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Abstract

This thesis undertakes a detailed analysis of both the phase and intensity noise in a 
multimode fibre linked white light interferometric system. Several signal processing 
schemes have been introduced to ease the central fringe identification and to increase the 
accuracy of the central position measurement.

A detail investigation of modal noise induced by the multimode fibre link in the WLI 
system has been carried out. The relationship between modal noise and the parameters of 
the illuminating source and the linking optical fibre, including the coherence length of the 
source, the length of the linking fibre, the core diameter of the fibre and type of the fibre 
have been experimentally studied. A supporting theory has been developed and the results 
from the experiment are in good agreement with those from the theoretical analysis.

Two signal processing schemes have been developed to increase the relative intensity of 
the central fringe of the output in a dual wavelength system. One uses an electrical circuit 
to square the output of the two wavelength system directly, and the other uses two 
detectors to detect the different wavelengths components of the output of the system. 
Then, these two output are multiplied and squared using an analogue electrical circuit. 
With the use of these signal processing schemes, the central fringe becomes more 
dominant. The comparison of the two signal processing schemes has also been given.

A system consisting of two Michelson interferometers linked with a multimode fibre and 
illuminated with a dual wavelength source is investigated. The output signal to noise ratio 
of the system is measured by using a curve fitting method when different linking fibres are 
used. The result show that the output signal to noise ratio of the system increases as the 
core diameter of the linking fibre increases when the linking fibre is deliberately shaken. 
The effect of the modal noise on the central position measurement is also investigated.

A signal processing scheme based on curve fitting algorithm using a cosine function is 
introduced for this system. The theoretical resolution of the system with the use of the 
signal processing scheme is given when both intensity noise and phase noise is present. 
The displacement measurement repeatability of the system is experimentally measured 
over a displacement range of 80(im. The results show that the measured repeatability 
(standard deviations) of the system with the use of the signal processing scheme is better 
than 5nm, which is very close to the value of the theoretical resolution of, 1.9nm.

viii



Chapter 1

Introduction

1.1 Optical fibre sensors

Optical fibre sensors have been intensively researched for many years because they have 

many potential advantages over electrical sensors. These advantages include their 

immunity to electromagnetic interference, their ability to realise long-distance sensing, 

their small size, their resistance to chemical corrosion and their potential for 

multiplexing [1, 2, 3], They are also versatile, because an optical beam is characterised 

by a number of independent parameters including its intensity, wavelength spectrum, 

phase and polarisation, and each of these parameters may be sensitive to the applied 

measurand. Hence, a wide range of sensing mechanisms are available.

The technological developments of optical fibres have led to the emergence of the 

optical fibre sensor. The two main types of optical fibres used in these sensors are the 

monomode fibre and the multimode fibre. Monomode fibre is designed to guide a single 

transverse mode, i.e. the coherence of the transmitted light is maintained. In contrast, 

multimode fibre can transmit a large number of modes and the phase delays at the far 

end of the fibre varies for each mode.

Sensors may be classified in several ways, most simply as either intrinsic or extrinsic. In 

an intrinsic fibre sensor, the transduction mechanism is based on the modulation of the 

waveguide properties induced by the measurand and the fibre is both the sensor and the 

path of the light beam. In an extrinsic system, the fibre is not the sensing device, it only
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allows the propagation of the light beam from the illuminating source to the sensing 

element and from the sensing element to the photo detector.

1.2 Optical fibre interferometric sensors

One of the various types of optical fibre sensors reported, optical fibre interferometric 

sensors, are receiving considerable attention because of their high sensitivity [4, 5, 6j. 

In an optical fibre interferometric system, the optical path difference (OPD) of the 

sensor is modulated by the measurand and this OPD change can be measured by using a 

signal processing scheme.

M icrom eter 

Lens i
M irror 

I

□
source Beam

Splitter

M Irror

C Lens

Photo I_ I
Diode

Fig.(1.1) Schematic showing a conventional Michelson interferometer.

Optical interferometry is a relatively old subject, and a large number of instruments 

based on interferometry were introduced many years ago. However, it is still a very 

active subject to research, especially since the invention of the optical fibre, as fibres 

can be used to fabricate interferometer and provide flexible connection for 

interferometer.
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A conventional interferometer can be act as a displacement sensor. To illustrate this, 

consider a Michelson interferometer which is shown in Fig.(1.1). Light from a single 

wavelength source is divided by a beam splitter to produce both reference and sensing 

beams that propagate in each arm of the interferometer. The electric vectors Er and Es

of these beams may be expressed as

Er = A exp[/(to/+  2 n n x r /X)] (1.1)

where A and B are the amplitudes of the reference beam and the sensing beam 

respectively. xr and xs are the distances that the light travels in two arms of the

interferometer; n is the refractive index of air, and X and to are the vacuum wavelength 

and the angular frequency of the light source respectively. After reflection by the 

mirrors, the two beams recombine at the output of the interferometer. The current, ID, 

generated at the photo diode used to detect the output of the interferometer, under the 

condition that A is equal to B, is given by

where 70 is the maximum output of the detector. From Eq.(1.3), the output of the 

photodiode is related to the mirror position xs, and thus the position of the mirror can

be measured by determining the phase change of the output of the photo diode 

providing the value *r is held constant.

and

Es = Bcxp[i((ùt + 2 nnxs /X)] ( 1.2)

(1.3)
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The Michelson interferometer shown in Fig. (1.1) can be realised using optical fibres, 

enabling a compact version to be made. Fig.(1.2) shows a schematic diagram of a fibre 

version Michelson interferometer. In this case, light from the illuminating source is 

coupled into the monomode fibre and then separated into two beams by the fibre 

coupler, which propagate in the sensing and reference arms. After reflection from the 

mirrors, the recombined beam is detected by the photo diode. The output of the photo 

diode can also be expressed by Eq.(1.3), where n is the refractive index of the fibre 

core, contrasting the refractive index of air in the conventional air path Michelson 

interferometer. When it acts as a sensing system, any length variation or refractive 

index variation in the sensing arm can be measured by calculating the phase change of 

the photodiode output, providing the effective optical path length of the reference arm 

is held constant.

Fig.(1.2) Schematic diagram of a fibre version Michelson interferometer

Optical fibre interferometric sensors generally exhibit an extremely high sensitivity. The 

wavelength of the source used is often of the order of lpm. Thus, if a system can 

measure a phase change of one percent of 2rr radians, its resolution will then be 10 nm. 

However, conventional interferometric optical fibre sensors suffer from the problem 

that the relative phase difference is lost when the system is switched off and therefore 

the output become ambiguous beyond one “fringe” measurement. Optical fibre sensors 

based on “white light interferometry” have been developed to overcome this problem
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[7, 8]. These white light or low coherence source interferometric sensors have the same 

potential sensitivity as conventional optical fibre interferometric sensors with the 

additional and very important benefit of providing an absolute measurement over a 

much wider range.

1.3 Optical fibre sensors based on white light interferometry

Optical fibre sensing systems based on white light interferometry have been intensively 

researched in recent years [7, 8, 9], Compared with conventional optical fibre 

interferometric sensors, WLI systems have following substantial advantages: (1) A WLI 

system potentially has the same sensitivity as that of a conventional interferometric 

optical fibre sensor. (2) It can be used to determine quasi-static measurand, such as 

temperature, pressure, and strain with a corresponding displacement range much larger 

than a wavelength. (3) The system is immune to any fibre bending loss, fibre joint loss, 

source intensity drift, and source wavelength drift. The reason for these is that the 

output interferometric fringe pattern of a WLI system has a unique central fringe 

allowing an absolute displacement measurement to be realised and the central posidon 

of the output fringe pattern is independent from the slow change of the output intensity 

of the system and the drift of the average wavelength of the illuminating source.

Source
Fibre

Sensing
Interferometer

; OPD1 I
[ ______ '

Reference
Interferometer

Fibre

OPD2 I

Photo detector 

□ ---------------

Fig.(1.3) Schematic diagram showing a white light interferometric system.
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Fig.(1.3) is a schematic diagram of a typical WLI system. It consists of two 

interferometers. Light from the broad band (or “white light”) source which has a short 

coherence length is launched into the sensing interferometer and then the reference 

interferometer. The output of the system is detected by a photo detector. When the 

optical path difference (OPD) of the reference interferometer is scanned, interference 

effects will only be observed under two primary conditions these being: (i) when the 

OPD of the reference interferometer is within the coherence length of the light source, 

and (ii) the difference between the OPD of the reference interferometer and the OPD of 

the sensing interferometer is within the coherence length of the light source. Optical 

fibre sensing systems based on white light interferometry usually operate under the 

second condition, where the maximum output intensity occurs when the OPD of the 

two interferometers are equal to each other. Therefore, any OPD change in the sensing 

interferometer can be absolutely measured by determining the central position change 

of the output interferometric fringe pattern.

In a fibre-based WLI system, optical fibre is used to provide a flexible connection 

within the instrument. Both monomode fibre and multimode fibre are capable of doing 

this. When monomode fibre is used, coupling difficulties arise due to narrow core 

diameter of the fibre. Hence, a comparatively expensive coupler and very high stable 

launch conditions of light into the system are necessary for the instrument. Multimode 

fibres can be used to overcome the coupling difficulties because they have a much 

larger core diameter than that of the monomode fibre otherwise used and the light is 

therefore much easier to couple into the fibre. In addition, by using a multimode fibre 

link, a WLI sensor system without moving parts can be realized [11], However, the 

remaining problem for the system with a multimode fibre link is the presence of the 

modal noise that will reduce the output signal to noise ratio of the instrument.
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Thus, suitable signal processing techniques are required to suppress noise and to give 

increased central position measurement accuracy. A noise rejection signal processing 

scheme based on the whole fringe pattern centroid algorithm has been proposed [10], 

which advantages are its short operational time and its resistance to noise. Other signal 

processing techniques have also been proposed [11], These include the central full 

fringe centroid method and the central bright fringe centroid method. With the use of 

these techniques, the effect of noise can be suppressed considerably and give increased 

accuracy of the central position measurement.

To ease the central fringe identification problem, dual wavelength source techniques 

have been proposed [12, 13]. With two wavelength components in the source, a beat 

pattern is generated in the output of a WLI system and thus the relative intensity of the 

central fringe is considerably increased. With the use of this technique, the signal to 

noise ratio required to identify the central fringe may be reduced from typically about 

50 dB for a single wavelength source system to about 25 dB [12], The method used to 

select the suitable wavelengths of the source to optimise the system and obtain the 

highest relative intensity of the central fringe have also been reported [14,15].

To increase further the relative intensity of the central fringe, a three wavelength 

technique have been proposed [16, 17]. With three wavelength components in the 

source, the subsidiary fringes in the output of a WLI system have been seen to 

suppressed further. It has been reported [16, 17] that the signal to noise ratio required 

for the central fringe identification is about 13 dB when a suitable combination of 

wavelengths is selected.

The advantages of WLI systems have led to a large number of applications, although 

there are still problems existing which limit the measurement accuracy and the
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measurement range of the WLI systems, as will be discussed in this thesis, together 

with ways to overcome them. WLI optical fibre sensors has been applied to pressure 

sensors [18, 19], to the measurement of strain and stress [20], to the sensing of 

temperature [21] and other special applications [22, 23]. It is also reported that an 

integrated optic Mach-Zehnder reference interferometer has been produced for a WLI 

system [24].

1.4 Aim of this work

The primary aims and objectives of this work are:

1. To investigate the relationship between modal noise and the parameters of the 

illuminating source and the linking multimode fibre in a white light interferometric 

(WLI) system. These parameters include the coherence length of the source, the 

length of the fibre, the core diameter of the fibre and type of the fibre.

2. To develop techniques applicable to the dual wavelength system which will increase 

the relative intensity of the central fringe.

3. To introduce and discuss a signal processing scheme based on a curve fitting 

algorithm, which will be used to reduce the effect of both intensity noise and phase 

noise, on the central position measurement.
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1.5 Structure of the thesis

The structure of the thesis is as follows:

In Chapter 1, a brief review of the field of optical fibre sensors based on the white light 

interferometry is given.

In Chapter 2, the basic theory of white interferometry is introduced and the possible 

sources of noise in the system are discussed. Several illuminating sources and optical 

fibres used in a WLI system are also discussed.

In Chapter 3, an experimental investigation of the relationship between modal noise and 

the parameters of the illuminating source and the linking multimode fibre, which include 

the coherence length of the source, the length and the core diameter of the fibre and 

type of the fibre, is described. A supporting theory is included which helps to explain 

the experiment results.

Two techniques for dual wavelength system are discussed in Chapter 4, which can 

increase the relative intensity of the central fringe. One of the techniques is to square 

the summed output of two wavelength components and the other is to square the 

multiplied output of the two wavelength components. A theoretical simulation and a 

corresponding experimental investigation show that the signal to noise ratio required to 

identify the central fringe decreases as the power of the squaring operation increases. A 

comparison of the two techniques is also presented.

In Chapter 5, a WLI system consisting of two Michelson interferometers linked with a 

multimode fibre is described. Firstly, experiment results obtained on the output signal
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to noise ratio of the system is given for different linking fibres and the effect of the 

modal noise on the central position measurement is investigated. Secondly, an 

investigation of the stability of the interferometers is presented. Thirdly, a signal 

processing scheme based on curve fitting algorithm is proposed, and the theoretical 

resolution of the system with the use of the signal processing scheme is given. Finally, 

the experimental results obtained on the displacement measurement repeatability of the 

system are presented.

In Chapter 6, conclusions are given and the potential for future research is discussed.
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Chapter 2

Principles of white light interferometry

Optical fibre sensing systems based on white light interferometry have been intensively 

studied over recent years [1-8]. This is usually called white light interferometric (WLI) 

system. In such a system, a broad band illuminating source, optical linking fibres, and 

interferometers are usually exploited (shown in Fig.(1.3)). Multimode fibres are very 

attractive for such systems because it has much larger core diameter than that of a 

single mode fibre so that the light beam from the illuminating source or from the 

sensing interferoemter is easier to be coupled into it. However, with a multimode 

linking fibre, modal noise is induced in WLI systems [9, 10, 11, 12], which reduces the 

output signal to noise ratio of the WLI systems.

In this Chapter, the theoretical output of a white light interferometric system consisting 

of two Michelson interferometers linked with an optical fibre has been derived. A 

discussion on intensity noise and phase noise associated with a WLI system is also 

included. In addition, optical sources and optical fibres for a typical WLI system are 

discussed.

