srna11 and the repetition period made long to allow the interrogation of 

many sensors. 



It is the function of the demultiplexing system to select the retumed pulses based on 

their time of arrival. The demultiplexing system should be able to distinguish between pulses 

that are very close together to increase the number of usable sensors. 

3.2 System Design 

To determine the parameters of the multiplexing/demultiplexing system, one must 

examine the system in detail. Some of the more important issues that need to be identified are 

the power requirement of the source, the types of interference that can occur, and the 

specifications for the demultiplexing unit. In the following section, 1 will look at these issues 

in some detail. 

3.2.1 ln terference and Cross-ta/& 

interference occurs when the retumed optical signal that one would expect fiom a 

single isolated FOBG sensor is sornehow modified by the presence of other gratings. For a 

seriai TDM system this could happen in three different ways. While the pulse is travelling 

through the fibre it rnay pass through several gratings before it reaches the particular grating 

that we wish to examine. If the previous grating(s) is at or near the same Bragg wavelength 

as the one we are attempting to interrogate, then it may distort the spectnim of the 

interrogation pulse and cause error in interpreting the Bragg wavelength of the sensor. This 

effect is known as spectral shadowing [3.1]. While the pulse is travelling down the fibre, it 

will also partidy reflect off of the gratings. If two or more of the gratings are at the same 



wavelength, then the back reflected pulse may reflect again off another grating, and then 

reflect a third time and travel towards the demultiplexing unit. This effect is hown as 

multiple reflections [3.2,3.3]. If the multiple reflections happen to arrive in the same time slot 

as the primary reflection from the grating of interest, then the demultiplexer wiil not be able 

to isolate the different signals. If the two returned pulses are at different wavelengths, then an 

enor will occur in the detected wavelength. A third source of error cm corne fiom the 

demultiplexing system itself. The ability of the demultiplexer to isolate rehimed pulses in 

different time slots is not likely to be perfect. 

The exact effect of these errors will depend on the type of wavelength detection used. 

The most comrnon wavelength detection methods are sensitive either to the peak wavelength 

of the returned signal or the centroid of the signal, which is the weighted average of the 

retumed optical spectrum. The peak wavelength measurement method has the advantage of 

not being affected by variations in the optical spectrum that are far from the centre 

wavelength, but small variations near the peak of s p e c t m  could cause relatively large errors 

in cornparison to the centroid method. 

3.2.1.1 Spectral Shadowing 

A schematic representation of the effect of spectral shadowing for two gratings is 

shown in figure 3.2. The second grating is the one which we want io determine the Bragg 

wavelength. The Bragg wavelength of the first grating, which 1 will cal1 the intedering 

grating, is near the Bragg wavelength of the sensor grating. The optical pulse will transmit 



through the interferhg grating, reflect off the sensor grating and transmit again through the 

inidering grating. 

Spectrum before 
reflecting f rom 

grating 

Apparent refection 
of desired grating 

spectrum 

Figure 3.2: Distortion of optical specûum caused by spectral shadowing. The dotted line 
shows expected spectnun and the solid line shows the distorted spectrum. The second grating 
is offset in wavelength by E fkom the first grating 

To analyze the effect of spectral shadowing, we do not need to concern ourselves 

with coherent interactions between the gratings since the coherence length of the pulses will 

be less than the separation between the gratings. Therefore we c m  just look at the power 

spectrum responses of the gratings. 

The reflection coefficient of the sensing grating as a hc t ion  of wavelength detuning 

h m  the centre wavelength can be written as R(Ah) and the transmission coefficient of the 

interferhg grating can be written as T(AM,J, where k, is the offset in centre wavelength 



between the two gratings. If the gratings are designed to have the same nominal reflectivity 

and bandwidth, then one can write T(M) = 1 - R(M). 

As was shown in Chapter 2, the reflectivity profile c m  be written as the Fourier 

transform of the complex coupling coefficient if the grating reflectivity is low. For TDM 

systems this is generally the case. For a uniforni FOBG, the complex coupling coefficient is 

purely real is a rectangle function with a peak coupling of KO, and length 1,. The Fourier 

transform will have the form of a sinc function which is defined as sinc(x) = sin(nx)lrrx. If 

the peak power reflectivity of the grating is RQ and the centre to first nul1 width is A, then the 

peak power reflectivity as a f'unction of wavelength detuning can be written as: 

This expression is found to approximate the reflectivity denved fiom the coupled mode 

equations very well for a peak reflectivity of - 10% or iess. 

For the configuration of figure 3.2, the spectrum of the retumed and distorted optical 

signal will be given by: 

If the grating reflectivity is low, then the terms involving R~ can be ignored and equation 

(3.3) can be written as: 



If the wavelength detection technique used h d s  the centroid of the retumed optical signal 

then the apparent detected wavelength will be: 

Substituting in equation (3.4) we get, 

Centroid = " -Q 

( 3 -6) 
I R ( A A ) ~ A A  - 2 [ R ( M  - 1, )R(M)dAA 

A nurnber of simplifications can be made to allow us to evaluate this expression 

analytically. The first integral in the numerator is zero since it is an odd function of Ah. The 

first term in the denominator will be proportional to but the second tem will be 

proportional to kZ, so we can approximate the denominator by the first term only. Also the 

second term in the numerator can be simplified by noting that: 

This relation is true because the weighted average of two identical but offset sinc functions is 

the half way point between them. Therefore, the equation of the centroid can be reduced and 

if equation (3.2) is substituted then, 

PO M-A, 
~sinc2($)hc2( A )AA 

Centroid = - -a 



To evaluate the definite integrals, we can transfer the problem into the Fourier domain since 

the above integrals are equal to the Fourier transform of the integrand evaluated when the 

argument is zero in the Fourier domain. Also we know that the Fourier transfomi of a 

squared sinc is a triangle function, and multiplication in one domain is convolution in the 

other. Therefore the integrals are fairly straightforward to calculate, and the result is: 

2R,A 1 
Centroid = --(1 - sincx) 

Where x is a parameter relating the relative gating separation in wavelength to the 

bandwidth aiid is given by x = 2hoJA. We are interested the maximum change in the central 

wavelength that can occur. This happens when x equals one and physically means that the 

wavelength offset between the sensing grating and the interfering grating is one half of the 

peak-to-nul1 bandwidth. 

Therefore, the maximum error for one interfering grating is about 0.23&I\FWHM, 

given in ternis of the hl1 width at half maximum bandwidth of the grating reflection 

spectnun. Note that the total error is proportional to the total reflected power of the gratings. 

For a 5% reflecting grating with a 0.2 nm bandwidth, the maximum error will be 2.3 pm, 

which at 1.55 pm is about 2pa.  

If there is more than one interfering grating than the maximum error will of course 

increase. To sirnpliQ the problem, 1 will assume that n interfering gratings are at the same 

nominal wavelength and offset by a constant amount to the sensing grating. Then equation 

(3.3) becornes: 



where ody the first order terms are kept. nie second order tems of the binomial expansion 

can be ignored if (n+l)w2 1. The total error is just given by n times equation (3.9) and is 

0.23mA. 

The error due to spectral shadowing is not in general a limiting factor in TDM 

systems because it is usually small. It can be compensated for by noting that the fint sensing 

grating will have no interfenng gratings proceeding it, the second sensing grating will have at 

most one interfering grating, and so on. However, since the central wavelength of the first 

grating can be measured accurately, the error it causes due to spectral shadowing in the 

second grating can be subtracted out using the above equations as long as the grating 

parameters are known. Furthemore, this can be done for al1 the sensors. In practice, there 

will be some variation in the nominal grating parameters, so the error cannot be completely 

eliminated, but it can be at least reduced to negligible levels. 

The above analysis assurned that we are detecting the centroid of the retumed optical 

signal, and not the peak. If the peak wavelength is measured, then interfering gratings can 

have slightly different effects. For example, one may get more than one peak value if the 

spectral response of the gratings is very close to the same central wavelength. However, for 

this thesis, 1 am more interested in centroid detection, and 1 will confine my analysis to this 

case. 



3.2.1.2 Multiple Reflections 

If several gratings are strained to nearly the same wavelength then the possibility 

exists that a pulse launched into the sensing fibre may reflect repeatedly between gratings. In 

general there will be many orders of reflections that may occur. The simplest case will be 

when the pulse reflects three times (see fig. 3.3) as opposed to the normal one reflection we 

would expect with no interference. Therefore the power returned nom the sensing grating 

will be stronger by the square of the reflectivity of the gratings compared to the first order 

multiple reflection. Higher order reflections can occur if the retumed pulse fiom the h s t  

order refiection reflects again between other gratings. Higher order re flections bounce off a 

grating five or more times before reaching the detector and will not be very significant 

compared to the first order multiple reflection. 
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Figure 3.3: Interference caused by multiple reflections. The reflection of the optical pulse 
between gratings in t h e  slot I and j retum with the reflection of the grating in slot k. 



To anaiyze the effect of multiple reflections, we need to develop a model for the 

response. If the size of each time slot is &en by s,, and the normalized temporal shape of the 

retumed pulses is f(t), and the reflectivity of the nth grating is Rn, and the pulse is launched at 

t = O, then the rehimed signal, S, will be: 

In ihis case, the pulse reflects fiom grating in time slot 1 (1 < N, the total nurnber of time 

dots), then reflects off the grating in dot j (j < N), and reflects a third time off the grating in 

slot k (jCk<N). Therefore the total time for the pulse to amve at the detector is (21 + 2k - 
2j)~/2. If we are interested in looking at the retumed signal of the mth grating, then the 

multiple reflections will retum in the sarne time slot if m = 1 + k - j. If 1 + k - j is greater then 

N, then the retwned pulse will not return until d e r  the next pulse has been launched into the 

system, but can interfere with the primary reflections fiom the front of the sensing fibre. in 

this case m = I + k - j - N for interference to occur. 

The worst case situation is when al1 of the gratings except one are at the sarne 

wavelength and al1 time dots are occupied. If we add up al1 of the possible allowed 

combinations of 1, j, and k, then al1 the multiple reflections corresponding to a pulse launched 

into the grating and reflecting first off grating 1 will be: 



Therefore, the fbst term will provide an interference pulse proportional to R~ to every grathg 

except the one in the 1 slot. The second one will provide an interference pulse to every slot 

except the I and 1 - 1 slot. The last term will have an interference term for slots Erom 1 + 1 to 

N and slot 1. 

Now if we add up al1 the possible reflections into time slot i and considenng the worst 

case, then the total number of interfering pulses is: 

( i - 2 ) ( i - 1 )  ( N - i ) ( N - i - 1 )  
# interfering pulses = + (3.13) 

2 2 

The worst time dot will be when i = 1, or i = N, in which case the number of interfering 

pulses will be (N-2)(N-1)/2. For this case the ratio of power in the interfering pulses to the 

primary reflection will be [~~/(1-~)~](~-2)(~-1)/2. The tenn (1 -R)' cornes from the 

transmission loss through the gratings [see ref. 3.21. 

The worst case interference is shown in figure 3.4 as a fiction of the number of' 

gratings, and for different grating reflectivities. We can see that the arnount of interference 

starts to become significant as the number of gratings grow. However, if the gratings have a 

random factor in their Bragg wavelength distribution, then it is very unlikely that most of 

them will be at the sarne wavelength. If the readout system h d s  that a significant number of 

gratings are near the same wavelength, then it might be wise to produce a waming that the 

reading error is larger than expected. Also, at the cost of increased complexity, it may be 

possible to compensate for the enor by subtracting the error that multiple gratings at the 

same wavelength would produce. 



Number of sensors 

Figure 3.4: Ratio of power fiom multiple reflected pulses to primas, reflection. Cross-talk for 
different grating reflectivity are shown. This graph represents the worst case cross-talk. The 
cross talk in a practical system will likely be substantially less. [3.2] 

An alternative solution would be to !eave some time slots open so that most multiple 

reflections corne back in an empty time slot. If the gratings are placed in time slots that are 

powers of two, then multiple reflections will never retum in a time dot occupied by another 

grating. However this is done at the expense of greatly reducing the maximum sensor count. 

Another method to reduce these errors is to confine al1 the sensors to the first half of the 

sensing fibre. The fint and second grating would experience no interference and we should 

be able to measure hem accurately. Then fiom knowing the wavelength of the fist two 

gratings we could calculate the expected error for the third grating and correct it if necessary 

and then do the fourth grating and so on. The disadvantage is a reduction in nurnber of 



senson by a factor of two, some increased computation complexity, and howledge of the 

location and parameters of the sensing gratings. 

Error can also be introduced if the demultiplexer cannot perfectly distinguish between 

pulses in different t h e  slots. Assume that the demultiplexer allows a small fraction, x, of the 

other pulses through. If the measured wavelength of the nh sensing grating is b,, and the 

actual wavelength is Ln, then for centroid detection, the measured wavelength will be the 

weighted average of the returned pulses which is: 

Therefore to minimize errors we would like (N-l)x « 1. Note that we can write 

equation (3.14) in matrix form: 

The determinate of the NxN matrix is (-l)N-l((~-l)x+l)(x-l)N*', which is non-zero for al1 

positive x that are not equal to one. This means that the matrix can be inverted and the actual 

Bragg wavelength of the gratings can be recovered as long as the demultiplexer provides 

some sort of distinction between returned optical pulses. However, due to practical 



restrictions such as variations in the grating parameters, and system noise, it is better to have 

as small a value of x as possible. 

3.2.2 Power Budget 

In addition to dealing with issues of interference, a TDM system design must 

adequately plan for a power budget. Issues that must be dealt with properly are how much 

signal will the detection system need to provide good resolution, how much loss can be 

tolerated fiom optical components, how much power does the source need, and how much 

power will be lost in the sensing fibre. The power lost in the sensing fibre is mostly due to 

the small loss fkom transmission through the gratings which are earlier on the fibre than the 

current grating we wish to interrogate. 

The power penalty for a serial TDM sensor system is determined by the ratio of the 

worst case power retunied by the last FOBG sensor on the fibre to the power reiumed fiom 

the first sensor. The worst case situation will occur if al1 the gratings have the same Bragg 

wavelength. As the pulse traverses the fibre, a small fraction of the energy will be reflected 

each time that it passes through a sensor. By the time it reaches the final sensor, a significant 

amount of power may have been lost. The optical power reflected ftom the last sensor will 

then have to travel down the fibre again. Quantitatively, if the peak reflectivity is given by 

&, and there are a total of N sensors, then the ratio of power returned fkom the first to the last 

sensor will be: 



The power penalty, given in decibels, is negative ten times the logarithrn of equation (3.16) 

and is shown in figure 3.5 versus number of sensors and for a few different reflectivities. 

Reflectivity 
5% 

- - - - - -  1% 
. . . . . . . . . . 0.05% 

Number of Sensors 

Figure 3.5: Wont case power penalty versus number of senson for different grating 
reflectivities. 

To design a TDM FOBG sensor system, it is necessary to minimize interference and 

cross talk while maximizing the retumed power to the detection system in order to provide a 

high signal to noise ratio. The rnost critical components of the design that dictates the 

requirements of the rest of the system are the fibre grating parameters. 

The previous discussion of interference suggests that it is a considerable advantage to 

use very low reflectivity gratings. The effects of spectral shadowing are directly proportional 

to the grating reflectivity as s h o w  in equation (3.9). Interference fiom f h t  order multiple 



reflections are of the order of 1&'. Power loss as the pulse traverses the sensing fibre is 

proportionai to the exponential of the gratings' transmissivity (equation 3.16). Of course there 

is a limit to how much the reflectivity can be reduced. The total power reflected fiom a 

grating for an illumination of unifom spectral intensity is proportional to the maximum 

reflectivity, &, and the grating bandwidth, A. When the reflectivity of the grating is reduced, 

the reflected power will decrease and reduce the resolution of the detection system. 

The power loss due to decreasing the reflectivity can be offset by increasing the 

grating bandwidth. The worst-case power loss and multiple reflection power will not be 

affected by the grating bandwidth, and the reflected power will increase in proportion to the 

bandwidth. Also large bandwidth gratings imply a short gauge length which means that the 

sensor behaves more like an ideal point sensor. However there are limits in this case too. The 

larger bandwidth means that the gratings will be more likely to overlap in wavelength and 

interference is more likely to occur, and the arnount of spectral shadowing also increases 

with the grating bandwidth. Furthemore, there may be some limits to the spectral width of 

the returned signal in the detection system employed. For example, an interferometric system 

may require a long coherence length in the retumed signal that cannot be achieved with a 

very short grating. 

Obviously some engineering traâe-offs are going to have to be made. The most 

important parameters to consider are the desired resolution, the number of sensors employed, 

and the minimum retumed power needed to obtain the desired resolution. 