2.1 Theory of white light interferometry

Suppose a white light interferometric system consisting of two Michelson 

interferometers linked with an optical fibre, which is shown in Fig.(2.1). The light beam 

from a broad band source is coupled into the first interferometer. Then, the light beam 

from the sensing interferometer is guided into lire second interferometer, and the output 

of the system is detected by a photo detector.
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Fig.(2.2) Schematic diagram of a WLI system consisting of two Michelson 
interferometers with an optical fibre link

If the intensity transfer functions of the first interferometer and the the second 

interferometer, which can be regarded as sensing interferometer and reference 

interferometer, are Is(k) and Ir(k ) respectively. The resulting output intensity function 

of the system, ID, will be of the form [1]

I D = \ l , { k ) I r( k W )d k  (2.1)

where k is the wave number and i(k) is the power spectrum of the source, which may 

be expressed as [1]

i(A) = - p Lex p [ - ( ^ - ^ ) 2] (2.2)
Vrro a

where k0 is the central wave number and a  represents the half width of the spectrum of 

the Gaussion distribution. If both ihe sensing interferometer and the reference 

interferometer are of the Michelson type, the transfer functions of the interferometers, 

Is and Ir are given by [2]
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/, = (1/ 2)(1+ cos(kxs)) (2.3)

and

Ir = (1 / 2)(1+ cos{kxr)) (2.4)

where xs and xr are ihe optical path differences (OPDs) of ihe sensing interferometer

and the reference interferometer respectively. By substituting Eqs.(2.2), (2.3), (2.4) 

into Eq.(2.1), the output intensity function of the system, ID, can be expressed as

When xs, x r are much larger than 1/ g  and approximately equals xr, the output 

intensity function of the system can be simplified to [1]

where X = —  and Lc = —  are the central wavelength and the coherence length of the
TIG

source respectively. Fig.(2.2) shows the output intensity fringe pattern of the system 

calculated from Eq.(2.6). In this case, I0 is equal to unit, and the wavelength X and 

coherence length Lc were chosen to be 0.78pm and 15pm respectively. It is noted that 

the position of the maximum output intensity, i.e. the central position of the output 

fringe pattern, occurs when the OPD difference of the interferometers is equal to zero. 

This is the key point for the system to realise effective optical fibre sensing. As a result, 

any variation of the OPD in the sensing interferometer can be measured absolutely by 

determining the central position of the output intensity fringe pattern.

(2.5)

(2 .6)

2
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0.40

Fig.(2.2) Output fringe pattern obtained from Eq.(2.6)

2.2 Noise in a white light interferometric system

In a WLI system with monomode optical fibre link, there is no modal noise in the 

system and therefore a high output signal to noise ratio may be obtained. However, due 

to the difficulty of coupling the optical beam into the monomode fibre, high accuracy 

fibre couplers are required, resulting in a high cost to fabricate the system and 

difficulties in alignment.
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If a multimode fibre is used to couple the sensing and reference interferometers, the 

above problems associated with monomode fibre linked systems arc more easily 

overcome because multimode fibres have a much larger core diameter. In addition, with 

a multimode fibre link, a WLI sensing system without moving parts can be realized [7],

However, difficulties arise in any WLI system using multimode linking fibres as modal 

noise is introduced by the multimode fibre link when the multimode fibre is perturbed 

[9,10,11,12]. The level of induced modal noise in such a system may be higher than 

that of the noise induced by the intensity fluctuations of the illuminating source or the 

noise from the photodetector.

In the theoretical output of the WLI system shown in Eq.(2.6), noise has not been 

considered. In any WLI system, the output of a WLI system may be characterised by 

two major parameters, the output intensity and the OPD of the interferometer. These 

two parameters may fluctuate randomly in a practical system. The random fluctuation 

of the output intensity may be defined as intensity noise and the random fluctuation of 

the OPD of the interferometers may defined as phase noise. The possible sources of 

noise in the WLI system are discussed below:

1) Thermal noise and shot noise of the photo detector [13].

Thermal noise (also called Johnson noise and Nyquist noise) originates within the 

photodetector load resistor R'L. Electrons within any resistor never remain stationary. 

They randomly move because of their thermal energy, even with no voltage applied. 

Tlius, a randomly varying current exists, which induces thermal noise. The rms value of 

the thermal noise is given by
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where k is the Boltzmann constant, T is the absolute temperature, RL is the 

photodetector load resistance, and A f  is the receiver bandwidth. Thermal noise is 

normally distributed, and contributes to the intensity noise in the WLI system.

Shot noise originates from the discrete nature of the electrons, and for example with a 

photodetector, the optical signal generates discrete charge carriers. Each carrier 

contributes a single pulse to the output current instead of a continuous current. This 

will induce the shot noise at the output of the detector. Its rms value is expressed as

is =  j M A f  (2 .8)

where e is the magnitude of the charge on an electron, /  is the average detector current, 

and A f  is the bandwidth of the receiver. Just like thermal noise, shot noise is normally 

distributed noise, and contributes to the intensity noise in the WLI system.

2) Source noise is the noise induced by semiconductor low coherence sources, 

such as light-emitting diodes and superluminescent diodes [14, 15]. When a 

semiconductor low coherence source is driven by an electrical current, photons will be 

emitted from it, which are generated independently and randomly. The optical output of 

the source is the sum of the effects of a large number of emitted photons [16]. As a 

result, the output intensity of the source fluctuates randomly. It is reported that the 

overall source noise, from the low coherence semiconductor source, exceeds the 

normal shot noise and thermal noise by 17dB when the output power of a source with a 

5()nm bandwidth is about lmW. However, even with this type of source, it is possible
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for an optical system to achieve a signal to noise ratio of about 10’ (lOOdB) if only

source noise is present.

It should be noted that the central position of the output fringe pattern is independent 

of the intensity and the wavelength drift of the illuminating source (see Eq.(2.6)). Thus, 

any low frequency intensity changes of the illuminating source or any average 

wavelength drift of the illuminating source will not induce an error to the central 

position measurement.

3) Modal noise from the fibre link. When a multimode fibre is used to connect the 

components within the system, it will support the propagation of a large number of 

modes. Different modes travel different path lengths along the optical fibre. Hence, the 

intermodal coupling between the adjacent modes induces intensity noise when the 

multimode linking fibre is subjected to environmental perturbations, such as vibration 

or temperature variations. This the origin of the modal noise in the WLI system. The 

output signal to noise ratio of a multimode fibre linked system described in Chapter 3, 

if only modal noise is present, is given by

VM(1 + C( AT) cos(27tAL/A. ) )£ ( / ,)
(2.9)

where

(2.9a)
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and

C(8 L,,+l) = exp[-(26 Lll+l / Lc) 2J (2.9b)

Lc is the coherence length of the source and 5 Ln+] is the OPD between ith and (i+l)th

mode at the far end of the fibre. M  is the modal number transmitted in the fibre, £(//) 

and D(If  are the expectation value and the variance of the intensity of the light beam 

transmitted in the ith mode respectively.

Modal noise contribute intensity noise to the output of the WLI system. Its value is 

usually much larger than that of thermal noise, shot noise or source noise in a typical 

WLI system.

4) Noise from the capacitive position sensor. The position of the mirror in the 

interferometer discussed in this thesis is measured with the use of a capacitive sensor 

(see section 5.3.2). Providing there is no vibration of the interferometers, the output 

noise from the position sensor and associated electrical circuit will cause a displacement 

measurement error. This kind of noise can be regarded as normally distributed, which 

contributes phase noise to the output of the system. Its value may typically be as small 

as 3 nrn.

5) Vibration of the mirrors in the interferometers. The presence of the vibration 

in the WLI system may cause fluctuations of the arm length difference (ALD) of the
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interferometers, which induces phase noise in the output oi the system. The frequency 

distribution of the noise is related to the natural frequency of the interferometers.

6) Position drift o f the mirrors in the interferometers. The ALD ot the 

interferometer in the WLI system may change continuously due to the mechanical 

instability of the interferometers. This induces low frequency phase noise in the output 

of the WLI system.

7) Effects o f atmospheric turbulence. It is well known that air turbulence will 

cause the refractive index fluctuation of air, so that the OPD of an air path 

interferometer will fluctuate accordingly. This will contribute to intensity noise and 

phase noise in the output of a WLI system. The magnitude of the intensity noise will be 

proportional to the intensity of the light beam propagating in the interferometer and will 

depend on the arm length of the interferometers. The phase noise induced by the 

turbulence of air depends on the arm length of the interferometer.

Suppose n, and np represent the intensity noise and the phase noise in the WLI 

system, respectively. Their mean values are zero and their rms values are a, and o p

respectively. Eq.(2.6) can be rewritten as

ID = ^ - { l  + ^ [e x p (- (— 
4 2

* ' + ' V )C0S(r i r i
L X

X r + l l p \ , x L— )]} +n, (2.10)
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where n, is induced by fluctuations of the illuminating source, by thermal noise and 

shot noise of the photodetector and by the modal noise of the fibre link. The modal 

noise is the main part of the intensity noise. The output intensity of the system, ID, will 

fluctuate due to the presence of the intensity noise n,. np is the phase noise which is

induced by the vibration and the drift of the interferometers, by the noise from the 

capacitive position sensor, and by the air turbulence. The OPD of the system, 

(xs - x r +np), fluctuates due to the presence of the phase noise np. It should be noted

that the phase noise in the WLI system is not normally distributed. This is because the 

frequency distribution of the phase noise induced by the vibration is related to the 

natural frequency of the interferometers and the drift of the interferometers contributes 

low frequency phase noise to the output of the system.

2.3 Light sources for white light interferometry

In a WLI system, an illuminating light source, which has a very short coherence length, 

is needed for the operation of the system. These light sources should satisfy the 

requirements of the system in terms of power consumption, reliability, size, cost, spatial 

coherence, and coupling efficiency into optical fibres. A wide range of light sources 

have been investigated for this purpose [17]. A brief review of the illuminating sources, 

which are widely used in WLI systems, is given below:

1) Light emitting diodes (LEDs). A light emitting diode (LED) is a semiconductor 

p-n junction operated under forward bias which transduces electrical energy into optical 

radiation. It is a widely used illuminating light source for WLI systems due to its low 

coherence length (without side fringe packages), low cost, high reliability, and
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immunity to optical lccdback. A typical LED has a spectral width ol 6()nm and a 

coherence length of about 10pm.

However, LEDs suffer drawbacks of low output power and poor coupling efficiency 

into optical fibres.

2) Multimode laser diodes. The multimode laser diode is a competitive candidate 

for the use in WLI systems because it has a comparatively large output power and may 

be used to achieve high coupling efficiency into fibres [18, 19]. It is available with a 

wide range of emission wavelengths in the visible and near infrared range, typical 

660nm, 780nm, 800nm, 850nm, 1.3pm and 1.5pm determined by the semiconductor 

material properties. A representative multimode laser diode, such as from the Sharp 

LT023 Series [20], has a spectral width of about 2nm and a corresponding coherence 

length of about 300pm.

Compared with the LED, the multimode laser diode has a larger output power and a 

higher coupling efficiency into the fibre. However, it has two main drawbacks: 1) It has 

a longer coherence length than that of a LED and 2) there are side fringe packages in 

the output fringe pattern when it is used as an illuminating source in a WLI system.

3) Superluminescent diode (SLD). A superluminescent diode, which has been 

recently developed [21, 22], is a semiconductor p-n junction fabricated in a low 

fineness Fabry-Perot cavity. This kind of source offers several advantages over other 

kind of sources when it is used to illuminate WLI systems: 1) Its output power and 

coupling efficiency into a fibre are higher than that of a LED and 2) it has a shorter 

coherence length than that of a multimode laser diode and the output of a WLI system 

illuminated with such a source has lower level of the side fringe packages than that
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illuminated with a multimode laser diode. A typical supcrluminesccnt diode has a 

spectral width of about 40nm and coherence length of about 15pm.

2.4 Optical fibre issues

There are two main types of optical fibre, monomode fibre and multimode fibre. The 

monomode fibre has a very small core diameter and transmits a single transverse mode 

only. In contrast, a multimode fibre has a much larger core diameter and supports the 

propagation of a large number of transverse modes. The total transmmited mode 

number M  in a multimode fibre can be estimated by using the following equation [23]

N = - ^ — k 2a 2n2 A (2.11)
q + 2

where a represents the radius of the fibre core, A is the grading parameter, n represents 

the axial refractive index, q represents the exponent of the power law profile. q=2 

corresponds to a parabolic index profile and q=°° corresponds to a step index profile. 

k0 is the wave number of the optical beam of the system.

Different modes travel at different velocities in a multimode fibre. As a result, they take 

different times to propagate through any particular length of a multimode fibre. Assume 

that the length of a step index fibre is L, its refractive index of the fibre core is n, and 

the ray makes a angle 9 with the axis of the fibre. Then, the time delay t for a ray to 

propagate through length of the fibre L can be estimated as [23]

t = nL I ccos(9 ) (2.12)
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where c is ihc velocity of the light in vacuum. The above expression shows that the 

time delay vary against the angle 9 as the modes propagated at different angles in a 

multimode fibre travel through different distance when they arrive at the far end of the 

fibre. The phase delay associated with the ray of each different mode is then a function 

of the angle 0 when it reaches the far end of the fibre.

For a step index fibre, the time delay difference, bTs between the extreme meridional 

ray and the axial ray may be expressed as [23]

5 7 ] = —  (2.13)
c

where A is the grading parameter for the fibre, c is the velocity of light in a vacuum, n 

is the refractive index of the fibre core and L is the length of the fibre.

For a graded index fibre, the time delay difference between the fundamental mode and 

highest-order mode,57;, is given by [23]

L/iA2 
~~2c~

(2.14)

Typical values that may be relevant to a WLI system are: L taken as 1000m, n= 1.5, and 

A=l%. As a result of Eq.(2.13) and Eq.(2.14), 57] equal 50ns and STe 0.25ns, which

represent about 15m and 75mm delay in length respectively. These calculated results 

imply that the average OPD between adjacent modes in a parbolic index fibre is much 

smaller than that in a step index fibre.
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When a multimode fibre is subjected to perturbations, such as vibration or temperature 

differential variations, the so-called intermodal cross coupling will occur between these 

adjacent modes. The coupling between the guided modes transfers optical energy lrom 

the slower to the faster modes and vice versa. Hence, the phase of each mode at the far 

end of the fibre changes randomly due to the mode cross-coupling. This will induce the 

so-called modal noise [9, 10, 11], which will be discussed in detail in the next Chapter.
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Chapter 3

Modal noise in a system consisting of a Michelson 
interferometer with a multimode lead fibre

3.1 Introduction

Optical fibre-based interferometric sensing systems have a considerable potential for 

high-precision measurement in many scientific and industrial applications [1]. Both 

intrinsic and extrinsic interferometric optical fibre sensors require the use of fibres to 

deliver the light beam from the light source to the sensing element, collect the 

modulated light beam from the sensing element, and then pass it to the detector that 

converts the optical signal into an electrical signal for further processing [2, 3, 4], As 

has been discussed earlier, single-mode fibres are difficult to inject light into, and the 

cost of assembling such a single-mode fibre interferometric system increases because 

high-precision fibre couplers and components have to be employed.

There are distinct advantages in using multimode fibres, from the light-collection point 

of view, as lead fibres. In addition, a WLI sensing system without moving parts can be 

realised with the use of the multimode fibre [2], However, when a multimode fibre is 

used to deliver light, an optical path difference (OPD) between each pair of adjacent 

modes is induced at the far end of the multimode fibre by the group delay time 

differences occurring among the modes in the fibre [5, 6], Hence, if the fibre is 

subjected to environmental perturbations such as vibration and temperature variations, 

then the so-called intennodal cross-coupling effect [7] will be induced. As a result,



modal noise will be introduced and the signal to noise ratio of the optical intensity 

delivered by a fibre will be reduced ¡8, 9].