3.3 Implementation of a prototype TDM system 

As part of the thesis, an experimental system was implernented to investigate the 

feasibility of a T'DM sensor system. A diagram of the system used is shown in figure 3.6. In 

the following sections, the reasoning of the design choices and implementation of the system 

will be described. 

3.3.1 Design 

There are four essential parts to a TDM sensor system. They are the source, the 

sensor embedded fibre, the demultiplexing system and the detection system. 

For the TDM sensor system descnbed in figure 3.6 the source must satisQ four 

requirements. It must (1 } produce a pulsed output, with a pulse width less than the size of the 

smallest desired time slot, r,. The pulse does not need to be coherent if the pulse width is 

much smaller then the time dot. (2) The repetition rate of the pulsed output must be longer 

than the time for the pulse to travel from the first sensor grating to the 1s t  sensor and back 

again. {3} The average power launched into the sensing fibre must be large enough so that 

the wavelength cm be rneasured by the detection system. {4} The pulses must have a 

spectral bandwidth suficieut to cover the sensing range of the gratings. 

If we want to implement a system with at least twenty sensors, then fiom 

requirernents (1 } and {2}, we require a duty cycle for the source of at most 1/20. However, 

we would probably like to have a smaller duty cycle (defined as FWHM of the pulse divided 



by the repetition rate) of 1/40 or less. This is because the pulses will not be ideally square, so 

they must be made smaller then 7, to ensure that the tail of the pulse does not overlap into the 

next time slot. If a long length of sensing fibre is required - perhaps in the tens of meten, and 

we want to have the option of placing consecutive sensors close together, then the required 

duty cycle c m  become much smaller. Unfortunately, with such a low duty cycle it is difficult 

to achieve a high average power since the peak power requirement is the average power 

divided by the duty cycle. The required peak power could approach a Watt. 

Conventionally there have been two types of sources used to interrogate FOBG 

sensors - light emitting diode (LED)[3.4] devices and laser diodes (LD)[3.5]. However both 

have limitations which restrict their use in TDM sensor systems. It is difficult to have pulse 

mode operation of these devices with pulse lengths on the order of a nanosecond, although it 

is not impossible. Most LEDs have a broad spectrum which is more than sufficient for a 

FOBG sensor but they typically have a low power output ranging fiom a few microwatts to a 

couple hundred microwatts depending on the design. If they are operated with a small duty 

cycle then the average power will not be sufficient for the sensor system. LDs can be 

operated at a much higher power, and when they are pulsed directly Ma the injection current 

they can produce peak powers approaching what the sensing system will require. However 

the problem is that most LDs do not have sufficient optical bandwidth when operated in a 

single king mode. A multimode LD rnight have a large bandwidth, but the spectral intensity 

will be concentrated in the individual lasing modes creating a very uneven spectnim. 

Currently these sources are not well suited to our system, but if we cm find methods to 

overcome these Limitations, then they may become attractive. 





Another type of source that is growing in popularity is the erbium doped fiber arnpIified 

spontaneous emission (ASE) source. These sources have a wide spectnirn of 30 to 40 m. 

The only difficulty is providing a convenient modulation method and providing a sufficient 

average power when operated at a low duty cycle. 

A more attractive source is the mode-locked laser. It is neatly ideally suited to TDM 

sensors systems. The repetition rate is reliably fixed by the round trip tirne of the laser cavity 

and can be designed to be less than a 1 MHz al1 the way beyond 1 GHz.. The duration of the 

pulses c m  also be made very short. Suitable design c m  Vary the pulse width from a the 

femtosecond regime[3.6] to several nanoseconds[3 -71. S ince modelocking by i ts very nûture 

uses many different lasing modes the bandwidth can be made quite large. Also, if the cavity 

length is much larger than the sensor grating length then the mode spacing will be small 

enough so that the spectrum can be considered uniform as far as the sensor system is 

concemed. If the lifetime of the gain medium in the mode-locked laser is longer than the 

repetition period then most of the energy will be stored in the gain medium and can be 

extracted by the mode-locked pulse. This energy storage makes it much easier to produce 

high peak power pulses. 

Of the many types of mode-locked lasers available, the erbium-doped silica fibre 

laser is the most promising. Fibre lasers and amplifien have matured considerably in the last 

several years due to their extensive use in the telecommunications industry. This offen 

advantages both in cost and reliability. Most fibre lasers and ampli fien are pumped optically 

by laser diodes at a wavelength of 980 and 1480 nm. Since these pumps often have to be 

installed in undersea or other critical links for telecommunication applications, the failure 

lifeiimes are measured in the tens to hundreds of thousands of operational hours. Also theu 



price has decreased rapidly over the last few years due to the large volume of manufachuing 

and improved designs. Similarly the quality and cost of erbium doped fibre has improved 

over the last few years. In addition to these advantages, the fibre laser cm produce an output 

which is already in fibre and operates at the sarne wavelength as the telecommunications 

industry. Therefore many of the system components are readily available. Perhaps the only 

disadvantage is that it is difficult to produce a reliable, self starting, environrnentally stable 

mode-locked laser, although significant progress has been made in the last few years. 

For this demonstration we used a mode-locked fibre laser purchased with the 

assistance of NSERC Canada âom Calmar Opticom. The laser is tunable fiom 1 530 to 1570 

nm which allows for flexibility in the initial testing even though a final version would be 

fixed at a central design wavelength. The laser repetition rate is set at 6 MHz giving a 

maximum available sensing fibre length of about 17 m. The output power was limited to no 

more than 0.12 mW. 

The choice of demultiplexing will be affected by considerations of flexibility, cross- 

talk, signal Ioss, cost, and response time. Demultiplexing systems can be implemented 

electronically or with electro-optics. It should also be possible to do the demultiplexing al1 

optically, but the complexity has so far limited this method. To my knowledge, this system is 

the £kst developed using electro-optical demultiplexing which 1 believe offers significant 

advantages over previous methods. 

The basic operation of the demultiplexer is simple in concept. As the pulses r e m  

h m  the each of the sensor gratings, the demultiplexer simply selects a desired pulse and 

either separates it nom the other pulses by routhg it dong a diEerent path, or rejects al1 the 



other pulses and only lets the selected pulse continue to a readout system. Other methods of 

demultiplexing have been developed besides tirne gating (see for example ref. 3.8), which 

have their share of advantages and disadvantages. 

In the system of this thesis, a time gate was hplemented using a Lithium Niobate 

(LiNb03) Mach-Zehnder type modulator. The device was originally designed as a 2.5 

Gbitlsec intensity modulator for telecom applications, but was easily adapted to fit the needs 

of the sensor system. This is a fortunate consequence of operating at the telecom wavelength 

of 1.55 pm since components are much easier to obtain. The modulator was purchased fiom 

Uniphase with financial assistance €rom ISIS. The product nurnber is SSI 50-001966. 

The rnodulator was specified to have a contrast ratio between off and on staies of 27 

dB, so we can expect the cross-talk level to be 27 dl3 at best in the demultiplexer. The high 

modulation bandwidth of greater than 3GHz ensures that a time resolution on the nanosecond 

scale or shorter should be possible. 

The transmission function of the modulator is modified by applying the elechical 

voltages to one of the paths in the interferorneter. Through the electro-optic effect, the 

refiactive index of one of the interfèrometer arms is changed, causing the differential path 

lengths of the two arms to change. If the refiactive index change is An over a distance L, then 

the output of the interferorneter for a given input intensity is proportional to: 

Note that this equation assumes that the optical path lengths were equal before a modulation 

voltage was applied. If they where not equal, then an additional wavelength dependent phase 



term would have to be added to equation (3.17). The modulator is least sensitive to 

wavelength variation when the path length are almost equal. 

When AnL = U2, an ideal modulator would have zero input. To examine the effect of 

wavelength variation we can look at a the effect of a 0.5% change in input wavelength 

variation which is more than sufficient for a TDM sensor system. If the wavelength is 

changed by 0.5% from the nul1 condition, then the output will be better than 42 dB lower 

than the on state. Therefore wavelength dependence is not expected to be a problem for this 

type of modulator. 

An additional advantage of using an electro-optic modulator as a dernultiplexing unit 

is that the output of the modulator is simply the optical signal fiom the selected grating. 

Therefore, in order to determine the strain on a sensor, one only has to measure the 

wavelength of light coming out of the demultiplexer. This adds greater flexibility since any 

device that can measure wavelength can be used with this system. 

The use of an electro-optic gate therefore offers many advantages over the 

conventional electronic gating that has been used before[3.9]. The level of cross-talk can be 

much lower at 27 dB (54 dB electrical since Voltage a Optical Power in a photo-detector). 

Typical WDM filters used for WDM sensor networks provide a cross-talk level of 20 to 25 

dB [3.10]0btauiing good isolation in an analogue elechical circuit and having a hi& speed 

of operation without introducing signal distortion and degradation is a very difficult job. The 

ease of use, design flexibility, and performance are the reasons that the electrosptic gating 

method was chosen and demonstrated in this thesis. 



The next component of the system that is considered is the FOBG sensors. There are 

several factors that are taken into consideration. The gratings should be designed so that the 

cross-talk levels are mllllmized, while ensuring that suficient power is retumed fiom the 

system. Secondly, the dynamics of the pulse reflection should be exarnined to ensure that the 

pulse is not broadened in time to such an extent that it overlaps uito another time dot. 

If the bandwidth of light illuminating a grating is uni*form across the reflection 

spectrum of the grating, then we would expect the reflected light to have the same spectrum 

as the grating. If the source has a spectral brightness of 1, (in units of power per unit 

bandwidth) then the total reflected power from the grating wilî be 1. ~ ~ I ~ & ~ \ R K H M ,  where & 

is the peak grating reflectivity and AFWHM is the full width at half maximum bandwidth of the 

grating. For the prototype design, the design goal was a retumed optical power of about 100 

nW per sensor to ensure plenty of power. Later it will be shown that we will require at least 

10 nW of signal power. If a spectral brightness of the source was 0.1 14 m W  1 nm, then the 

required product of the grating reflectivity and bandwidih, M F w H M ,  will be 0.001 nm. if we 

allocate a power budget of 10 dB for system losses then this product becomes 0.01. In our 

prototype system, we also wanted to examine experimentally some of the cross-talk effects, 

so the grating reflectivity was not made extremely low. Therefore an initial value of 5% 

reflectivity gratings was chosen with a bandwidth of 0.2 m. 

For the initial demonstration of the prototype system, two gratings were used. This 

number was chosen since only two gratings are needed to demonstrate the validity of the 

multiplexing method and the complexity could be rninimized. However with only two 

gratings, we would not see the effects of multiple reflections since at least three gratings are 



needed for a muitiply reflected pulse to retum in the tirne slot of the third grating. Spectral 

shadowing is expected to cause an error of at most 2.3 pm (about 2 FE). 

Previously it was noted that the bandwidth of the optical pulses travelling d o m  the 

fibre is much greater than the bandwidth of the grating sensors. The reflection of the optical 

pulses in this situation was studied by Chen and coworkers [3.11,3.12]. It may not be 

immediately obvious that the grating will reflect the spectnun of a short pulse in the same 

way it would a continuous light source. However Chen et. ai. showed that this is correct 

[3.12]. Also, by using a simiiar method to that developed in [3.11], we can examine the pulse 

reflection f?om one of the sensor gratings. A 1 psec pulse was used for the modeling. As long 

as the pulse bandwidth is much greater than the grating bandwidth then the modeling will be 

the same even if the pulse width is slightly changed. Using this in the model, and using a 5% 

reflecting grating with 0.2 nm bandwidth, we can generate a theoretical prediction of the 

reflected temporal pulse shape as show in figure 3.7. 
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Figure 3.7: Pulse refiection fiom a 5% 0.2 nm d o m  grating with a 1 ps input pulse. 



The pulse reflection is nearly rectangular which makes sense considering the low 

reflectivity approximation that was discussed in Chapter 2. The spectnim is approximately 

the spatial Fourier transfom of the coupling coefficient, but the pulse response cm also be 

approximated as the temporal Fourier transfonn of the spectrurn (if the pulse bandwidth is 

much greater than the grating bandwidth). Therefore the pulse response should have nearly 

the same shape in time as the coupling coefficient does on space (Le. a rectangle function). 

Also note that the temporal width of the pulse is the equal to the propagation tirne from the 

front of the grating to the back and to the fiont again which is 50 ps. (The grating had a width 

of 5 mm) Therefore, we can conclude that the temporal spreading of the pulse due to 

reflection from a sensor system will not effect the demultiplexing performance. 

The final component of the system is the wavelength detection. Since the 

demultiplexing method used is compatible with a wide variety of detection methods, there is 

some flexibility in the choice. As part of a collaborative work with the University of Toronto 

Institute for Aerospace Studies (üTIAS), we used a new type of wavelength detection that 

was developed by Trent Coroy. The principle of operation is based on the quantum confined 

stark effect. The details of the system are discussed elsewhere[3.13,3.14], so they will not be 

covered here. Instead a brief ovewiew of the detector operation will be given. 

The detector is a multiple quantum well p-Ln. photodiode made in the InGaAs-InP 

matenal system. The photodiode is designed to have a responsivity (defined as the electrical 

current generated for a given optical power incident on the detector) that is highly 

wavelength dependent. Therefore the detector can be used as a ratiometric wavelength 

detector by dividing the signal from the quantum well detector with another detector which is 



wavelength insensitive (at least in the range of interest). Furthemore the curve of wavelength 

versus responsivity cm be shifted in wavelength by applying a reverse bias to the detector. 

This can be used to extend the wavelength range of the detector and operate the detector at an 

optimum part of the curve. A plot of the detector response (nonnalized by a reference 

detector) versus wavelength for different voltages is shown in figure 3.8. 
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Figure 3.8: Measured response of multiple quantum well p.i.n. detector. The output is 
normalized by a standard photodetector. 



The setup with which the detector was used is illustrated in figure 3.9. The signal boom the 

detector was placed in a feedback loop with the bias voltage to lock the input signal to a steep 

portion of the c w e  in figure 3.8. The wavelength measurement is performed by measuring 

the bias voltage in the feedback loop and referring to a calibration cuve for wavelength 

versus voltage. 
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Figure 3.9: Setup for measuring the wavelength of incoming light. The box showing a 
wavelength sensitive detector is the multiple quantum well detector. 

Normally, the multiple quantum well detector is designed to measure the wavelength of 

continuous wave signals, but the response fiom the TDM system is pulsed. However if the 

pulse repetition rate is much faster than the photodiode response time, which is the case for 

our TDM system, then the detector will integrate the signal and we c m  treat it as a 



continuous signal. This is a common property that is used in many measurements of pulsed 

systems such as average power readings and spectnun analyzers. 

3.3.2 Experimental Procedure and Resulfs 

Using the design criteria outlined in the previous section the multiplexing system of 

figure 3.6 was implemented. In the following section, 1 will outline the experirnental 

performance of each of the components of figure 3.6 and lead up to the final results of strain 

measurement. 

In figure 3.6, we can see that the output of the fiber laser is directed through an 

optical isolator and then free space coupled through an optical chopper. The fiee space 

coupling was performed using an Optics For Research (OFR) fibre optic workbench, which 

provides low loss fibre-to-fibre coupling. The cornbined optical loss through the two 

components was measured to be 3 to 4 dB. The optical chopper was operated at 1.0 kHz so 

that the wavelength detector could use synchronous optical detection. The isolator was used 

to protect the laser from back reflection, and to provide a tap for a rebrence detector. The 

reference detector is a New Focus 125 MHz amplified photodiode. It was used to provide a 

trigger signal to the demultiplexing unit as shown in figure 3.6. 

The output of the mode-locked erbium doped fibre laser was specified by the 

manufacturer (Calmar Opticom) to be a nearly transform limited 0.5 psec pulse. The spectral 

output of the laser was 4.7 nm at the 3 dB level. The central wavelength of the spectrum was 

~ e d  to the sensor Bragg wavelength near 1552 nm. The mode-locking mechanism used in 



this pa.rticular laser reduces the maximum output power to less than 0.12 mW. Multiple 

pulsing may occur inside the laser cavity if the power is increased beyond this level 

After passing through the chopper wheel, the pulse is directed through a erbium 

doped fiber amplifier. The amplifier serves several purposes. Most irnportantly it increases 

the output power nom the laser oscillator, and compensates for the losses in the isolator and 

chopper. The amplifier contains another isolator. This means that the first isolator is not 

strictly required, but it does contain an opticai tap which was used with the reference 

photodiode. The third use of the amplifier is to provide additional source bandwidth. As the 

output power of the amplifier was increased the optical bandwidth of the pulse increased. 

Nonlinear effects will begin to occur in the fibre for relatively low average powers since the 

pulse duration from the laser is very short. These non-linear processes modi& the bandwidth 

of the pulse. Figure 3.10 shows a typical spectrum fiom the output of the amplifier that was 

used to interrogate the gratings. 