When a multimode fibre is used to provide link within a interferometric system, modal 

noise will also be present and the output signal to noise ratio of such a system will be 

reduced [10, 11, 12, 13]. It has been demonstrated that the modal noise in the output 

of such multimode fibre linked interferometric systems depends on the coherence length 

of the illuminating source [10, 11], the length of the multimode lead fibre [12], and the 

type of the lead fibre [2, 13].

In this Chapter, the work published in Refs. [10, 11, 12, 13] is discussed. A simple 

theory for the system consisting o f a Michelson interferometer and a multimode lead 

fibre has been developed. Experimental investigations on the modal noise in the output 

o f the system are carried out. These investigations include the dependence o f the SNR 

of the system on the parameters o f the illuminating source and the lead fibre. Following 

this introduction, the theoretical analysis o f the output intensity and the rms value of 

the noise o f the system is given. Then, the investigation o f the dependence of the modal 

noise on the coherence length o f the illuminating source is described. Furthermore, the 

investigation o f the dependence o f the modal noise on the length o f the lead fibre is 

included. Next, the relationship between the modal noise and the characristics o f the 

linking fibre is investigated. Next, the visibility reduction of the output of the system 

caused by the misalignment o f the interferometer is studied theoretically and 

experimentally. Finally, a conclusion is given.



3.2 Theory and analysis

It is well known that the guided modes supported by a multimode fibre can be 

geometrically represented by a group of “allowable” rays that propagate along the fibre 

and their distance of travel depends on their angles of injection: the smaller the angle, 

the shorter the distance [14]. Clearly, the time taken for the arrival of the energy 

components at the far end of the fibre will very according to the propagation distances. 

If the OPD between the two modes is represented by a distance over which the

associated energy components of these adjacent modes are separated at the far end of 

the fibre, then the magnitude of the OPD, 8 Lik, between the ith mode and the kth

mode will increase during propagation and lie in the range

0 < 5 Z ,t < 8 Z ^ „  (3.1)

where 8 2 ^  is the OPD between the fundamental and the highest-order modes.

To examine the output intensity from the fibre end a simple theoretical model can be 

introduced, assuming all modes are excited by the launched light beam at the input and 

then equally attenuated by the fibre. The output electrical field for the energy 

component of the ith fibre mode in an unperturbed fibre can then be written as [10]

Et = El0(x,y,z)exp\j((i)t + $l0)} (3.2)

where x, y, z represent the spatial position in a three demensional coodinate, 

<j>,: 0 = (27i /  X)5Zf 0 is the optical phase difference between the ith mode and the zeroth

mode at the far end of the fibre. ^  is the wavelength of the light source, and



E,o(x,y,z), in which the explicit spatial dependence of the electric vector has been 

included, is the amplitude of die ith mode component.

As shown in Fig.(3.1), when the beam transported by each fibre mode reaches the 

interferometer, it will induce an OPD, § L, 0, between the zeroth mode and the ith

mode. These modes will then be divided by the interferometer, introducing an 

additional OPD, AL, between each mode. Thus the fields that arrive at the detector can 

be written as

En = - E i0(x,y,z)exdj(<at + <)>,■„)] 
4

(3.3)

E l2 -  ^-E l0( (x  + AL),y',e)exp{ j[u>t + <}>■ 0 + ( 2n / X) AL}}  
4

(3.4)

Hence the output of the detector, the intensity, / ,  is given by

M M

(3.5)

-  h=k + h rk

where M  is the number of modes, £)*,, £ ‘2 represent the complex conjugates, of the 

electric vectors and

!Y1
I i = t = £ / ,  {! + C(AI)cos[(2rr / X)AL] : (3.6)

Iirk = X /,{C(5A ,)cos [(2k / a )64 J  + C(AL+ )cos[(2k / X)(AL+ 5Z , )]} (3.7)
i*k
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where

C(z) = e x p [-(2 z /L c) 2] (3.7a)

and Lc is the coherence length of the source, /, is the output intensity of the ith mode, 

which is proportional to the coupling efficiency and the mode attenuation, and §ik and 

5L, k are the optical phase differences and the optical path differences (OPDs) between

the light beams delivered by the ith and kth modes at the far end of the fibre, 

respectively. AL is the OPD of the interferometer and A is the average wavelength of 

the source.

From Eq.(3.5), Eq.(3.6), Eq.(3.7), the output, I, of the system shown in Fig.(3.1) can 

be expressed as

I  = Ii=k + Ii*k
M

= £  It {1+ C( AL)cos [(2tc /  A)AL]}
i

"  (3.8)
+ £ / i{C(5Zu )cos[(27t/A)5Zi,J}

i*k

M O 'tt* O-rr OtT
+ 2 { C ( 8 ^ i + A L )[c o s(^8 Ii^ ) c o s ( ~ A L ) - s i n ( ^ 5 I ijk)s in (^ A L )]}  

i*k X A, A A

If there is no perturbation to the fibre, there is no mode cross-coupling induced and the 

OPD between modes in the fibre will not change. Hence, the multimode fibre can be 

approximated to a bundle of single mode fibres and there will be no modal noise in the 

system. If, however, the fibre is subjected to perturbations such as vibration or 

temperature variations, cross-coupling between the modes will be induced and the 

OPD, 5 Li k, will change randomly.
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It is desired to investigate modal noise in such a system for the purpose of using 

multimode fibre in WLI systems. For the convenience of the discussion, define the SNR 

of the system as

(3 .9 )

where E(I)  and D (I)  = E [ ( I - E (I))2] are the expectation value and the variance of 

the output, I, respectively. Since the values of the terms, c o s (2t:5L, k / X) and 

cos(2n(AL+bli k ) /X ),  are randomly distributed in the [-1,1] range due to the 

fluctuation of the value of 6 providing the linking fibre is perturbed, the expectation 

value of the second term in the right-hand side of Eq.(3.8), E( IM ), is equal to zero. 

Therefore, the expectation value, E( I ) , can be expressed as:

Assuming that the light energy transmitted in each mode is equal, the value of £ ( / )  

may then be expressed as

where M  is the number of modes transmitted in the fibre, and the average value of the 

Eq.(3.11a) will be the form

E(I)  = {1+ C(AL)cos[(2ix / X)AL]} £ £ ( / , ) (3.10)

E(I)  = [1+ C(AL)c o s ((2tt / X)AL)] M E( I ,.) (3.11a)

E(I)  = M E ( I l) (3.11b)
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The variance of the output is given by

DU) = [1+ C( AL)cos ((2 n/ X)AL)]2D{
M

I ' * )

M 9 v
+ D { £ { /tC (ô^)eo  s ( A ^ )

i ,a A
9 tr Ott /̂ TT 9-tt

+ /¡CiSZ,,* + AL)[cos(^SZ^ )cos AL) -  s i n ^ ô Z ^  ) s i n ( ^  AL)]}}
A, A A A

(3.12)

Assuming that:

1) The optical power in nonadjacent mode /, are statistically independent from each

other and the variances of the optical power transmitted in each mode, D (/ , ) ,  are equal

to each other.

2) The mode cross coupling most commonly occurs between the adjacent modes [14]

2 n
and only consider the contribution of the factors cos((— )o L, i+1 ) and

A

2n
cos((— )8 Li+U), which is the results of the interference between the adjacent modes,

ignore the contribution of the other factors that are not generated between adjacent 

modes. The reason for this is that the OPD between the adjacent modes is shorter than 

the OPD between any other pair of modes and so they are the largest factors that 

contribute to the variance. The theoretical analysis is considerably simplified by this 

assumption.
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3) The fluctuation generated by each pair of the adjacent modes are independent from 

each other and the variance contributed by them are equal to each other.

4) The values of £ '{ ^ / tC (5I{>)cos[— 6Z^J}
i*k ’ ^

and

m 2;r
£ { £ 7 ,0 ( 8 7 ^  + AL)cos [-^-(SZ^ + AL)]} are equal to zero. The reason is that the

A,i*k

2k  2k
values of the factors cos[—  8L, J  and cos[—— (8L; k +AL)] are randomly distributed

A A

in the range [-1, 1] when the valueSL,* fluctuate under the condition that the fibre is

perturbed.

5) Consider the case that the fluctuation of the value 8LI I+1 is larger than the

wavelength and smaller than the coherence length and so the fluctuation of the factors, 

/,. and C(5L, i+1), is much smaller than that of the factor cos[(2rc /  X)8Z^+1] .

The variance of the output can then be approximately expressed as

D(7) ~ M \\+  C(AL)c o s (2ttAL/ X)]2£,

n 2 7U
+ ( M - 1)1? {[2C(5L,i+1) + C(SL,,+1 + AL) cos(— AL)

2k  2k
+ C(8L,+I, + AL) cos(— AL)]2 7)[cos(— 8L; ,+1)]

+ [C(5L,i+I + AL)-C(SL,+1,,. + AL)]2 sin2(y -A L )D [s in (^ 8 L , i+1)]}
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2k AL
= M[\ + C(AL)cos(—- —)]1 2£,

( M - 1) ,  27T 2 t c ,
+ — —  I f  {[2C(8L, I+1) + C(SL,,+1 + AL) cos(—  AL) + C(8L,,+1 -  AL) cos(—  AL)]2

2n
+ [C(SL,i+1 + AL) -  C(8L,,+1 -  AL)]2 sin2(— AL)}

2ttAL . „ ,
= M[ 1 + C( AL) cos(— )]2 + ( M -  1) / 2 {x ,}

where

(3.13a)

5L1+], = -5Lii+1 (3.13b)

and

$ = D ( I i) + yZ [ E ( I iI M) + E (Ii_1I i) ] - 'Z [ E ( I i)E (I i+1)+ E (I i_l )E (Ii)] (3.13c)
i i

and

1 2 7t 2tt
X! = -{2C(5L„.+1) + C(5L,,.+1 + AL)cos(— AL) + C(8Li+1-  AL)cos(— AL)}2

1 2n
+ -{[C (8LM+1 +AL)-C(8L,,.+1 -A L )]2 sin2(— AL)}

(3.13d)

The rms value of the modal noise, N l , in the system can then be expressed as

N, = J 5 ( r j  = y M [l+  C(AL)cos(—^—)]2 + (M  -  1)/2 {Z ,} (3.13e)
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From Eq.(3.13e), the modal noise in such a system depends on the OPD of the 

interferometer, the coherence length of the illuminating source, and the characteristics 

of the multimode fibre. By substituting Eq.(3.11a) and Eq.(3.13a) into Eq.(3.9), the 

SNR of the system can be expressed as

M (l + cos(27tAL/ X))E(L)
SI  N. = - j =  ' (3.14)

yJM[ 1 + (C(AL)) cos(27tAL / X)]2£, + (M -1)7,2 % x

Usually, the number of modes, M,  is much larger than one, Therefore, Eq.(3.14) can be 

simplified to

VM (1 + C( AL) c o s (2t tAL / X))E(I .)
5 / A, = - t= - -  =  (3.15)

V[1 + (C(AL)) c o s (2t tAL / X)]2 E, + / 2 x t

From Eq.(3.15), the following theoretical result can be obtained:

A) The signal to noise ratio o f the output o f the system increases when the coherence 

length o f the source decreases. When the fibre is perturbed, the OPD between the 

adjacent modes, 6Z ^ , will change randomly due to the cross-coupling between the 

modes and the value of the term, C(5 Ll M ), will decrease as the coherence length of 

the source decreases. Therefore, the value of the fact, Xi> decrease as the 

coherence length of the source decreases, resulting in an increase of the SNR in the 

output of the system. This theoretical conclusion will be verified by experiment, which 

will be discussed in sections 3.3 and 3.4.

B) The signal to noise ratio o f the output o f the system increases when the fibre length 

increases. The value of the OPDs between the adjacent modes at the far end of the
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fibre, 5 LiJ+l, increases as the length of the fibre increases so that the value of the term, 

C(5 Ll M), decreases as the value, 8 Li i+1, increases. Therefore, the value of the fact, 

Xp  will decrease as the fibre length increases, resulting in the SNR increase in the 

output of the system. This theoretical conclusion will be verified by the experiment in 

the work reported in section 3.4.

C) The signal to noise ratio o f the output o f the system is proportional to the square 

root o f the number o f modes transmitted in the fibre. This can be easily seen from 

Eq.(3.15). Usually, a larger core diameter fibre have more modes allowed to transmit in 

the fibre, resulting in a higher SRN in the output of the system. An experimental 

investigation will be given in section 3.5 to verily this theoretical conclusion. However, 

if the core diameter of the fibre becomes too large, the output beam from the fibre will 

be difficult to collimate.

D) Step index fibres are better as the linking fibre for a WLl system than graded index 

fibres. This conclusion can be explained by the following two reasons:

1) Step index fibres have a much larger OPD between adjacent modes than that of 

graded index fibres (see section 2.4). This is similar to the situation discussed in (B). A 

higher output signal to noise ratio will be obtained when a step index fibre is used as a 

linking fibre in the case when the number of modes in step index fibre and the graded 

index fibre are about the same. 2

2) The number of modes in a step index fibre is twice that of a graded index fibre, when 

they have same core diameter and same refractive index difference [2], and from result 

(C) discussed above, the output signal to noise ratio of a WLI system with a step index 

linking fibre will be higher than that with a graded index linking fibre.

41



3.3 Comparison between modal noise in a system illuminated with a 
He-Ne laser and a system with a multimode laser diode

3.3.1 Experimental arrangement

Figure (3.1) shows the experimental arrangement used to study the effect of the modal 

noise induced by the lead Fibre [10, 11]. Light from a high-coherence light source (a 

He-Ne laser) or a low-coherence light source (a multimode laser diode) was injected 

into a multimode fibre (50/125-OF0850, with a length of 2.2km) by means of a lOx 

objective lens. The light from the output end of the fibre was then collimated and 

launched into a Michelson interferometer. The interference optical output from the 

interferometer was converted into an electrical signal with an avalanche photodiode 

(APD) and analyzed with a spectrum analyzer. The OPD in the interferometer was 

modulated by the vibration of the mirror attached to a piezoelectric transducer (PZT). 

The frequency of the vibration was randomly chosen at 245Hz, and the amplitude of 

the vibration was adjusted so that only one interference fringe is generated by the 

vibration. Hence the rms value (in decibels) of the electrical output at 245Hz can be 

measured as the signal magnitude, and that at 80Hz can be obtained as the noise 

magnitude. Therefore, values of the SNR obtained under different experimental 

conditions can be studied and compared.

3.3.2 Experimental Results

In the first experimental investigation of modal noise in the system shown in Fig.(3.1), a 

He-Ne laser was used as a long-coherence-length light source. First, when there was no 

perturbation of the fibre, the values of the output signal and the noise from the APD 

were averaged 20 times; an average output S/N ratio of 51.0dB was obtained.
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Fig.(3.2 (a)) shows one of the spectra taken in this case. Following that, a similar 

output signal was averaged over the same period when the fibre was shaken by hand. It 

was found possible to achieve consistent and repeatable results through the use of this 

technique. The average output SNR measured in this case was reduced to 30. ldB, 

resulting in a SNR reduction of 20.9dB caused by the perturbation of the fibre. Fig.(3.2 

(b)) shows one of the spectra recorded in second case.

Fig.(3.1) Schematic interferometric system used for study of modal noise induced by 

the lead fibre.
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A: MAG RMS: 20

Frequency
(a)

A: MAG RMS: 20

Frequency
(b)

Fig.(3.2) Spectra of the output signal from the arrangement shown in Fig.(3.1) when a He- 
Ne laser is used as the source: (a) without perturbation on the fibre, (b) with perturbation 
on the fibre. BW, bandwidth.
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A: MAG RMS: 20

Frequency
(a)

A: MAG RMS: 20

Frequency
(b)

Fig.(3.3) Spectra of the output signal from the arrangement shown in Fig.(3.1) when a 
multimode laser diode is used as the source: (a)without shaking on the fibre, (b)with 
shaking on the Fibre, BW: bandwidth.
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In contrast, when a multimode laser diode was used to replace the Hc-Ne laser in the 

same arrangement, as shown in Fig.(3.1), average output SNRs of 52.0dB and 50.3dB 

were obtained for the cases without and with the perturbation of the fibre, respectively, 

resulting in only a 1.8dB SNR reduction when the fibre was perturbed. Typical 

recorded spectra for each situation are shown in Figs.(3.3 (a)) and (3.3 (b)). Comparing 

Figs.(3.2) and (3.3), it can be seen that the effect of the modal noise in the output of 

the system can be considerably suppressed as a result of a reduction of the coherence 

length of the light source employed. The measured results are summarised in Table 

(3.1), where the effect of the coherence length on modal noise is clearly shown.

Table (3.1). Summary of Experimental Results From the Experimental 
Arrangement Shown in Fig.(3.1)

Average SNR 

Output (dB)

Without With Average AS/N

Light Souce Perturbation Perturbation Ratio(dB)

He-Ne laser 51.0 30.1 20.9

Multimode laser diode 52.0 50.2 1.8

From the experimental results obtained, it can clearly be seen that, if an interferormeter 

is illuminated with a light source with a long coherence length by means of multimode 

fibres, the interferometric system becomes sensitive to environmental perturbations 

such as vibration and temperature variations, which may cause an intermodal cross-

coupling effect. If, in contrast, the light source used is of low coherence then the modal 

noise induced by the fibre can be suppressed, provided that the OPD between the two
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adjacent modes in the fibre is larger than the coherence length of the light source [14J. 

This is agreement with the theoretical conclusion obtained from Eq.(3.15).

3.4 Dependence of the modal noise on the length of the lead fibre

An experimental arrangement similar to that shown in Fig.(3.1) was used to investigate 

the dependence of the modal noise on the length of the fibre and the coherence length 

of the source [12]. The light from a single mode laser diode source (Sharp, 

LT022MCO) is injected into a Graded-index multimode fibre (50/125-OF0850) with 

lengths of 2, 20, 50 meters respectively, via a lOx objective lens. The fibres are 

wrapped on a separated portion of the cylinder roll (with a diameter of 170cm) in such 

a manner that only five turns are perturbed by shaking them (by hand) and thus in all 

cases the perturbation was approximately the same, regardless of the length of the fibre 

concerned.

The OPD between the two arms in the Michelson interferometer were set to a value, as 

close to zero as possible, and hence the effect of the modal noise on the peak intensity 

of the central interference fringe could be examined. In this case, the values of the OPD 

induced by the fibre mode delay were much larger than those of the OPD induced by 

the interferometer, and the noise levels detected at different values of coherence length 

were mainly caused by the modal noise. In order to measure and compare the reduction 

of the SNR due to the presence of modal noise, the spectral amplitude at 40 Hz was 

used as the reference noise level, and the corresponding SNR was determined to be 

about 60 dB for the unperturbed fibre. The noise amplitudes at the several other 

selected frequencies discussed (130, 270, 580, and 840 Hz) were also recorded, and an 

average SNR at a particular diode current could be obtained from the experimental 

data. When there was no perturbation of the fibre and the diode current was set to
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40mA, the spectrum of the output signal was averaged 20 times and recorded, giving 

an average SNR without perturbation. Then the spectrum of the output signal was 

averaged over the same period whilst the fibre was shaken by hand and an average 

SNR with perturbation was obtained. It was found possible to achieve consistent and 

repeatable results using this technique.

The reduction of the SNR due to the perturbation, for each of the noise frequencies, 

was obtained by comparing the SNRs measured for both the unperturbed and perturbed 

cases, and then the values of the average SNR reductions for the laser diode currents 

from 40 mA to 60 mA, in steps of 5 mA, were measured. Similar measurements were 

taken for fibre lengths of 2, 20 and 50 meters respectively, and the results are shown in 

Fig.(3.4). The experimental results indicate that as the values of the laser diode current 

became larger (and hence the coherence length is increased), the modal coupling 

induced noise increases, resulting in a greater reduction in the value of the SNR of the 

output. Table (3.2) shows the coherence length of the laser diode against its driving 

current.

Table (3.2) Coherence length of the laser diode against its drive current

Current (mA) 40.0 45.0 50.0 52.0 54.0 56.0 58.0 60.0 62.0

Coherence

Length (mm) 33 35 40 43 45 50 70 200 500

From the experimentally obtained results, which is shown in Fig.(3.4), the same trend in 

terms of the coherence length, which is determined by the drive current of the laser 

diode, and the modal-noise-induced SNR reductions can be observed. From Fig.(3.4),
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it can be seen that for a given fibre length (less than a few thousand centimetres), the 

level of the modal-noise-induced SNR reduction increases as the coherence length 

increases, and these results match those discussed in last section.

Fig.(3.4) Variation of the average S/N ratio reductions as a function 
of the diode currents for the different lengths of the fibre.

It can also be seen that, for a light source with a particular value of coherence length, 

the value of the average SNR reduction reduces as the length of fibre increases. For 

instance, for a diode with a coherence length of 60pm (corresponding to a drive current 

of 55 mA), the average SNR reduction is about 16 dB for a fibre of 2 meters in length, 

11 dB for 20 meters and 7 dB for 50 meters. This is mainly due to the fact that as the 

fibre lengths increase, the OPDs between each pair of modes will increase. When these
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OPDs become larger than the coherence length of the source, the corresponding modes 

will become incoherent with each other, the modal noise reaches its lowest level. This 

result also agrees with that expected from the theoretical analysis, as shown in 

Eq.(3.15).

In conclusion, this section has shown that there is a particular relationship between the 

modal noise induced and the length of the lead fibre employed. In order to suppress the 

modal noise in a white light interferometric sensor system, the length of the fibre 

selected has to be long enough so that the values of the OPDs (between a pair of 

modes within every modal group) are larger than the coherence length of the light 

source. Generally speaking, the shorter the coherence length chosen and the longer the 

fibre used, the lower the modal noise induced and thus the lower the reduction of the 

system SNR that is to be expected.

3.5 Dependence of modal noise in the system on the characteristics of 

the multimode lead fibre

An experimental arrangement similar to that shown in Fig.(3.1) is used to investigate 

the effect of modal noise induced by the lead fibre [13]. Light from a multimode laser 

diode (LT023MD) was injected into a multimode fibre, 5 meters in length, via an 

objective lens. The output light from the fibre was then collimated and launched into a 

Michelson interferometer which was adjusted to the "balanced position". The 

recombined output beam from the interferometer was focused by a lens and detected by 

a photodiode (with a receiving area of 41.3 mm^), where its output was amplified and 

then analyzed with a spectrum analyzer. One of the mirrors in the interferometer was 

modulated at a frequency which was chosen to be 130 Hz, and the amplitude of the 

modulation was equal to half of the central wavelength of the illuminating source used,
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so that only one interference fringe around the central fringe position was generated in 

the output signal of the interferometer. Part of the fibre (about 90 cm in length) was 

vibrated using an arrangement comprising an oval wheel driven by a motor at a 

frequency of about 3 Hz, inducing modal noise at the output. The root mean square 

(rms) value of the output, which was averaged 20 times, at the modulated frequency 

(130 Hz) is used as the "signal" and the output at 210 Hz is recorded as the average 

noise level. The above two frequencies were chosen to avoid 50Hz and its harmonics 

and the natural frequency of the interferometer.

In the experiment, the conditions of the experimental arrangement were kept 

unchanged while the different types of fibre were tested respectively, and therefore, the 

SNR of the system linked with the different fibres could be studied and compared. Four 

types of fibres (all of about 5 meters in length) with core diameters of 50|im (parabolic 

index), lOOgim (step index), 200|im (step index), and 320qm (step index), were 

investigated.

Fig.(3.5) shows the results obtained experimentally. The mode number, M, was 

determined using the theoretical approach described by Snyder and Love [16], which 

can be expressed as

N = - ~ k 2a 2n2 A (3.16)
q + 2

where a represents the radius of the core, A is the grading parameter, n represents the 

axial refractive index, q represents the exponent of the power law profile. q=2 

corresponds to a parabolic index profile and q=°° corresponds to a step index profile. 

k0 is the wave number of the optical beam in the system. It should be pointed out that
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the number of modes in the practical system may be smaller than that calculated from 

Eq.(3.16) because some modes may not fill in the practical system.

Fig.(3.5) Output S/N ratio of the system shown in Fig.(3.1) against 
the number of modes in the lead fibre when the fibre was shaken

The round dots in Fig.(3.5) represent the SNR obtained when these four types of fibres 

were used as the lead fibre. The error bar in Fig.(3.5) was estimated by repeating the 

measurement three times. From Fig.(3.5), it can be seen that the results from the 

experiment show a similar trend, as described by Eq.(3.15), i.e. as the core diameter of 

the fibre increases, allowing for a consequent increase in the mode number of the fibre, 

the S/N of the system is also seen to increase. It should be noted that the 50|im core 

diameter fibre used in the experiment is a parabolic index fibre, which has a much 

smaller OPD between its adjacent modes than that of the step index fibre [17] (see 

Section 2.4). This may be the reason that the signal to noise ratio of the system with 50 

pm core diameter linking fibre is much lower than that of the system with other types
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of linking fibre (see Eq.(3.15)). The experiment has been repeated several times, and 

the same trend was obtained each time.

Frequency(Hz)

Fig.(3.6) Output spectrum of the system shown in Fig.(3.1). The upper curve was 
obtained with a 50pm core diameter fibre (parabolic index). The lower curve was 
obtained with a 320pm core diameter fibre (step index).

Fig.(3.6) shows a spectrum of the output obtained with a 50pm core diameter fibre 

(parabolic index, upper curve) and 320pm core diameter fibre (step index, lower curve) 

as the lead fibre, respectively. In the experiment, the output intensity from the fibre was 

held constant by using an optical filter when the lead fibre was replaced and the drive 

current of the laser diode maintained at a constant value in the experiment so that the 

coherence length of the source remained constant. From Fig.(3.6), it can be seen that 

the SNR of the system obtained with 320pm core diameter fibre (step index) is higher
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than that with 50pm core diameter fibre (parabolic index). This can be explained by the 

fact that (1) the mode number in the 50pm linking fibre is smaller than that of the 

300pm and (2) the OPD between adjacent modes in the parabolic index fibre is much 

shorter than that of the step index fibre [17] (see Eq.(3.15)). The graph shows some 

small peaks on the lower curve which are due to “pick-up” in the electrical signal 

processing system.

3.6 Visibility reduction Caused by the misalignment of the 

interferometer

Photo-diode

Micrometej Mirror 
Lens *  c=

Multimode fibre

t 0

Oscilloscope

Beam
Splitter

Lens

□
Broadband

Source

Mirror

J i n i b ì

PZT

Function
Generator

Fig.(3.7). Experimental arrangement to investigate the effect of the output fringe 

visibility reduction caused by the misalignment of the mirrors in the interferometer.

The theoretical output of a WLI system shown in Eq.(2.6) was obtained under the 

condition that the interferometers are perfectly aligned. In a practical system, 

misalignment may occur. For the system shown in Fig.(3.7), situation may occur where 

one of the mirrors is tilted with an angle 9, and the area of the spot size is A. The 

output of the interferometer then may be expressed as
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(3.17)
2x 2nx dA

I, = l(y ) ( l+ e x p (-(— y)cos(— ))(— )

where x is the OPD of the interferometer, X is the central wavelength of the source, Lc 

is the coherence length of the source and I0 is the total output intensity of the system. 

The integration covers the whole area of the light spot. To simplify the analysis, a 

square light spot with a side length e and a mirror rotation of angle 9 around an 

symmetrical axis of the square, which is parallel to one of the sides of the square, may 

be assumed. Then Eq.(3.17) can be rewritten as

-io
2

/„

,2xpN2/ f  „ _ ,2 n  (x0 + yd)^dy^  
LI, = (r^ )[ l+ e x p i- i-r1)2) )  cos(— - Y 1

-ell ^  e

= ( y ) f .  + exp ( - ( - r ) ‘ ) 2K9e•̂x0s2s ^  rt + ). , e/2 ,------[sin(------- -------- )]_e/2}
(3.18)

/ , = ( y ) (  l + e x p ( - ( ^ ) 2)(

2nd e
r ' 1 2« .

- ^ e r )cos(^ r » (3.19)

sin(2;i 9 e / X)
When the misalignment angle 9 is equal to X/2e, the term I------- -------— I, which

2nd e IX

represent the visibility of the output from the system, is equal to zero. Therefore, the 

output fringe visibility of the system is equal to zero. If the dimension of the light spot 

is about 1mm and the central wavelength of the illuminating source is 9.78p.m, the 

angle at which the output fringe visibility is zero is equal to 3 .9 x l0 _4rad.

An experiment has been carried out to investigate the effect on the visibility reduction 

caused by the misalignment of the interferometer. The light beam from a multimode
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laser diode is coupled into a multimode fibre, after which, the output from the 

multimode fibre is collimated and launched into a Michclson interferometer. The output 

of the interferometer is coupled into another multimode fibre, and finally, the output of 

the system measured from the far end of the fibre is detected by a photodiode. The 

multimode fibres in the system are about 5m in length. One of the mirrors in the 

interferometer is specially installed so that the misalignment angle of the mirror can be 

measured. The resolution of the angle measurement is about 2x l(T 4rad.

The experimental results obtained are shown in Fig.(3.8), Fig.(3.9) and Fig.(3.10). 

Fig.(3.8) shows that the output fringe visibility of the system decreases as the 

misalignment angle increases. The visibility reaches a minimum value when the 

misalignment angle is equal to about 5x l0"4rad for three different fibres, which is very 

close to the theoretical value discussed above. The diameter of the spot of the light 

beams in the interferometer, in which the measurements were made, are about 1mm.

Fig.(3.9) and Fig.(3.10) show the output fringe visibility and output DC intensity of the 

system when 50|im core diameter fibre (parabolic index) and 320(im core diameter 

fibre (step index) are used respectively. The figures show that the output DC intensity 

of the system changes very slowly as the misalignment angle increases. This means that 

the output fringe visibility of the system is very sensitive to the misalignment angle, 

whereas the output DC intensity of the system is insensitive to the misalignment angle.
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Fig.(3.8) Output visibility of the interferometer against the misalignment 
angle of the mirror
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Fig.(3.9) Normalized output signal of the interferometer against the 
misalignment angle of the mirror when graded index linking fibre of 
50mm core diameter is used
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3.7 Discussion

A theoretical analysis is given to estimate the SNR of the output of a multimode fibre 

linked WLI system, and the final equation for this analysis derived is given as 

Eq.(3.15). From Eq.(3.15), the following theoretical results can be obtained, under the 

condition that the lead fibre is perturbed:

1) The SNR of the output in such a system increases as the coherence length of the 

illuminating source decreases.