The growth of the spectrum was found to be characteristic of self phase modulation 

which causes the spectrum to widen about the central wavelength. It was experimentally 

observed that the spectral brightness did not increase much more than that shown in figure 

3.10 even if the amplifier power was increased. Instead most of the additional power fiom 

the amplifier went into creating a wider bandwidth. In figure 3.10 (b) a flat spectmm with a 

npple of less than 2 dB is shown fiom 1538 to 1554 nm, giving a very large sensing range. 

The spectral bnghtness was about 0.25 m W  / m. 
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Figure 3.10: (a) Typical optical spectrum measured at the output of the amplifier (b) blow up 
of middle section of the spectnun 



Since the additional bandwidth was created by non-linear interactions of the light 

with the fibre, one may be concemed about how this will effect the sensor readuigs. If the 

amplifier produces an average output power of 5 m W  and the pulse repetition rate is 6 MHz 

and the duration is 0.5 psec, then the peak pulse power will be close to 1.6 kW. This is a very 

high power that is a consequence of the very short duration of the pulse. A general rule of 

thumb for when non-linear effects are important in silica fibers is when the product of the 

pulse peak power and the interaction length is greater than 1 kWam. Therefore the interaction 

length for non-linear effects should be about 0.6 m. There are several factors that prevent 

non-linear processes fiom effecting the wavelength encoded signal. 

Initially as the pulse is amplitied to a high peak power, significant bandwidth 

broadening will occur due to non-linear effects. While the pulse bandwidth is increasing it is 

also expected that the temporal shape of the pulse will broaden. The temporal broadening 

will reduce the peak power of the pulse and therefore increase the non-linear interaction 

length. AAer the pulse has left the amplifier and there is no gain to maintain the pulse peak 

power, the pulse will quickly broaden to a point where the non linear interactions are 

insignificant. The optical spectrum in the experimental system was monitored at several 

locations in the sensing system and no significant change fiom the specûum of' 3.10 was 

observed. 

No significant non-linear interactions with the gratings are expected either since their 

length of 5 mm is significantly shorter then the estimated interaction length. Also, once the 

pulse reflects off the weak gratings, the peak intensity of the reflected pulses will be many 

orders of magnitude lower than the interrogating pulse. 



O 400 800 

T h e  (ps) 

Figure 3.1 1 : Measured temporal response of the pulse from the amplifier using a fast 
detector. 

To make sure that the pulse width was not broadened to an extent that would effect 

the time gating, the output nom the amplifier was measured in time using a 25 GHz New 

Focus photo-detector. The temporal response of the detector is shown in figure 3.1 1. The nse 

and fdl times in figure 3.1 1 are limited by the combined nse and fa11 time of the photo- 

detector and the sampling oscilloscope. The full width at half maximum of the temporal 

response is about 100 psec indicating that the pulse broadening, if any, will not be sufficient 

to extend beyond a given time dot if we expect to have a gating resolution of 1 mec. The 

oscillations seen in figure 3.1 1 are most likely caused by relaxation oscillations in the 

detector or reflections in the alectrical cable connecting the detector to the sampling 

oscilloscope. 



M e r  the pulse leaves the amplifier, it enten the sensor fibre through a standard 3 dB 

optical coupler. The unused end of the coupler is terminated to avoid spurious reflections. 

Two gratings where used in the system, spaced by 65 cm. The end of the sensing fibre was 

also terminated. 

The gratings were produced in Corning SMF-28 optical fibre that was hydrogen 

loaded for several weeks under high pressure. The gratings were written at a nominal 

wavelenggth of 1552 nm by side exposing the fibre through a phase mask with a pulsed 

excimer W laser in the PRO (Photonics Research Ontario) facilities. The grating length was 

5 mm. The gratings were then annealed at 100°C for 24 hours to diffhse out the remaining 

hydrogen and to stabilize the gratings so they wouldn't be subject to a long term decay in the 

grating parameters. The grating parameters were measured to be 5% reflecting with a 

bandwidth of 0.2 nrn. 

The gratings were then mounted ont0 a tapered cantilever beam using strain gauge 

epoxy at UTIAS. The cantilever beam was designed and constmcted at UTIAS in such a 

way, that when the tip of the beam was deflected, a uniform strain would be produced in the 

grating. A conventional electrical strain gauge was also epoxied to the cantilevers to provide 

a reference source. 

The two gratings were comected together using a fusion splicer, and they were aiso 

fusion spliced to a FCRC optical connecter which was comected to the coupler. 

After the pulse reflects fiom the gratings, the wavelength encoded pulses will go back 

through the coupler and be directed towards the demultiplexing unit. Since leaving the 

arnpiifier we have accumulated a total loss of 6 dB due to the coupler and an estimated 1 dB 

due to losses fkom the splices and connectors in the sensor string. 



The first component of the demultiplexer unit is a polarization controller and is 

needed since the modulator is polarization dependent. The modulator will completely 

extinguish one polarization and modulate the other. This polarization dependence can cause 

some problems, especially in a field deployable system. For example, the birefigence in the 

sensing fibre may slowly change with environmental factors like temperature. Therefore the 

polarization controlier would have to be continually adjusted to maxirnize the signal power. 

In the next chapters some solutions to this problern will be explored. 

Mer the polarkation controller, the pulses from the sensors will pass through the 

electro-optic modulator. To demultiplex the sensor signals a gating pulse must be applied to 

the modulator which is synchronized to the sensor signal. The synchronizing is done by 

triggering fiom the reference photodiode which was described earlier. The trigger signal is 

passed through an electronic delay generator (HP mode1 214 B pulse generator) which could 

generate a variable delay with a range of nearly 200 ns. The output of the delay generator 

tnggers an electrical short pulse generator (Avtech mode1 AVMN-1-PS-UTI) that produces a 

gating signal of about 1 ns in duration and up to SV in magnitude. By selecting the 

appropriate delay with the delay generator, each of the retumed sensor signals could be 

individually gated. 

The electro-optic modulator had two electrical ports. One for a D.C. b i s ,  and one for 

high speed modulation or a gating signal. The fiat thing that was measured was the optical 

signal that retumed fiom the gratings &er going through the modulator. To observe the 

spectm of both gratings simultaneously, the bias of the modulator was set for hi11 

transmission (about 6.2 V) and the time gating was tumed off. The first grating was strained 



about 1000 pa so that the two spectnims could be distinguished. The specûum is show in 

figure 3.12. 

Resolution 
Bandwidth 

0.2 nm 
Sensitivity 
-70 dBm 

Wavelength (nm) 
Figure 3.12: Retumed optical spectnim nom grating sensors with no demultiplexing. 

Notice that the optical power kom the gratings is only about 20 dB higher than the 

background spectm. Ideally there should be no background spectmrn since the gratings are 

the only elements that are reflective. However there will be some light reflecting fiom 

connectors, splices and other components. Although, if these reflections do not occur in the 

same time slot as another grating then they can be rejected by the multiplexer as we shall see. 

To set up the system for multplewig, the D.C. bias was set so that light is nonnally 

not allowed through the modulator (bias of 2.0 V). When a gating pulse is applied from the 

pulse generator to the high fkequency port, the modulator will let a pulse pass through. The 

temporal shape of the pulse is shown in figure 3.13. The pulse doesn't have a perfect flat top, 
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but that will not be a problem since the optical pulse is much shorter than the gate width. 

(about 50 psec) Therefore as far as the multiplexing is concemed we oniy need to know what 

the gating voltage is when the pulse passes between the electrodes of the modulator. 

However it is desirable to have the gating pulse go to zero as fast as possible to provide better 

time resolution. In figure 3.13, there is a small pedestal before the pulse which is probably 

intrinsic to the electronics of the pulse generator. There are also some oscillations after the 

pulse. 1 believe these are transient reflections in the electrical cable leading from the pulse 

generator. Any small irnpedance mismatches in the generator or modulator could cause 

significant npples if we are trying to achieve a cross-talk level of 20 dB or better. 
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Figure 3.13: Puise output of the short pulse generator. 
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Figure 3.14: Output spectrum of TDM system showing successful selection of each grating. 