2) The SNR of the output in such a system increases as the length of the linking fibre 

increases.
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3) The SNR of the output of the system is proportional to the square root of the mode 

number transmitted in the fibre. Hence, by using a larger core diameter linking fibre in 

such a system, a higher SNR can be obtained.

4) Step index fibres are better suited as a linking fibre, for a WLI system than parabolic 

index fibres, because step index fibres have a much larger OPD between adjacent 

modes.

In summary, in the experiments which have been carried out to investigate modal noise 

in a WLI system, the relation between modal noise and coherence length of the 

illuminating source has been studied (Section 3.3). It has been shown that the output 

signal to noise ratio of the system increases as the coherence length of the illuminating 

source decreases. This is in agreement with the first theoretical result from Eq.(3.15). 

In section 3.4, the modal noise effect on the length of the linking fibre is investigated. It 

is shown that the output signal to noise ratio of the system increases as the length of 

the linking fibre increases, which is in agreement with the second theoretical result from 

Eq.(3.15). In section 3.5, modal noise in a WLI system with different types of linking 

fibre has been investigated. It has been confirmed that 1) thick linking fibre induces less 

modal noise because it supports the propagation of more modes than thin fibre and 2) 

step index fibre induces less modal noise than parabolic index fibre because the OPD 

between the adjacent modes in step index fibre is much larger than that in parabolic 

index fibre. The experimental results obtained in section 3.5 are in agreement with the 

third and fourth theoretical results obtained from Eq.(3.15).

It should be clarified that the experimental investigation discussed in sections 3.3 and 

3.4 are carried out by Dr. Y. N. Ning.
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In summary, a series of results on a multimode linked white light interferometric system 

has been obtained and described, in agreement with the theoretical analysis. Next 

Chapter, techniques to enhance the relative visibility of the central fringe in a WLI 

system, with a synthetic source, will be discussed.
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Chapter 4

Techniques to enhance the relative visibility of the 
central fringe in a WLI system 

with a synthetic source

4.1 Introduction

In Chapter 3, techniques to suppress the modal noise induced by the fibre lead was 

investigated. In order to obtain measurements from a WLI system with high accuracy, it is 

essential to identify the central fringe of the output fringe pattern and to determine the 

central position [1, 2]. However, in the system with a single wavelength illuminating source, 

the central fringe may not be identified simply through investigating its amplitude due to the 

presence of the modal noise. A dual wavelength technique has been proposed and 

developed to solve the problem [3, 4, 5], With the dual wavelength technique, a fringe 

beating pattern is generated. Thus, the central fringe is enhanced. The SNR required to 

identify the central fringe of the output fringe pattern is reduced from about 50dB to about 

25dB. In order to further enhance the relative intensity of the central fringe and suppress the 

side fringes, a three-wavelength-technique has also been proposed and described [6], As a 

result, the SNR required to identify the central fringe is further reduced. Another approach 

[7] is to multiply the two different wavelength components in the output of the system and 

to obtain an increased relative amplitude of the central fringe. It has been shown that the 

SNR required to identify the central fringe of the multiplied output is lower than that of the 

conventional two wavelength system described by earlier workers [3, 4, 5],

In this Chapter, two simple, fast and low cost approaches based on multiplying and squaring 

are reported and compared. One uses an electrical circuit to square the output of a two
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wavelength system directly [8]. The other uses two detectors to delect the different 

wavelength components from the system, which have been separated by a wavelength- 

selective mirror. Then, the outputs from the two detectors are multiplied and squared using 

an analogue electrical circuit [9], The schematic diagrams of the two approaches are shown 

in Fig.(4.1) and Fig.(4.5). With the use of these techniques, the relative intensity of the 

central fringe of the output from a WLI system can be enhanced.

Laser
Diode
C7SOnmi

Lens

0

Laser
Diode Beam 
(670nm) Splitter

Fibre

Micrometer

Lens

0

t Mirror
Mirror

Beam
Splitter
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PZT

Function
Generator

S 8 S 4 S 2 S

Fig. (4.1) Experimental arrangement of the scheme with one detector. (The experimental 

results were recorded at a, b, c, and d).

This Chapter is divided into four sections. Following this introduction, in Section 4.2, an 

investigation of the system with one detector is presented. In Section 4.3, an investigation 

of the system with two detectors is described. In Section 4.4, the dependence of the relative 

amplitude of the central fringe on the intensity ratio of the sources is investigated.

65



4.2 Enhancement scheme with one detector [8]

4.2.1 Theory

Consider a system shown in Fig.(4.1), the output intensities of the system, / , (AL) and 

72(AL), when it is illuminated by two laser diodes with different wavelength can be 

expressed as [5]

where 701 and Z02 are the maximum intensities detected by the photodiode when the laser 

diodes with central wavelengths of and X2 are used respectively, AL is the OPD 

introduced by the interferometer and Lc is coherence length of the source. The beams from 

the two laser diodes are mutually incoherent. Hence, the output obtained from the system is 

a result of the intensity superposition of the two sets of the interference fringes. As a result, 

a fringe beat pattern is generated. The intensity of the system shown in Fig.(4.1), 7a(AL),

can then be described by summing Eq.(4.1) and Eq.(4.2), which is given by

In the case that 701 = / 02 =1, normalised output of a WLI interferometric system with a 

synthetic source can be written as

(4.1)

and

12 (AL) = Y [l + exP[_ (2 AL 7 L c ) 21 c o s (2tt AL / X 2)] (4.2)

7a(AL) = 71(AL) + 72(AL) (4.3)
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Optical path difference (pm)
Fig.(4.2) Simulation results showing the output fringe patterns o f the system 

with one detector when the number o f the power is (a) n = l, (b) n=2, (c) n=4, 

(d) n=8.

I a(AL) = (1 / 4){2 + exp[-(2A L/ Lc)2] [c o s (27T AL / X 1) + cos(2;t AL / X 2)]}

= (1 /  2){1 + exp[-(2AL / Lc ) 2][cos(2rc AL / \  ) cos(2^ AL / )]}

where X a= 2X¡X 2/ ( k \  2) is termed as the average wavelength and 

X,.m = 2X,1A,2/|X j-X ,2| the modulation wavelength. When this output signal is fed into a

simple three stage squaring circuit, the resulting output can be written as

/ q (AL) = [Ia(AL)]n , (4.5)

where n= l, 2, 4, 8. I^(AL) represents the output of the system before the first squaring 

operation, after the first, second and third squaring operation, respectively. With the use of
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a simple computer program, the output intensity against the optical path difference lor the 

cases of n= l, 2, 4, and 8 can be calculated. The results are shown in Fig.(4.2). In the 

calculation, the coherence length of the sources, Lc, is chosen to be 25(im and the 

wavelengths of the sources, Xl,X2, are equal to 670nm and 780nm, which are typical values 

obtained from commercial supplies.

In order to determine the minimum value of the SNR required to identify the central fringe 

(SNRmin), the amplitude difference between the central fringe and second largest fringe 

within the zero-order fringe packet, Al" , may be defined as the maximum noise level 

allowed for the identification of the central fringe, which can be written as

The value of the term I" ( \ )  is larger than zero and smaller than one. Therefore, the value 

of AI" increases as the number n increases, resulting in a central fringe enhancement after 

the squaring process (see Fig.(4.2)). Clearly, if the level of the intensity noise in the system 

is equal to or greater than A/"  , the central fringe may not be identified simply through an 

inspection of its amplitude. In other words, if the normalised peak value of the central fringe 

is defined as a unit signal, the minimum SNR (SNRmjn ) required to identify the central 

fringe is given by

It should be noted that the noise considered is the intensity noise. The reason is that the 

intensity noise changes the peak height of the fringes and therefore may cause the 

misidentification of the central fringe when the maximum visibility method [1] is used.

Ai: = ra( 0 ) - r a(xa)

= ! - { ( !  /  2)[1+ exp[-(2A.a / Z*)2] co^2nXa / \ J ] } n
(4.6)

S N ^ J d B )  = -201og(AI na) (4.7)
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4.2.2 Experiment

In order to verify the theoretical results discussed in the last section, an experimental 

arrangement shown in Fig.(4.1) was used. The light beam from two multimode laser diodes, 

LT023MDO and LPM3 670, which central wavelengths were 780nm and 670nm 

respectively, was injected into a multimode fibre via a 10 x objective lens. The core 

diameter of the fibre is 200pm and the length of the fibre is about 4 meters. The collimated 

beam was modulated by a Michelson interferometer and detected with a photodiode. The 

output fringe patterns from the system were then recorded and the results are shown in 

Fig.(4.3), where (a), (b), (c) and (d) represent the results obtained before and after each 

stage of the squaring operation. The values of SNRn-^ for each case were measured and 

plotted in Fig.(4.4), in which the theoretical value of the SNRm[n calculated from Eq.(4.7) 

against the number of the power n is also shown.

By comparing Fig.(4.2) and Fig.(4.3), it can be seen that the results obtained from the 

experiment are in agreement with those obtained theoretically. It is particularly important to 

see that the relative peak value of the central fringe becomes larger as the number of 

squaring operations increases. In Fig.(4.4), the squares represent the experimental data and 

the circles represent the results calculated from Eq.(4.7). It can be seen from the diagram 

that the value of the S N R n ^  is reduced as the number of the power increases. This is 

because the maximum value of noise defined here was the difference between the peak 

values of the two fringes. Hence, it can be directly increased by a squaring operation. As a 

result, the identification of the central fringe becomes easier after using the squaring 

operations.
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Fig.(4.3) Experimental results showing the output fringe pattern of the system shown in 
Fig.(4.1) when the number of the power is (a) n=l, (b) n=2, (c) n=4, and (d) n=8, 
respectively.
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Fig.(4.4) Experimental results (squares) and theoretical results (circles) from the system 

shown in Fig.(4.1), showing that the values of the S N R ^  required to identify the central 

fringe are reduced as the number of the power increases.

It should be pointed out that the squaring operation may not increase the possibility of 

identifying the central fringe if noise with a value greater than the value of AI a is present in 

the fringe pattern. The reason is that if the central fringe is lower than any other fringes due 

to the presence of noise, it will relatively be lowered after the squaring operations. 

However, if the noise level is lower than the value of amplitude difference between the 

central peak and the second largest peak, the squaring operation will enhance the central 

fringe, resulting in an easier central fringe identification in the consequent processing steps.
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In summary, with the use of the multi-stage squaring signal processing approach, the central 

fringe in the output fringe pattern can be considerably enhanced. This can ease the central 

fringe identification.

4.3 Enhancement scheme with two detectors [9]

4.3.1 Theory

Consider the arrangement shown in Fig.(4.5). When the system is illuminated by the sources 

with wavelengths andX2, the output intensities of the system, /¡(AL) and 72(AL), can 

be expressed as

where A.,, \ 2 are central wavelengths of the sources respectively, AL is the optical path 

difference (OPD) introduced by the interferometer, Lc is the source coherence length, and 

701 and I02 are the maximum output intensity of the system with the sources. When the 

detected output signals are multiplied, the new output signal, 7m(AL), can then be written as

Im (AL) = I j (AL )I2 (AL) = Ia (AL) + Id (AL)

I^AL)  = —  [1+ exp[-(2A L/ L^)2] cos(27tAL I  Xj)] 
2

(4.8)

and

72(AL) = ^ - [ 1 +  exp[-(2A L/ 7^)2] cos(2iiAL/ X2)] 
2

(4.9)
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Fig.(4.5) Experimental arrangement of the scheme with two detectors (the experimental 

results were recorded at a, b, c, d, and e respectively).

where

7a (AL) = ^ -{ 2  + exp[-( L
2AL , 2;tAL 2AL . 2n AL

) ]cos( ~— ) + exp[-(— —) ]cos(— — )}
A.

(4.10a)

and

I 0 2 AL , 2t t AL 2n AL
I d (AL) = -^ { ex p [-2 (— )2] c o s ( ^ - ) c o s ( ^ — ) -1} (4.10b)

70 = I01I02 represents the maximum output of the system after the multiplication process,

7m(AL) can be defined as multiplied output, I a(AL) can be defined as summed output. The
2A, X

summed output Ia gives a fringe beat pattern with an average wavelength La = - — L- ?- ,
A,1 + A2
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and a modulation wavelength Xm = ---- - - , . Its value ean be caleulatcd by Eq.(4.4). The
1̂ 1 - ^2|

value of Id, which is given by Eq.(4.10b), can be rewritten as

ij(AL) = |- { e x f( - 2 < ^ ) 2][coS( | ^ ) +  c o s ( ^ ) ]  -  2) (4.11)

From Eq.(4.11), it can be seen that / d(AL) is a result of the intensity superposition of two 

terms, one with a wavelength /  2 and the other with a wavelength Aa /  2. The fringe 

peaks of Id(AL) are located at AL= n(Xa /  2), where n -  0,1,2.... In order to show the 

relationship of the quantities, / m(AL),/a(A L ), and Id(AL), the values calculated from Eqs. 

(4.10), (4.10a) and (4.10b) were ploted in Fig.(4.6).

The amplitude difference between the central fringe and the first side fringes in the 

multiplied output, Alm is given by

AIm = Ala + AId (4.12)

where AIa can be calculated from Eq.(4.6) and AId is given by 

AId = :j{ l - e x p [ - 2 ( 2 X a /L c)2]cos(27r?ia / ) i 1)cos(27T?ia /? i2)} (4.13)

Since the value of A1 d is larger than zero, the value of AIm is larger than that of AIa.

Therefore, the multiplied output has a larger amplitude difference between the central fringe 

and the first side fringes than that of the summed output, resulting in a smaller S N l^ in of the 

multiplied output. This can easily be seen from Fig.(4.6), where the amplitude of the central 

fringe in the multiplied output is equal to that in the summed output and the amplitude of
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the first side fringes in the multiplied output is lower than that in the summed output. When 

the multiplied output is squared, the new output can be expressed as

OPD of the interferometer (|im)

Fig.(4.6) The value of Id (lower curve), multiplied output Im (middle curve) and summed 

output Ia (upper curve) against the OPD of the interferometer.

7"(AL) = [71(AL)/2(AL)]n
1 T „ , ,2AL— 70[1+ exp[-(——
4 h

,2 k AL, 2AL, ,2ttALn
{^I0[ 1+ exp[-(-^—)2] cos(—— )][1+ exp[-(——)2] — )]}"

(4.14)

where n equal to 1, 2, 4. 7^(AL) represent the output of the multiplier, the output of the 

first and the second squaring operation when n equal to 1 ,2 , and 4 respectively. With the 

use of a simple computer program, the output intensity against the OPD can be calculated
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for the case before the multiplying, after the multiplying and after the further squaring 

processes respectively. In the calculation, the coherence length of the sources, Lc, were

chosen to be 25|im and the wavelengths of the sources, A,j ,A,2, are equal to 670nm and 

780nm, respectively. The results of the calculation are shown in Fig.(4.7).