The next step was to demonstrate the operation of the multiplexer. The pulse 

generator was turned on and the delay was set to select the first grating. The output optical 

spectrum is show in the top part of figure 3.14. The spectrum of the selected grating is about 

25 dB higher than the unselected grating. Also the selected grating is well over 30 dB higher 

than the background spectnun, indicating that the multiplexer also deselected the most of the 

background spectm. The bottom part of the figure shows the spectrum when the second 

grating was selected. The cross-ta& level is about 23 dB. The slightly lower value may be 

due to the non-ideal shape of the demultiplexing pulse since the gratings are spaced close 

together, but the cross-talk is still low enough to provide accurate sensor measurement. Some 

electrical noise in the pulse generator might have prevented us from reaching the stated 

on/off specification of the rnodulator of 27 dB. The retumed optical powers fiom both 

gratings were very close to 60 nW. 

Since our source power was about 0.25 m W  1 m, and the losses before the 

multiplexer where about 7 dB, then we c m  estimate the loss in the multiplexer unit as 10 dB. 

The loss of the modulator is specified to be slightly less than 6 dB, so the loss in the 

polarkation controller and various connectors is about 4 dB. This is a reasonable number 

since two mechanical fibre connectors where used on the modulator which typically have a 

higher loss then polished FCRC connecton. Plus there might be a small arnount of loss in 

the pulse selection if we do not supply the exact voltage to the modulator for full 

transmission. 

As a Curther test of the demultiplexing system, the output was examined when the 

ûigger delay was adjusted so that neither of the grathgs where selected. This is shown in 

figure 3.15. As expected, neither grating is selected. By comparing to the transmission when 



each of the gratings were selected, we can see that a contrast ratio near 27 dB was achieved. 

This gives credit to the assumption that the non-ideal shape of the gating pulse was 

responsible for the slightly reduced contrast ratio in selecting grating #2. 

Resoiution 
Band width 

0.2 nrn 
Sensitivity 

-70 dBm 

Wavelengtb (am) 

Figure 3.15: Output optical spectrum when an empty time slot is selected by the 
demultiplexing unit. 

The final test that was done on the system was to measure the strain when the fibre 

Bragg grating was stretched. To do this we measured the wavelength of the signais in figure 

3.14 with a detector system provided by Trent Coroy at UTIAS (see previous section). To 

test for any cross-ta&, a large strain step was applied to one grating while the other remained 

static. The sûa in  signals from each sensor where monitored (Although only one grating can 

be monitored at a tirne) to see if any cross-tak occurred. This was repeated with the strain 

being applied to the other grating. The output of the wavelength meter was calibrated to 



strain by monitoring the resistive foi1 strain gauges on the cantilevers. The measured strain is 

shown in figure 3.16. 
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Figure 3.16: Strain response of demultiplexing system when a step strain function is applied 
to one grating. 



The step response in figure 3.16 was applied by manually deflecting the cantilever 

with a hand screw. Therefore, it took several seconds to apply the 1000 pstrain step. The data 

in figure 3.16 was obtained using a low pass filter with a 1 Hz cutoff fiequency. 

The first thing one may notice about figure 3.16 is that the resolution is not very 

good. The resolution in these results is +/- 30 pstrain. Previous results with this detector 

using a single fibre grating by Coroy et al. have shown that a strain resolution of +/- 10 

pstrain is possible[3.14]. However, these measurements were done a couple of years ago and 

the multiple quantum well devices may have degraded since then due to the rigorous paces 

they have been put through as research tools. It was particular noted that on some of the 

available detectors, the dark current was much higher than when the devices where first 

tested. These devices are operated with a reverse bias voltage of 1 to 15 volts. Typically these 

devices are nearing the breakdown voltage of the p-i-n junction at 15 volts. If one was not 

careful, then one could exceed the breakdown voltage when applying a feedback voltage. 

This may be at least partially responsible for the device degradation. 

We cm see by examination of figure 3.16 that there is no cross-talk within the 30 FE 

resotution. 
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4.1 Analysis 

In Chapter 3 the design issues for a TDM FOBG sensor system were discussed and a 

used to implement a prototype system. The purpose of the experimental system was to ver@ 

theoretical predictions and to evaluate the feasibility of irnplementing a complete system. 

The results of the experimental system, along with the design requirements, are analyzed in 

this chapter to outline a proposed system that satisfies the requirements originally outlined at 

the beginning of the thesis. 

The source, detector, sensors, and multiplexing components must al1 be optimized to 

meet the design criteria. We must not only consider technical performance but also cost and 

reliability. 



4. f .  1 Detector Pedbnnance 

The performance of the wavelength detection unit will detexmine the requirements of 

many of the other components in the TDM sensor system since the sensitivity of the 

detection unit determines how much power must be retumed fiom the sensor network. 

In the prototype system, we used a multiple quantum well photodiode in the detector. 

Previous work at UTIAS has show that a strain resolution of +/- 10 pstrain should be 

achievable with a retumed power of 10 nW using the same type of detector that was used in 

chapter 3 (see fig 3.9). Since this device is still being developed for use as a commercial 

product and the original device structure was not optimized for wavelength measurement 

then one might expect that the sensitivity is not optimal. As a guideline for our system, it 

would be usefùl to examine what sensitivity is theoretically possible. 

The ratiomehic detection method is often used in systems that are required to detect 

large wavelength shifts due to strain. This method works by having a wavelength dependence 

in the magnitude of the detector response. As descnbed earlier, this can be done by passing 

the light through a wavelength dependent filter before detecting the signal or by 

incorporating a wavelength dependence directly into the detector. In either case the signal 

must be referenced to a wavelength independent detector to reject power fluctuations. To 

determine the optimal sensitivity of this type of detection, one has to evaluate the expected 

noise. The wavelength resolution of the detection method will be determined by the ratio of 

the change in signal output for a given change in wavelength to the amount of noise in the 

detected signal. 



For simplicity, the analysis will be performed using a photodiode as the detector. A 

large dpamic range is usually desirable in the photo-detector to detect a large range of 

strain. Therefore the power Level to the detector should be sufficient to provide a very high 

signal to noise ratio. For a very high signal to noise ratio, the shot noise begins to dominate 

over other noise sources such as thermal noise. 

The amount of elecûical cment generated in a photodiode is given by the 

responsivity, R of the detector and the optical power, P, incident on the detector. If the arriva1 

time of the photons is given by Poisson statistics, then the shot noise power in the elechical 

cunent is: 

((i - i r )  = 2 e M ( A )  PB 

Where the total current is i and the over-bar indicates the average current. The detection 

bandwidth is given by B, and the electron charge is e and we have assumed that the optical 

power has been split between the wavelength dependent detector and the reference detector 

with a splitting ratio of x. The wavelength dependent detector will have a total cunent 

response which is a function of wavelength and is included in the term A(X) which varies 

between O and 1. The maximum dynamic range that we would need for the sensor is about 

10,000 to 1, allowing for detection from 1 FE to 10,000 ps. Therefore the ratio of maximum 

cunent in the detection system to the current noise should be at least 10,000 to 1. 

When we divide the wavelength dependent signal with the reference signal, then the 

noise ternis will add since they are incoherent and the variations due to optical power will 

cancel since they are the same in both detecton. Using the subscnpts t, r, k to indicate the 



total compensated signal, reference current, and wavelength dependent current respectively, 

then the compensated signal and the standard deviation of the compensated signal will be: 

The minimum resolvable signal in the system in cornparison to the full scale range is Aidi,, 

however it should be the full scale value (Le. A = 1) and Ai, will be wavelength dependent. 

Using equation (4.1) in equation (4.2) and (4.3), we can solve for the minimum input power 

required to give a certain detection resolution. This is: 

2e ( L x +  Ax) 
.=(-&)'BA- R ~ ( 1 -  X )  

Note that this equation is only valid if the reference detector and wavelength sensitive 

detector have the same responsivity. If A varies fiorn O at one wavelength extreme to 1 at the 

other, then the optimal coupling ratio that minirnizes the required power is x = 0.5. At this 

value, the required power to detect a 1 pstrain signal in the rniddle of the sensing range (A = 

OS), with a 100 Hz bandwidth at 1.55 Fm, and a full scale range of 10,000 pstrain and 100% 

detector efficiency is about 5 nW. 

If we can shift the curve of wavelength selectivity as we can with the multiple 

quantum well detector (see fig. 3.8) then the total power required can be reduced since the 

requirement on the dynamic range can be reduced. For the purpose of analyzing our system, 



we cm estimate the requùed retumed power to be about 10 nW. This estimate takes into 

account that no detector is ideal so we will need more than 5 nW, but we do have some 

flexibility if we can shift the wavelength dependence of the wavelength sensitive detector. 

4.1.2 Multipiexer Performance 

The next component to be optimized is the tirne demultiplexing unit. The 

requirements are low cross-talk, good time resoiution, and low polarization dependence. The 

cross-talk levels in our system ranged from better than 20 dB to 27 dB. The lowest values 

were attributed to noise on the gating pulse. These cross-tak levels are sufficient to provide a 

useable multiplexing system. [deally we would like the cross-talk to be better than 30 dB, but 

this is a very difficult number to achieve in any TDM system, especially as the time 

resolution becomes very small. 

The time resolution of our system was estimated to be about 1 ns, which gives a 

spatial resolution, or minimum time slot value, of 10 cm. This value more than meets the 

goal of 1 m resolution that was desired. 

The only significant drawback of the dernultiplexer in the test system is the 

polarization dependence of the modulator since it only accepted a linear input polarization. 

There are two solutions to this problem that may be used. One is two Vary the polarizatioa of 

the retumed signal and the other is to use a different type of modulator. 

One of the simpler ways to vary the input polarization would be to apply a t h e  

varying wave plate to the signal. This could be done by inducing a birefringence in the fibre 

before the demultiplexer with a piezoelectric crystal. By applying a square wave voltage to 



the crystal at a few kilohertz, the buefigence could be varied at a rate much higher than we 

need to detect the signal. If the birefiingence is varied fiom no birehgence to a n 

retardation dong the slow axis then it tums out that the average optical power is exactly half 

of the input power if the polarkation axis  of the modulator is 45" to the slow or fast axis of 

the birefiingence. This will be tme for any arbitrary polarization state on the input, so this 

method is a valid solution as long as we can tolerate a 3 dB penalty in the returned signal 

power. 

The insertion loss of the modulator used was specified to be 5.7 dB. If optimal splices 

are used, then we could expect to have at most 10 dB of loss in the demultiplexer system. 

Another option is using a different type of modulator. The most promising candidates 

at the moment are the electroabsorption (EA) modulator and the digital optical switch (DOS). 

A diagrarn of these two modulaton is shown in figure 4.1. The principle of operation of the 

EA modulator is very similar to that of the multiple quantum well photo-detector used in the 

prototype system. An excellent review of EA modulators c m  be f o n d  in [4.1]. The basic 

idea is that the absorption in the device cm be varied by applying a reverse bias voltage to 

the p-i-n diode structure of the device. These devices can be made to exhibit very good 

polarization performance by straining the layen in the quantum wells [4.2]. 

The on/off ratio of EA modulators can Vary over a large range, but is typically around 

20 to 30 dB with a drive voltage less than 5 V[4.5]. The modulation bandwidth of these 

devices c m  be very high, in some cases exceeding 50 GHz [4.5], so tirne resolution would 

not be a problem. Typical insertion losses of these device are 7 to 10 dB if tapered 

waveguides are used [4.6]. The modulation depth of the device is wavelength dependent, but 

can be made to provide a good onfoff ratio over at les t  15 nm [4.6] which is sac ien t  for 



the TDM sensor system. The only difficulty with the wavelength dependence is that it makes 

it hard to manufacture the device to exact wavelength constraints due to smail variations in 

material bandgap and quantum well thic kness. 

The EA modulator is an excellent choice for use in our TDM multiplexing system. 

The major drawback that prevented us fiom using this device is that it is not commercially 

available as a discrete component. Currently EA devices are primarily used in research 

applications, however this may soon change. 

Figure 4.1 : Structure of an (a) electroabsorption modulator [4.3] and (b) digital optical switch 
[ 4 4  

Another usehl device is the DOS [4.4]. These devices switch the signal between two 

branches of a Y junction waveguide when a reverse b i s  voltage is applied to the p-i-n diode 

structure. The device is referred to as ''~gitai" because the switchhg ratio is not periodic 

with voltage like a Mach-Zehnder modulator. This can provide polarization insensitivity 

since we c m  apply sufficient voltage such that both polarizations are completely switched, 



even though one polarization may switch at a lower voltage. Currently these devices are 

capable of switching ratios of 15 - 20 dB, and switching times of a few nanoseconds. Some 

improvement has to be made if these devices are to be practical for T'DM system but they are 

a technology to keep an eye on. 

4.1.3 Sensor performance 

The next component to examine is the design of the sensor gratings. The gratings 

should reflect as much of the power of the interrogation pulse as possible while minunizing 

cross-talk. If the spatial resolution of the system is on the order of ten to twenty centimeters 

with a total sensor length of 50 m with twenty sensors, then there will be a total of 250 to 500 

time dots available. If we only need twenty sensors then there will be many time slots left 

available. Therefore it should be easy to reduce the total number of sensors that can cause 

multiple reflection interference. If we are very conservative then we might Say that up to ten 

gratings could cause multiple reflection interference to any particular sensor. If the peak 

grating reflectivity is 1% then figure 3.4 tells us that the interference will be at most 24.3 dB. 

Since this is about the sarne as the demultiplexing unit, there is no reason to decrease the 

reflectivity much more than this. 

To h i t  the spectral shadowing error to less than 1 pa with a I % reflecting grating, 

then the bandwidth has to be limited to about 0.5 nm. 

The loss in power to the last grating in the sensor system for 20 sensors with 1% 

grating will be 1.7 dB (see figure 3.5). 



A 1% grating with a 0.5 nm bandwidth will be 1.5 mm long with an index modulation 

depth of 3.4 x 1 O". Extrernely weak gratings such as these should not be difficult to fabricate 

during the fibre draw process and the small size makes them excellent point sensors. 

4.1.4 Source Performance 

The next component to look at is the source. The most crucial parameter of the source 

that is dependent on the rest of the components is the power or spectral brightness. If we 

allocate 10 dB of loss for the demultiplexer, and 6 dB for the coupler and 2 dR for losses in 

the sensing fibre and allow for an extra 2 dB of other losses in the system, then the required 

spectral brightness of the source, I,, will be: 

If we use the grating parameters of 1% reflecting and 0.5 nm full width at half maximum 

bandwidth, then the required source power will be 175 pW/nm. Of course this is the 

minimum required power. To engineer the system properly we will want to incorporate a 

safety factor of two or three. Thetefore we should expect the source to produce a output 

power of at least 500 pW/nrn. 

The source used in the prototype system has a spectral brightness of 250 pW/m 

(including the amplifier) This is suficient for the system but does mt include a large safety 

margin. Also the repetition rate of the laser used was 6 MHz, which is higher than the 2 MHz 



we need to obtain a sensing length of 50 m. If the laser repetition rate was lowered, then the 

power output would also be reduced due to the mode-locking technique used. 

The main limitation of the current laser that we are using is that it uses soliton mode- 

locking. This method was chosen since the laser is also used in other research projects, but 

is not the optimal design for our sensor system. The dynamics of soliton mode-locking in 

erbium doped fiber lasers have been explained by many researchers [4.7-4.91. Solitons lasers 

have a characteristic pulse width which is inversely proportional to the pulse energy and 

dependent on the fiber parameters of dispersion and nonlinear index [4.9]. If the pulse energy 

is increased, then the laser is found to become unstable when the accumulated nonlinear 

phase shift is larger than x in one round trip [4.9]. Therefore there is a limit to how much 

energy the pulse can have. Higher energy pulses can be obtained by increasing the pulse 

width to several picoseconds, but solitons mode-locked pulses are generally near transform 

limited, so the bandwidth will be around 1 nm or less. Obviously this is not suitable for a 

TDM fibre sensor system. The pulse energy may be increased by amplifjing the pulses d e r  

they leave they laser. However, as was seen in our system, there is a limit to the spectral 

brightness that is obtainable if the pulse width is very short. 

An alternative mode-locking method that is better suited for TDM sensor systems is 

stretched pulse mode-locking. This type of mode-locking is discussed in references [4.10- 

4.121. Essentially this method produces pulses that are highly chirped, giving temporal 

widths of a few picoseconds to more than a nanosecond. Since the pulse is highly chirped, it 

can still have a bandwidth of several tens of nanometers. The larger temporal width of 

stretched pulse mode-locking allows for large pulse energies since the peak power is not as 

high. 



Shetched pulse mode-locking is also better suited for self starting operation which is 

crucial for a field deployable sensor system. Typicaily self s tarhg operation is seen in 

passively mode-locked fiber lasers ushg saturable absorbers as the mode-locking element. 

This was done in [4.11] for a stretched pulse laser. The soliton mode-locked laser is harder to 

start up because when the pump power is to high, the laser becomes unstable and starts to 

multiple pulse. Typically the laser starts mode-locking weil over the steady state stable 

mode-locking power, so the output of a soliton laser must be monitored to ensure that it is in 

a stable regirne. This characteristic was found to occur in the laser that was used in the test 

system. Stretch pulse mode-locked lasers do not exhibit this multiple-pulsing and will start 

mode-locking in a stable state immediately. It is usually found that if the power to the system 

is increased, then the chirp on the pulse increases. 