-30 -20 -10 0 10 20 30

Optical path difference (pm)
Fig.(4.7) Simulated results showing the output o f the system with two detectors 
(given by Eq.(4.14)) when (a) a 670nm wavelength source is used (b) a 780nm 
wavelength source is used (c) n = l (d) n=2 (e) n=4

Assume the maximum intensity of the multiplied output 70 =1. The amplitude difference 

between the central fringe and the first side fringe after the squaring operation, A/", can be

written as
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(4.15)
a / ;  = i - i / . ( \ ) / 2( \ ) r

1 2A , 27T A. 2An 2k  A
= l - { - [ l  + e x p [ - ( -^ )2] c o s ( - ^ ) ] [ l  + exp[-(-^-)2]cos(-Y-5-)]}”

The value of the factor / 1(Aa)/2(Aa) in Eq.(4.15) is larger than zero and smaller than one. 

Hence, the value of A7^ increases as the number n increases, resulting in further central 

fringe enhancement after each squaring process. This can easily be seen from Fig.(4.7).

Clearly, if the intensity noise in the system is equal to or greater than the amplitude 

difference, AZ", between the central fringe and the second largest fringe, the central fringe

cannot be identified directly through a simple inspection of its amplitude. In order to 

determine SNRmjn, the value of AI nm is regarded as the maximum noise level allowed for 

the identification of the central fringe. This value can be obtained from Eq.(4.15). The value 

of SNRmin of the multiflied output in dB may be expressed as

SN J^JdB )  = -201og(A/") (4.16)

4.3.2 Experiment

In order to verify the theoretical results of the multiplied output discussed above, the 

experimental arrangement shown in Fig.(4.5) was used where light from the two multimode 

laser diodes (LPM3 670 and LT023MDO), with central wavelengths of 670nm and 780nm 

respectively, was injected into a multimode fibre (with a core diameter of 200|im and a 

length of 4 meters) via a lOx objective lens. The collimated beam was modulated by 

vibrating one of the mirrors in the Michelson interferometer. The two different wavelength 

components were then separated by a wavelength-selective mirror (part No. 16 BH 16, 

supplied by Comer Instruments [10]) and detected with two photodiodes.
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Since the output fringe patterns of the two wavelength components were measured 

simultaneously, they correspond to the same change of the OPD. The output signals before 

and after the multiplying operation and after each squaring operation were recorded. The 

results are shown in Fig.(4.8). It can be seen that the relative amplitude of the central fringe 

of the multiplied output has been increased considerably in comparison with the fringe 

patterns when the system illuminated by either of the sources. It has also been gradually 

enhanced as the number of the squaring operation increases, showing the same trend as that 

in Fig.(4.7). The values of the S N R ^  for each case were measured and shown as squares 

in Fig.(4.9). The theoretical values of the S N R j^  when the coherence length is 25(im were 

calculated from Eq.(4.16) and shown as circles in Fig.(4.9).

By comparing Fig.(4.7) and Fig.(4.8), it can be seen qualitatively that the results obtained 

from the experiment are in good agreement with those obtained theoretically. The figures 

show the same structure in both cases. It is also noted that the relative peak value of the 

central fringe increases as the number of squaring operations increases. As a result, the 

identification of the central fringe becomes easier in consequent process.

In Fig.(4.4) and Fig.(4.9), a similar trend can be seen in both the theoretical (circles) and 

experimental (squares) values of the S N ^ } ^  The trend shows that the is reduced

as the number of squaring operations increase. This is because the maximum "noise" defined 

here was the difference between the peak values of the two fringes and it can be directly 

increased by the squaring operations. After the squaring operations, the identification of the 

central fringe becomes easier. It can also be seen from Fig.(4.4) and Fig.(4.9) that there was 

a difference (of about ~2dB on average) between the results obtained from the theoretical 

calculation (circles) and the experiment (squares). This may partially be explained by 

considering that the DC value in the normalized fringe pattern obtained from the experiment 

is relatively higher than that of the theoretical output fringe pattern.
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Fig.(4.8) Experimental output fringe patterns of the system shown in Fig.(4.5) in the cases 
(a) when the system was illuminated eather by 670nm wavelength source or 780nm 
wavelength source, (b) that the output obtained by multiplying the two wavelengths 
components, (c) that the output is obtained after the first squaring process, (d) that the 
output is obtained after the second squaring process.
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from the system described in Fig.(4.5), showing that the values of the SNI£in are reduced as 
the number of squaring processes increases

In summary, with the use of a low-cost optical Filter to separate the sensing beam into two 

individual beams according to their wavelengths, the relative amplitude of the central fringe 

in the output fringe pattern can be considerably reduced, as illustrated, to a value of about 

21dB. The relative amplitude of the central fringe can further be enhanced to a value of 

about 12dB by the squaring operations using a electrical circuit. Therefore, the central 

fringe identification after the signal processing becomes easier.
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4.4 Dependence of the relative intensity of the central fringe on the 

intensity ratio of the two wavelength components

Two signal processing schemes have been discussed and analysed in the above sections. It 

should be noted that the discussion is limited within the case of 701 = 702, which may not

represents the case of a practical system and may not give the maximum relative intensity of 

the central fringe. From Eq.(4.3), the normalized output of the system with one detector 

(summed output), when the output intensities of the two sources are not equal, can be 

written as

Ia(AL) = ( 1 X701[l+ ex p (-(^ ^ )2]c o s (^ ^ ) ]  + / 02[1+ ex p H -^ ^ )2] cos(-^^)]}
4\-»oi A)2' -h  A.j L/c X2

(4.17)

Define R  = - 21, then Eq.(4.17) can be rewritten as
02

U A L )  = (
1

2(1+72)
j-jr-t r /2 A 7 / .2l ,2 t iAL^-. r .2A7/.91 . 27tAL.-.-.X751+ exp[-(—-—)2] cos( -— )] + [1+ exp[-(—-—)2] cos(—— )]}

L

(4.18)

By multiplying Eq.(4.1) and Eq.(4.2), the normalized output of the system with two 

detectors (multiplied output) may be expressed as

7m(A L )= -[l+ ex p i-(
4 L

2AL 2 2nAL  , r 2AL.2l .27TAL.,
) ] cos( -— )][!+ exp[-(—-—)2] cos(  ---- )]

(4.19)
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It should be noted front Eq.(4.19) that the normalized output of the system with two

detectors is independent of the intensity ratio of the two sources, — .
0̂2

The SNR^yn for the one-detector scheme can be expressed

SN% m(dB) = -201og(A/a) (4.20)

where AI  a is the amplitude difference between the central fringe and the first side fringes in 

the normalized output of the system with one detector. The S N R ^  of the system with two 

detectors can be expressed as

S N l^ in(dB) = -201og(A/m) (4.21)

where Al m is the amplitude difference between the central fringe and the first side fringes in 

the normalized output of the system with two detectors. In order to inspect the intensity 

ratio dependence of the S N R j^ , the theoretical values of S N R f^  of the summed output 

and multiplied output were calculated from Eq.(4.20) and Eq.(4.21) and the results are 

shown in the Fig.(4.10). The parameters, X lfX2 and Lcare chosen to be 0.67(im, 0.78pm, 

and 25pm, respectively. It can be seen from the diagram that the SNRmjn for the system 

with two detectors (shown as lower straight line, which value is about 19dB) is lower than 

that for the system with one detector and is independent of the intensity ratio of the two 

sources. It can also be seen that the S N R j^  for one-detector system (shown as upper

82



curve) is dependent on the intensity ratio of the sources and reaches its minimum value

(about 25dB) when the intensity ratio is about 0.85.

Logarithm of the intensity ratio of the sources, log(l01/l02)

Fig.(4.10) S N R j^  (without use of the squaring process) against the logarithm intensity

ratio of the two sources, logf-21). The lower curve (the straight line) represents the result
*02

from the multiplied output (scheme with two detectors) and the upper curve represents the 

result from the summed output (scheme with one detector).
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The results shown in Fig.(4.10) indicate that the relative amplitude ol' the summed output is 

lower than that of the multiplied output and necessitates similar intensities of the sources 

although it has a less complicated optical arrangement. On the other hand, the relative 

amplitude of the central fringe of the multiplied output is higher than that of the summed 

output and make unnecessary the similar intensities of the sources. This can be seen from 

Eq. (4.19) where the intensities of the sources are absent in the right side of the equation.

It should be noted that the intensity ratio to minimise the S N R ^  of the system with one 

detector is equal to 0.85 instead of 1. In other words, the maximum relative intensity of the 

central fringe of the summed output occurs when the intensity from the source of the 

shorter wavelength, A,x, is slightly lower than that from the source of the longer wavelength,

4.5 Discussion

Two types of signal processing approaches have been developed, which can be used to 

increase relative amplitude of the central fringe of a WLI system with a dual wavelength 

illuminating source. The theoretical analysis and the experimental results have shown that 

the values of the S N R j^  decreases as the number of the squaring operations increases.

The system with one detector has a relatively simple optical arrangement. Whereas, the 

system with two detectors has the advantage that its relative intensity of the central fringe is 

higher than that of the system with one detector and independent of the intensity ratio of the 

two wavelength components.

After identifying the central fringe of a WLI system, the actual central position of the central 

fringe need to be determined. In the next Chapter, a signal processing scheme base on curve
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fitting algorithm will be proposed and analysed to measure the central position of the output 

from a WLI system.
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Chapter.5

A white light interferometric system linked with a
multimode fibre

5.1 Introduction

Optical sensing systems based on white light interferometry have been increasingly 

investigated [1-6]. The performance of the system is dependent on how accurate the 

"central position" can be measured. Several signal processing schemes have been proposed 

to determine this central position, which include the whole fringe pattern centroid 

technique [6] and the central fringe centroid method [7]. However, with a single 

wavelength illuminating source, the central fringe of the output of the system can not be 

identified through simply investigating the amplitude of the fringes due to the presence of 

noise. In order to ease the central fringe identification, the system with a two wavelength 

source has been proposed and investigated[8][9]. With the two wavelength source 

technique, the signal to noise ratio required to identify the central fringe of the output of 

the system is considerably reduced from about 50dB to about 25 dB.

In addition to the single and dual wavelength techniques discussed earlier, a technique 

called dual-wavelength low-coherence interferometry (DWLCI) has been proposed and 

developed [ 10][ 11 ]. It allows the measurand to be determined by measuring the optical 

phase change between the reference interferometer and the sensing interferometer and the 

fringe number is obtained from the differential phase between the two sources with a small 

wavelength difference. However, this DWLCI technique requires an illuminating source 

with a very stable output wavelength, especially when a large measuring range is needed.
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In this Chapter, a system comprising two Michelson interferometers linked with a 

multimode fibre was studied. The change of the arm length difference (ALD) of the 

sensing interferometer was determined by measuring the central position change of the 

output fringe pattern of the system utilizing a capacitive displacement sensor. Different 

types of multimode fibres were used to link the two interferometers and the corresponding 

characteristics of the system were investigated. A curve fitting signal processing scheme 

using a cosine function for reducing the noise effect and increasing the repeatability of the 

central position measurement has been studied both theoretically and experimentally.

5.2 Theory and analysis

In a system consisting of two Michelson interferometers linked with a multimode fibre (see 

Fig. (5.1)), the arm length difference (ALD) of the first interferometer is given by X : and

□
LDl
(670nm )

(7
LD2
80nm )

BS

Multimode fibre

Motor C U 1

Fig. (5.1) The tandem interferometer system. LDl:670nm wavelength laser diode; LD2: 
780nm wavelength laser diode; BS: beam splitter; M: mirror; PZTO, PZT1: piezoelectric 
actuators; System2000: controller for PZTs; Amp: amplifier; I, II: interferometers.

89



that of the second interferometer is given by X 2. The output power of the source is 70, and 

the coherence length of the illuminating source is Lc. It may be assumed that the ALDs of 

the two interferometers are larger than the coherence lengths of the sources (IXjl, 

IX2I>Lc) and are approximately equal to each other (X ,~ X 2), and so the output of the 

system with a single wavelength illuminating source can be obtained from Eq. (2.6)

I{X) = 4 u + ^ e x p ( - ( ^ ) 2) c o s ( ^ ) }  (5.1a)
4 2 L  X

where X -  X l -  X 2 is the difference of ALDs of the two interferometers, and X is the 

wavelength of the source. Similarly to Eq. (4.4), the output of the system with a two 

wavelength source, in the case when the intensities of the two wavelengths components 

are equal to each other, is given by

I(X )  = 1+ \  e x p ( - ( ^ ) 2) cos(~~~) cos(-^-——)} (5.2a)
4 2 L  Xn Am

2X X
where X  = X, -  X 2 is the difference of the ALD of the two interferometers, Xa = .......

Xl + X2
2X X

is an average wavelength and Xm = —— L- 1-  is termed the modulation wavelength. From
lAj — A 2 1

Eq. (5.1a) and Eq. (5.2a), it can be seen that the maximum amplitude of the AC 

component of the output from a tandem Michelson interferometer system is equal to half 

of that of the DC component. The central position of the visibility profile is located at 

X x = X 2, which means that any quasi-static variation in the value of Xj can be determined 

by measuring X 2, when maximum output occurs. This is the key point of the use of the 

tandem interferometer system as an optical fibre sensing system.
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Considering the noise in the practical system (see Section 2.2), Eq. (5.1a) and Eq. (5.2a) 

can be rewritten as

4 2 L A
(5.1b)

I W  = + n,
4 2 L A„ A„

(5.2b)

where np and n; are defined as the phase noise and the intensity noise, and their root 

mean square (rms) values are a p and a ,  respectively (see Section 2.2). In a practical

system, the phase noise is usually induced by the vibration and the drift of the 

interferometers, by the noise of the capacitive displacement sensor and by the turbulence 

of air in the room. The intensity noise is usually induced by the fibre lead, by the source 

intensity fluctuations, and by the shot noise and the thermal noise from the detector. The 

noise induced by the fibre lead, which is called the "modal noise" [3], represents the main 

part of the intensity noise.

5.3 Experimental set-up

5.3.1. Introduction

Fig. (5.1) shows a schematic diagram of the experiment system used to investigate the 

system. The system consists of two Michelson interferometers linked by a multimode fibre. 

Multimode laser diodes (LDs) were used as the illuminating sources. The light beam 

passes through the first sensing interferometer, and is then launched into the 

multimode linking fibre. The output light beam from the multimode linking fibre is
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collimated and injected into the second recovery interferometer. The output of the system 

is focused by a lens and detected with the photodiode (PD). Each Michelson 

interferometer has one mirror driven by a piezoelectric actuator (PZTO & PZT1, type 

MTP105, manufactured by Queensgate Instruments Ltd)[12][13], The analogue output of 

the detector was converted into a digital signal for computer processing. Part of the fibre 

(about 60cm in length) was deliberately shaken by an oval wheel driven by a motor. Thus, 

repeatable results for the noise generated could be obtained when such a fibre vibrating 

arrangement was utilized. Both LDs were driven with a current which is below the 

threshold, so that the corresponding coherence lengths of the outputs are relatively short 

(about 15pm).

In the experiment, the arm length differences (ALDs) of the two interferometers were set 

to be approximately equal to 2mm, and the resulting difference of the ALDs is smaller 

than the coherence length of the source. The PZT actuator in the reference interferometer 

(PZT1) was then scanned to obtain the output visibility fringe pattern of the system.

5.3.2 NanoPositioning system used (System2000)

System 2000 NanoPositioning [13] used in this system is a set of components that can be 

configured to control the PZT actuator. It is a closed-loop controlled system and the 

position of the PZT actuator is measured by a capacitance position sensor. Fig. (5.2) is a 

schematic diagram of the System2000 used to control a PZT actuator, which consists of a 

high voltage amplifier (DM100), a servo module (SM), and a PZT actuator with a 

capacitive displacement sensor (NS). The functions of the each components are shown in 

Fig. (5.2), and this components are described in detail below:
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Control inputs

Fig. (5.2) Closed-loop controlled PZT actuator. NS-NanoSensor, SM-Servo Module.

Piezoelectric translator actuator MPT105

The PZT actuator (model MPT105) is a low voltage device with a multi-layer structure 

consisting of alternate in ceramic and metallic layers. Its range is 117.9pm. It was used to 

change the positions of the mirrors in the WLI system.

NanoSensor NS90

The NanoSensor (model NS90) is a capacitive displacement sensing device capable of 

resolving to better than O.lnm. It has a range of more than 500pm and a frequency 

response of up to 5kHz. Its nonlinearity is 0.6% and output noise is 2.8nm (root mean 

square (rms)). Two sensor plates form a parallel plate capacitor. The relative position of 

these plates is measured by monitoring the change in capacitance as the gap between the 

plates alters. It was used to measure the displacement of the PZT actuator in the WLI 

system.
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High voltage amplifier DM100

The DM100 is a high voltage amplifier which is used for driving the PZT actuator. It 

supplies a voltage in the range 0V to 170V to drive the PZT actuators over the full 

displacement range (about lOOjim). The output of the amplifier can be controlled from an 

analogue signal (-15V-M5V) through the front panel or via a 14 bit digital to analogue 

converter through the back plane connector.The gain of the amplifier is 16.

SM Servo Module

The SM Servo Module connects the output of the Nanosensor and the input of the 

DM100 high voltage amplifier to form a closed-loop for the servo controlling. Using the 

closed-loop control technique, the PZT translator can be positioned to within the accuracy 

to which the NanoSensor can measure, eliminating the non linearity, hysteresis and creep 

of the PZT translator.

The SM generates a command voltage from the external analogue input or digital inputs. 

(See Fig. (5.2)) This command is then compared with the NanoSensor output and the 

difference signal amplified and integrated. The resultant output can be used directly or an 

inverter can be switched in. The inverter is required to ensure negative feedback around 

the loop in systems. The gain of the amplification is selectable, via links on the circuit card, 

and the time constant of the integration is selectable by links and can be changed by a 

trimmer potentiometer accessible from the module front panel.
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IEEE-488 Interface

The IEEE-488 is an optional model that allows the System2000 to be controlled by a 

computer via an IEEE-488 bus. It has Talk/Listener capability. The interface may be used 

to:

1) Set the output voltage of DM100 high voltage amplifier.

2) Read back position information from NS NanoSensor module (NS90).

3) Set a position of a closed loop system using the SM servo module.

Functions 2 and 3 are exploited in the system shown in Fig. (5.1) to set the positions of 

the mirrors and read back the positional information of the mirrors.

5.3.3 The program controlling the PZT actuator and collecting the output from the 

system

A program has been produced to position the PZTO, PZT1 and collect the intensity output 

from the WLI system. The flow chart of the program to obtain the output fringe pattern of 

the system is shown in Fig. (5.3). First, it sets the position of the PZTO, then scans the 

PZT1 to collect the data of the output fringe pattern. The scanning range and the scanning 

step size of the two PZT actuators can be changed by selecting the value of the parameters 

in the program.

5.3.4 Accuracy of the PZT actuators

From the user's guide of the System 2000, the resolution of the PZT actuator used in the 

system is about 2 .8nm, which is estimated under the conditions of test of the
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Fig. (5.3) Flow chart of the program for the data collection
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manufacturer. When the PZT actuator was used in practice, the resolution of the PZT 

actuator was found to be poorer than that determined by the Nano Sensor due to the 

presence of vibration. In the experiment to investigate this, all the components of the 

system are put on a vibration-isolated table. However, there still is some vibration 

remaining, which will induce phase noise onto the output of the system.

The rms values of the error of the PZT1 are 4.7nm and 4.6nm for the coarse digital 

analogue converter (DAC) and the fine DAC respectively. The rms value of the error of 

the PZTO is 6.8nm for both the coarse DAC and the fine DAC. The rms values of the 

errors, which were experimentally measured, are larger than that shown in the user's 

guide, namely 2.8nm. This is probably due to the remaining vibration of the vibration 

isolated table.

5.3.5 Low frequency stability of the interferometers

The low frequency stability of the interferometers in the experimental set up shown in Fig. 

(5.1) was investigated. Figs. (5.4a) and (5.4b) are the experimental results of the central 

position drifting of the output fringe pattern produced by the interferometers. They have 

shown that the central position of the interferometers drifts slowly. This "drifting" of the 

central position may be caused by the mechanical instability of the mirrors and may be 

removed by using a more sophisticated mechanical installation. From the Figs. (5.4a) and 

Figs. (5.4b), the displacement caused by the drift of the interferometers is about lnm per 

minute and 3nm per minute for the interferometer with PZTO and PZT1 respectively. The 

results of the central position measurement shown in Fig. (5.4a) and Fig. (5.4b) are 

obtained by using a central fringe curve fitting method, which will be discussed later in this 

Chapter. Each data point in the figures is an average result of six measurements and the 

length of the error bar is equal to the standard deviation of the measurements.
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5.4 Modal noise in the system comprising two Michelson interferometers 

linked with a multimode fibre (system TMM)

5.4.1 Introduction

Modal noise in the system MM has been studied theoretically and experimentally in 

Chap.3. The results show that the output SNR in the system MM is proportional to the 

square root of the number of modes transmitted in the fibre and is dependent on the OPD 

between the adjacent modes of the fibre when the multimode fibre is shaken.

In this section, a system consisting of two Michelson interferometers linked with a 

multimode fibre (system TMM) has been investigated. A curve fitting technique has been 

introduced to assess the SNR of the output of the system. An actual position measurement 

using the system in the presence of modal noise has been carried out. It was found that the 

output SNR of the system and the repeatability of the displacement measurement vary 

with the types of linking fibre used. The experimental results were in agreement with those 

expected by the theoretical analysis.

5.4.2 Theory and analysis

According to the theoretical analysis in Chapter 3, it is reasonable to assume the following 

theoretical results for the system TMM:

1) The output SNR of the system TMM is proportional to the square root of the mode 

number transmitted in the fibre, when the fibre is perturbed
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2) The output SNR of the system TMM increases as the OPD between the adjacent modes 

increases when the fibre is perturbed.

In order to assess the value of the noise in the output of the system, a curve fitting 

algorithm using a function describing the theoretical output of the interferometer has been 

introduced, which can be given by

In this expression, A is the amplitude of the cantral fringe of the output pattern, B  is the 

DC value of the output. and Xa are the coherence length and the average wavelength

of the source, respectively, x  is the position of the scanning mirror in the reference 

interferometer and x0 is the central position of the central fringe. It should be noted that

there is an extra factor of 2 compared with Eq.(2.6). This is because that x  in Eq.(5.4) 

represents the position of the mirror in the interferometer while xs and xr in Eq.(2.6) are 

the OPD of the interferometer

When the function given by Eq.(5.4) is used to fit a fringe pattern obtained from 

experimental data, the sum of the squares for error (SSE) [6] can be minimised by 

adjusting the parameters, A , B, L^, Xa, and x0 in the fitting process. The value of the

SSE factor is given by

where [Xm,Im] represent the experimentally obtained fringe pattern. X m is the position of 

the PZT actuator and Im is the output intensity of the system. The peak-to-peak value of

(5.4)

S S E = '£ ( lm- y ( X M) f (5.5)
m
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the central fringe 2A (see Eq.(5.4)) may be defined as the value of the signal, and the noise 

value, termed as N, can be defined as

N  = (5.6)

where P is the number of data points in the digitised fringe pattern, and the value of SSE is 

defined by Eq. (5.5). The measured SNR, (SNR)m is then defined by

( S N H m =  20 L o £
T ” >
z z S S E

(5.7)

In order to verify the determination of the SNR described by Eq.(5.7), a simulation has 

been carried out. A simulated output fringe pattern with the presence of the intensity noise 

can be expressed as

7m = A exp(-[
4 (md -  x0)

]2)cos(
4n (md -  x0)

) + B + n, (m) (5.8)

where n,j(x) is the normally distributed intensity noise with an root mean square value a ; . 

m is an integer and d is the sampling gap. It should be pointed out that the phase noise is 

ignored and only the intensity noise is considered. This is because we want to investigate 

the modal noise in the system, which is the main part of the intensity noise. The SNR 

associated with Im (see Eq.(5.8)) can be defined as the given SNR (SNR) , we have

( S N B g  = 201og(2A/ < j j )  (5.9)
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The SNR in the digitised fringe pattern given by Eq.(5.8) can also be determined by using 

the curve fitting algorithm discussed in this section. The SNR determined by the curve 

fitting algorithm is given by Eq. (5.7). Fig.(5.5) shows the curve fitting approach applied

to the central fringe of the simulated fringe pattern. The jagged line is the simulated fringe 

pattern given by Eq.(5.8) when (SNR)g is equal to 30dB and the smooth solid line is the

fitted curve of a cosine function, which SSE value is minimised.

Fig.(5.6a) shows a simulation result comparing the value (SNR)g (see Eq.(5.9)) and the 

value (SNR)m (see Eq.(5.7)). The data number P  is chosen to be 800 in the simulation. It 

can be seen from Fig.(5.6a) that the value (SNR)m is approximately proportional to the 

vlaue (SNR)g. Fig.(5.6b) shows the differences between the value (SNR)m and the vlaue 

(SNR) g.. This difference can be regarded as the error of the SNR measurement with the

curve fitting approach. It can be seen from Fig.(5.6b) that the maximum SNR 

measurement error is about 0.5dB.

The simulation results shown in Fig.(5.6a) and Fig.(5.6b) indicate that the curve fitting 

approach can be used to assess the value of the intensity noise in the digitised fringe 

pattern. Compared with the method using a spectrum analyser, curve fitting technique 

offers several advantages: First, it is low cost. Second, it can derectly obtain the rms value 

of the noise over the whole frequency range.

The aim of the work described in next section is to experimentally investigate the modal 

noise of the system TMM when different types of multimode fibre link were perturbed. 

The details of the experimental arrangement are discussed below.

102



M
ea

su
re

d 
SN

R
 (

dB
) 

O
ut

pu
t i

nt
en

si
ty

 (
A

rb
. u

ni
ts

)

P o s i t i o n  of  th e  P Z T  a c t u a t o r  ( f im )

Fig.(5.5) Comparison between the curve fitting result and 
the central fringe of the simulated output fringe pattern 
when its SNR is 30dB.

Fig.(5.6a) Simulated result comparing measured SNR and 
given SNR

103



QC

Fig.(5.6b) Simulated result showing the measured error of 
the SNR using the curve fitting technique.

5.4.3 Experimental arrangement

Fig. (5.1) shows a schematic diagram of the experimental system used. The system 

consisted of two Michelson interferometers linked by a multimode Fibre. Two multimode 

laser diodes (with wavelengths of 780nm and 670nm, respectively) were used as the 

illuminating sources. Several types of multimode fibres were used to connect the two 

interferometers. Part of the linking fibre (about 60cm in length ) was deliberately shaken 

by an oval wheel driven with a motor. It was found that repeatable results for the noise 

generated could be obtained when such a fibre vibrating arrangement was utilized. The 

driving current of the LDs were below the threshold value. As a results, the corresponding 

coherence lengths of the LDs were relatively short (about 15pm).
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In the experiment, the arm length differences (ALDs) of the two interferometers were set 

to be approximately equal to each other, so that the difference of the ALDs is smaller than 

the coherence length of the source. The PZT actuator in the reference interferometer 

(PZT1) was then scanned to obtain the output visibility fringe pattern of the system.

Fig.(5.7) shows an experimentally obtained fringe pattern from the system. Similar results 

for a one-interferometer system are described by Chen et al [8], The fringe pattern was 

digitised and modal noise was present due to the shaking of the multimode fibre link. A 

curve fitting algorithm was applied on the fringe pattern and Eq.(5.7) was used to 

calculate the SNR of the output. In order to eliminate the phase noise, which was mainly 

induced by the vibration of the mirrors, the sampling gap of the raw data was simply set 

equal to the average sampling gap before using the curve fitting technique to measure the 

SNR. The results of SNR measurement is listed in Table(5.1) when a 50pm core diameter 

(parabolic index) and a 100pm core diameter (step index) linking fibre were used. 

(<S7 A050, (S /  AO50, (S I  N )100 and (S /  AOioo may be defined as the SNRs of the output

when 50pm and 100pm core linking fibre were used. A prime denotes the value when the 

fibre was shaken. The SNR reductions in these two cases, A(S /  A05o and A( S /  N )100, can

be defined by

A (S / N )50 = (S I  N )b0 -  (<S/ N)'50 (5.10)

ACS/ A 01O0 = ( S /  A 0loo -  OS/ AO^o (5 .11)
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Position of the PZT actuator (|im)

Fig.(5.7) Experimental output fringe pattern of the system

For each linking fibre, five measurements have been carried out, as shown in Table(5.1). 

From this table, it can be seen that the output SNR of the system with the 100pm core 

diameter fibre (step index) is higher than that with the 50pm core diameter fibre (parabolic 

index) by about 2dB. This experimental resut indicate that the step index multimode fibre 

is better as a linking fibre than parabolic index multimode fibre for the system TMM. This 

can be explained by the the following reason: (1) The mode number in the 100pm core 

diameter fibre is more than that of the 50pm core diameter fibre and (2) the OPD between 

adjacent modes in the parabolic index fibre is much smaller than that of the step index 

fibre. This result is in agreement with that expected by the theoretical analysis given in 

Section 5.4.2. In addition, this result is same as that obtained in Section 3.5, which means 

that step index multimode fibre and larger core diameter multimode fibre are better as
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linking fibres for the system TMM and the system MM bceause they induce lower modal 

noise than parabolic index fibres.

Table (5.1). Measured SNR in the output of the system by using a curve fitting 
method.

1 2 3 4 5

CS / N )50 29.9dB 31.2dB 30.9dB 32.0dB 30.8dB

( S / N ) ' 50 27.2dB 28.2dB 28.4dB 28.6dB 27.1dB

M S /  A05o 2.7dB 3.0dB 2.5dB 3.4dB 3.7dB

( S / N ) m 32. ldB 32.5dB 32.7dB 33.1dB 33.0dB

(S/iVXoo 31.2dB 31.6dB 31.4dB 32.0dB 31.8dB

M S / N ) 100 0.9dB 0.9dB 1.3dB 1.1 dB 1.2dB

In the experiment, the interferometer I represents a sensing interferometer and the 

interferometer II represents a reference interferometer. In other words, PZTO was used to 

set the displacement and PZT1 to measure the central position of the output fringe 

pattern. With this arrangement, an investigation of the modal noise effect on the central 

position measurement were carried out when different types of fibre links were used. The 

values of the arm length difference (ALD) of the sensing and reference interferometer 

were set to about 2mm. Then, the output fringe patterns were obtained by scanning the 

PZT actuator in the reference interferometer (PZT1). The central positions of the output 

fringe patterns were determined with the use of the maxmum visibility method. The 

repeatability E of the central position measurements represent the standard deviation of six 

consective measurements.
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The measurement results arc listed in Table 5.2, where the types of the fibres and the 

measurement repeatabilities (of standard deviations) with and without the fibre being 

shaken, E' and E, are shown. The central position was determined by using the maximum 

visibility method [7], It can be seen from the table that the repeatability of the central 

position measurement was worse if the fibre was perturbed. This can be explained by the 

fact that modal noise was present when the linking fibre was shaken.