Previous demonstrations of stretched pulse mode-locking have shown that 12 m W  of 

output power cm be generated with 70 m W  of input power with a spectral width of 60 nm 

and a pulse duration of 10 ns at a repitition rate of 330 kHz I4.131. Obviously the spectrum is 

more than enough and the pulse width is too long, but by m o d i w g  the laser cavity 

parameten, a laser suitable to our system could be produced. 

4. b5 PutUng it al1 togefher 

The previous sections have identified al1 the components that are necessary to 

produce a viable TDM sensor system, but it is dso important to realize a systern at a low cost 

and in a compact structure. Therefore in this section 1 will look at miaimizing the nurnber of 

components and evaluating the cost. 



The main components of a fibre laser will be the mode-locking elernent, the erbium 

doped fibre, the pump and the pump controller (cunent source). Erbium fibre can be 

purchased for $USSO/m or less and will have significant pump absorption within 3 m of fibre 

[4.14]. The power requirements on the laser pump (the pump is usually a 980 nm laser diode) 

are not to hi& and it could be purchased For $US 1 000 to $US2000 dollars[4.15]. An OEM 

pump driver could be used which may cost around SUSSOO. The cost of the mode-locking 

elernent is uncertain if it is a semiconductor saturable absorber since they are not 

cornmercially available. However, they could be made on a custom basis although the design 

parameters would need to be known. 1 would estimate their cost to be no more than $2000. 

Therefore a fibre laser could be produced that is usable in a TDM sensor system at less than 

$USS000. The fibre laser would also be compact in size since the fibre can be spooled, the 

pump is only a few square centimeters, and a saturable absorber could be butt-coupled 

directly ont0 the fibre. 

The next elements in our system are the isolator and chopper and amplifier. The 

chopper can be eliminated by putting a one kilohertz modulation into the gating signal of the 

modulator or by not using synchronous detection at dl. The isolator will still be required to 

ensure stability of the laser and costs about $US1000[4.16]. With the use of a higher power 

laser source, the amplifier will not be required. 

The next components are the 3 4 3  coupler and the sensing fibre. The coupler will be 

about SUS200 [4.16]. The sensing fibre cm be made in standard fibre since the gratings are 

very weak. They should cost less then $10 per grating (not including the fixed cost for the 

phase mask) based on my experience producing gratings in the PRO facility. 



The modulator price that we used was $US5500. A large portion of the cost was 

because it had an integrated phase modulator that was not used. The price of the separate 

amplitude modulator was $US3500 but was not available at the time of purchase [4.17]. 

The time delay generator could be implemented with about $US100 dollars of 

electronics. An OEM version of the pulse generator will be about $US2500[4.18]. The 

wavelength detector circuit will cost $US 1000 dollars or less [4.19]. 

Therefore we can implement a twenty sensor TDM sensor system that meets al1 of the 

goals that we originally set out to achieve at a cost of around $US20 000, or $US1000 per 

sensor, if a cushion of more than $5000 is given for miscellan~ous costs. 

There are really no components that require a significant amount of physical space. 

Most of the space will be taken up by the electrical power supplies of the various systems. It 

would be reasonable to estimate that a complete system could be implemented in a compact 

field deployable unit of about 10 kiIograms. 
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5.1 Summary and Conclusions 

Ln this thesis, new techniques for time division multiplexing of fibre optic Bragg 

grating sensors were explored that would advance the state of the art technology. This goal 

was initiated in Chapter 1 by identifjring the system requirements that are needed for 

monitoring modem civil engineering structures. The motivation for the development of the 

system came ftom the lack of current multiplexing technology that met these demands in 

both performance and application to practical field use. In Chapter 2, a review of fibre 

grating technology was given. 

The next step in producing the sensor system was to evaluate the issues that could 

limit the performance of a time division multiplexing system and to engineer the system to 

overcome these issues. This was described in Chapter 3 by f is t  identifjkg sources of cross- 

talk and interference and by providing a realistic power budget. With these issues in mind, a 

prototype multiplexing system was developed that allowed us to evaluate the performance of 

our proposed multiplexing method. 

Now that the important design issues had been identified and investigated in a 

prototype experimental systern, Chapter 4 examinai the feasibility of extending the prototype 



to a field deployable system. The components of each part of the system were discussed that 

could achieve the requirements originally laid out in the first chapter. Requirements of 

performance, reliability, performance and cost were taken into consideration. 

Some of the significant achievements that were achieved experimentally with the 

prototype system are outlined as follows: 

Demonstration of a demultiplexing system that provides systems integration flexibility. 

It provides compatibiiity of the system with a wide range of existing wavelength 

detection methods. The output signal fiom the demultiplexer can be viewed as equivalent 

to the response frorn a single sensor grating in a non-multiplexed system. 

Demonstration of t h e  division multiplexing sensors that were placed as close as 65 cm 

apart with a maximum sensor length of 17 m. 

Achievement of cross-talk levels in the demultiplexer system of 23 to 27 dB (46 to 54 

dB elecûical) 

Provision of sufficient optical bandwidth (16 nm) in the source to sense strains greater 

than 10,000 p ~ .  

Demonstration of that cross talk of less than the measurement resolution of 30 p& when 

one sensor was subjected to a 1000 ps step. 

The anaiysis of the experirnental system allowed us to develop the requirements for a 

field deployable systern. It was found that the multiplexing technique could be developed to 

achieve the following: 

a Capability to demultiplex sensors as close to each other as 10 to 20 cm will having a total 

sensing region in excess of 50 m. 



O The ability to demultiplex at least twenty senson on a single fibre with cross-talk of less 

than 23 dB and interference of less than 1 p. 

O A power budget suficient to provide a sensing resolution of 1 pa 

O A design that can be incorporated into a field portable package at a low cost of about 

$US 1000 per sensor. 

In conclusion, a time division multiplexing method has been developed which is 

capable of satisfying the sensing requirements that were originally outlined at the onset of the 

thesis. We have shown ihe ability to meet the requirements of performance, reliability, 

portability and cost. 

Some of the significant contributions of the thesis have been or will be outlined in the 

following conference and journal publications: 

D. J. F. Cooper, T. Coroy, and P. W. E. Smith, 'Tirne domain demultiplexing of a serial 
Bragg grating strain sensor array using a mode-locked laser source," OSA 98 annual meeting, 
FX3, 1998. 

T. Coroy, G. Duck, P. Mulvihil, D. J. F. Cooper, P. W. E. Smith, "Recent advances in fiber 
optic sensing for civil struciures," to be submitted to the Canadian Journal of Civil 
Engineering. 

D. J. F. Cooper, T. Coroy, and P. W. E. Smith, "Demonstration of a high sensor count T'DM 
system," to be submitted. 



5.2 Future Work 

In this thesis, the design for a field deployable multiplexing system which achieved 

our design goals was discussed. It has been left as fiiture work for this system to be 

developed and demonstrated. Some of the important tasks are as follows: 

The development of a mode-locked fibre laser source optirnized for this system or the 

investigation of alternative technologies such as high power, fast laser diodes. 

Further investigations into other modulation techniques or negating of polarization effects 

in the current modulator as described previously. 

Use of more sensitive wavelength detection methods. This may come f?om support from 

Electrophotonics Corporation with a commercial wavelength measurement device. 

Improved detection will also allow us to further investigate dynamic strain measurement. 

Demonstration of demultiplexing with a twenty sensor system. 

In addition to future work based on M e r  developing the sensor system, some 

interesting possibiiities exist for applying the methods developed in this thesis to other 

applications. 

The multiplexing system is designed to measure the wavelength that is reflected fiom 

an optical element placed in a fibre optic system. This element does not necessady need to 

be a fibre Bragg grating sensor. The system could be used as a diagnostics tool for 

wavelength division rnultiplexed communication networks. By measuring the wavelength 

reflected as a hnction of t h e  delay, the position of wavelength sensitive components could 

be identified. 



Another potential use for this method would be measuring strain profiles within 

gratings. If  a grating is subjected to a non-uniform strain, then the Bragg wavelength will 

Vary with position inside the grating. If the t h e  resolution of the demultiplexing system is 

short enough, then the wavelength retunied fkom a small section of the grating could be 

measured. Perhaps dl-optical time gating could be used to provide sufficient time resolution. 