Table (5.2). Displacement measurement repeatability of the system with different 
linking fibres.

D & Type of the fibre E E'

single mode fibre 5.7nm 6.0nm

200pm (step index) 6.6nm 7.5nm

100|im(step index) 8. 1nm 10.2nm

50pm(graded index) 9.0nm 19.0nm

It can also be seen from Table 5.2 the following trends:

1) The repeatability of the central position measurement became better as the core 

diameter of the linking fibre increases. This can be explained by the fact that the larger 

diameter fibre can support the propagation of more modes than thin fibre and the output 

SNR of the system increases as the number of the modes transmitted in the linking fibre 

increase.

2) The repeatability of the system with a step index linking fibre was better than that of the 

system with a parabolic index linking fibre. This can be explained by the fact that the OPD 

of the step index fibre between adjacent modes is much larger than that of the parabolic
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index fibre (see Scetion 2.4) and modal noise in output of the system decreases as the 

OPD between the adjacent modes increases.

3) The measurement repeatability of the system with a single mode linking fibre was 

slightly better than that of the system with a 200pm core diameter linking fibre (step 

index). This may be explained by considering that the modal noise in the system TMM 

with a step index fibre was much lower than that of the amplitude of the central fringe. 

Therefore, its effect on the central position measurement was very low.

5.4.4 Summary

In this section, the SNR of the system TMM with different types of linking fibres has been 

measured experimentally. The results show that the output SNR of the system with a 

100pm core diameter linking fibre (step index) was higher than that with a 50pm core 

diameter linking fibre (graded index). The displacement measurement repeatability of the 

system with different linking fibres was measured. The results showed that the 

repeatability (of standard deviations) of the system as the fibres were shaken were 6.0nm, 

7.5nm, 10.2nm, 19.0nm when the system was linked with a single mode fibre, with a 

200pm core diameter fibre (step index), with a 100pm core diameter fibre (step index) and 

with a 50pm core diameter fibre (parabolic index) respectively. The experimental results 

show that:

1) A step index fibre was better as a linking fibre for the system TMM than a graded index 

fibre as the OPD of a step index fibre between the adjacent modes is much larger than that 

of a graded index fibre.
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2) The system TMM with a larger core diameter linking fibre induced less modal noise as 

it supports the propagation of more modes than a small core diameter linking fibre.

3) The displacement measurement repeatability using the system TMM with a single mode 

fibre was slightly higher than that with a 200gtm core diameter linking fibre (step index).

Results 1) and 2) are in agreement with those expected by the theoretical analysis in 

Section 5.4.2.
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5.5 A signal processing scheme using curve fitting algorithms

5.5.1 Introduction

From the system described in Fig.(5.1), a digitized output fringe pattern can be obtained 

by using a computer, as shown in Fig.(5.7). The central fringe of the output fringe pattern 

can be identified using the maximum visibility method [1] and the position where the 

maximum intensity ocurs can be regarded as a coarse central position. However, due to 

the presence of modal noise and the limitation of the sampling gap, the resolution of the 

coarse central position measurement is limited. In order to increase the resolution of the 

central position measurement, curve fitting techniques have been proposed and developed 

in this section. Following this introduction, a curve fitting algorithm using a fourth order 

polynomial is introduced. Then, a curve fitting algorithm using a cosine function is 

investigated, in which the theoretical resolution of the central position measurement is 

given.

5.5.2 Curve fitting signal processing approach using a polynomial

Polynomials are widely used function for curve fitting processing of experimental data. It 

is desirable to investigate such a technique for the purpose of determining the central 

position of a digitised interferometric fringe. With the use of a continous curve to fit the 

digitised fringe pattern, it is possible to reduce the effect of noise and improve the central 

position measurement of the output from a WLI system. The signal processing scheme 

introduced in this section consists of two main parts, which are

1) Identifying the central fringe by using the maximum visibility method [1].
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2) Using a curve fitting technique to reduce the effect of noise presented in the fringe

profile and thus to improve the central position measurement.

These are achieved by using the following steps

(a) Determing the position o f the maximum visibility o f the output fringe pattern.

Suppose that are the raw data of the output fringe pattern of the system,

where X[i] represent the positions of the scanning mirror in the reference interferometer 

and /[/] represent the corresponding output intensities of the system. The position of 

the maximum visibility of the fringe pattern is x'c , which may be defined as the coarse 

central position, providing the central fringe can be identified through simply 

investigating its amplitude. If a dual wavelength illuminating source was used in the 

system, the central peak can be identified by investigating the amplitude of the fringes 

because the relative intensity of the central fringe from a dual wavelength system is 

much higher than that of a single wavelength system [8,9],

The coarse central position, x'c, was an approximate measured result. The noise in the 

system will induce a measurement error and the sampling gap of the digitied fringe 

pattern will limit the measurement accuracy. In order to increase the accuracy of the 

central position measurement, the following steps are required to obtain an improved 

result of the central position measurement. The new central positon can be termed as 

xc, whose resolution can be much smaller than that of the sampling gap.

(b) Subtracting the data set,X[i], by x'c. The new values of the data set X'[i] are then 

given by
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X V ]  = X [ i ] - x ' e (5 . 12)

After this signal processing step, the central position of the fringe pattern given by the 

new data set (X'[i],I[i]) is close to zero. Hence, it is easier to fit a polynomial curve to 

the central fringe of the new fringe pattern.

(c) Fitting a fourth order polynomial to the central fringe. The polynomial used for curve 

fitting, y(z), is given by

where a, b, c, d, and e are coefficients of the polynomial, by adjusting the values of the 

a, b, c, d, and e, the sum of squares for error (SSE) can be minimized [14]. The SSE 

factor is given by

The curve which minimizes the SSE value is the fitted curve. After step (b), the central 

position of the data set becomes close to zero. However, due to the modal noise and 

the limitations of the sampling gap, the fringe central position, x 'c , was just an estimate

of the central position of the raw data. Hence, the central position of the new data set 

(X'[i],I[i]) was not exacdy equal to zero. The central position of the new data set Axc 

is a deviation of the coarse central position x 'c from the “real” central position. The 

following step is then used to estimate the value of Axc and determine the “real” central 

position.

(5.13)

S S Æ = I(/[i]-y (X [i]))2 (5.14)
i
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(d) Calculating the improved value o f the central position o f the raw data, xc, which is 

simply given by

xc = x 'c + A x c (5.15)

where Axc is the position of the maximum visibility of the fitted curve, which is a 

deviation of the coarse central position from the “real” central position.

The resolution of the “real” central position can be smaller than the sampling gap, 

because the value of Axc is calculated from the equation governing the fitted curve 

which is a continuous function.

5.5.3 Curve fitting signal processing approach using a cosine function

The curve fitting approach can also be realised by using a cosine function because the 

central fringe of the output from a WLI system can be represented by a cosine function 

(see Eq.(2.6)). In this section, a curve fitting approach using a cosine function has been 

introduced and a theoretical investigation on the approach are included. The approach can 

be achieved by the following two steps:

(a)Finding the central fringe o f the output fringe pattern and determining the position o f 

the maximum visibility, x'c, which may be defined as the coarse central position. This is a 

"first attempt" at determining the actual central position. With the use of a dual 

wavelength source in the system, the central fringe can be easily identified by using the 

maximum visibility method [7], which means that the error of the coarse central position 

can be much smaller than a wavelength. However, due to the presence of the noise and the 

limitation of the sampling gap, the resolution of the central position measurement is
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restricted. In order to increase the resolution of the central position measurement, the 

curve fitting technique is used to obtain an improved central position in the next 

processing step.

(b )Fitting a cosine function to the central fringe. The cosine function, y (x), is given by

y(x)  = a co s[47r(;c -  x0) / X a] + b (5.16)

where a is the amplitude of the central fringe, Xa is equal to the wavelength of the source, 

b is the DC component of the output signal, and x0 is the central position of the fringe 

pattern. The values of the parameters, a, b,Xa, can be calculated from the experimental 

data set and the initial value of x0 was set equal to the coarse central position x'c at the 

beginning of the curve fitting signal processing. Then, by adjusting the value of x0, the 

sum of squares for error (SSE) can be minimised. The SSE is given by [14]

s s i - f c J X - y u y )2 (5,i7)

where [.X^, Im] is the experimental data set, X m is the position of the PZT actuator in the 

reference interferometer, Im is the output light intensity of the system corresponding to the 

position X'm. If the values of a', b', X'a, and x'0 are the values of parameters with which

the value of the factor SSE was minimised, the best fitted curve can then be written as 

y \x )  = a c o s [47c {x  -  x'0) / X'a] + b' (5.18)

where the value of the parameter x'0 of the fitted curve is the new central position of the 

output fringe pattern.
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To investigate the method of the curve fitting signal processing scheme, suppose the 

central fringe of the output of the system with added random noise is expressed as

X m = md + np (in) (5 .19a)

I m= a cos[47t (md -  X 0 + np(m)) / A,a] + b + n, (m) (5 .19b)

In this expression, m is an integer, d is the sampling gap of the PZT actuator, np(m) and

jijim) are the phase noise and the intensity noise at the mth sampling point, which are 

assumed to be normally distributed noise with root-mean-square values of o p and a 7,

respectively. When a curve described in Eq.(5.16) is used to fit the simulated experimental 

data given by Eq.(5.19a) and Eq.(5.19b), the SSE value is given by

S S 3 = f j (Im- y ( m d ) f
m= 1 

N

= y£ j {acos(4:K(m*d-Xq + np(m))/ Xa) -  acos(An(m*d- x0) /  Xa) + n,; (m )}2
m= 1

(5.20)

Assuming Ax = x0 - A 0, in the case of o p « \ a andA x «  Xa, Eq.(5.20) can be 

rewritten as

SSE= ^ { - ^ ^ - s i i ( 4 : n ( m * d - X q ) /  Xa)(Ax + np(m)) + n7(/n)}2 (5.21)

where Ax = x0 -  Aq is the error of the central position measurement and N  is the number 

of data points covered by the curve fitting. To obtain the value of Ax that minimises the 

SSE value, the following equation has to be satisfied
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d (SSE) 
9 (A.*)

2X  {(“ ? “ ) sin(4TC (md -  X 0) / \  )(Ax + np (in)) -  n, (m)} 
m=l A.

47: a
—  sin(47i (md - X 0) / \ )

= 0

(5.22)

From Eq.(5.22), the error of the central position of the ith measurement, Axt, is given by

Ax, =

N

^ n ^ m )s ir (4 T :(m d -  X q ) /  Xa)
m= 1_________________________

4na  ^ s i n 2(4 t t(m d -  X^ ) /  Xa)
m=l

^ n p(m )siif (4 n (m d -X q ) /  Xa)
m=l_______________________________________

^  sin2 (■4n( m d -  X q ) /  Xa)
W=1

(5.23)

where a is the amplitude of the central fringe, Xa is the average wavelength of the source, 

X q is the central position of the central fringe, m is an integer, d is the sampling gap of the 

PZT actuator in the reference interferometer, and np(m) and n,(m) are the phase noise 

and the intensity noise with their root mean square values, c p and c ,  respectively. From

Eq.(5.23), the error of the central position measurement is dependent on the wavelength 

of the illuminating source, Xa, i.e. the measurement error increases when a longer

wavelength illuminating source is used. To simplify the analysis, it may be assumed 

X q = 0. Then the Eq.(5.23) can be simplified to

N  N

iij(m )s i i t4 t i(md) /  A,a) ^ n p(m )siri(4n(m d)/  Xa)
&Xi = A ~ at------------------------------- ^ ------------------------------- (5.24)

™  ^ s i i f  (4n(m d)/ Xa) ^ s i r f ( 47i( md ) / Xa)
m=l m=1

The theoretical resolution of the system, A , can then be expressed as
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(5.25)

where M  is the number of repeated measurements. A calculation has been carried out 

according to Eq.(5.25). In the calculation, M  was chosen to be 1000, Xa was equal to 

0.72(im , the rms value of the phase noise a p was equal to 8nm. The SNR is defined as

the peak-to-peak value of the central fringe divided by the rms value of the intensity noise 

2 a /  Cj. The calculation result is shown in Fig.(5.6), where the triangles, squares and 

round dots represent the resolutions of the central position measurement when the SNR of 

the fringe pattern was 40dB, 30dB and 20dB respectively. It can be seen that the 

resolution improves as the number of the data points covered by the curve fitting, N, 

increases. This can be explained by considering that the noise effect was averaged by the 

curve fitting algorithm. Therefore, the more points that were covered by the curve fitting, 

the lower the noise effect on the central position measurement will be. In the case of 

N=36, it can also be seen that the resolution of the measurement was about 1.7nm, 1.9nm, 

and 3.0nm when the SNR of the fringe was equal to 40dB, 30dB, and 20dB respectively. 

The result indicate that the resolution of the central position measurement of a digitised 

fringe pattern with the curve fitting algorithm can be as better as 1/400 of a wavelength.
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This resolution was similar to that obtiancd by a system with a loek-in amplifier [10, 11].

En

Number of sampling data points covered
Fig.(5.8) Theoretical resolution of the central position measurement 
calculated from Eq.(5.21). The triangles, squares and round dots 

represent the resolutions when the S/N are 20dB, 30dB and 40dB 
respectively.

From Eq.(5.24), the theoretical resolution of the system can also be written as

a s s i r i (4i:(md)/ Xa) o * 2 *̂ s i n 4(An(md) / A,a)
2 m=l_________________________ J_____ m= 1________________________

[ £  sir^ (4 n(md) /  \ a )]2 []£  sin2(47t (md) /  Xa )]2
m=1 m=l

(5.26)

In the case when d « X a, Eq.(5.26) can then be rewritten as

A = y/D(Ax) =
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(5.27)A = ( A _ ) .
(4na2

a ;d
i------------------- +

[jsin2(.y)(d)0]

4k (Jg 2J  sm4 (y)(dy)

AjJsin 2(y)(</y)]2

If the curve fitting covers just one fringe, Eq.(5.23) can be rewritten as

A =
4k u 2 2f ' 2f

[ j s in 2(y)(<iy)] \ [  J sin2 (y)(dy)]2
(5.28)

and 

A =

. 2  3
K

' 4iw,

2 i 4 tTdo„ — n
i ° i d  | p 4

2 ^7t

8n2a2N
+

(5.29)

X
where N = - i -. Eq.(5.29) shows a theoretical resolution of the system when the curve 

2d

fitting covers just one fringe. It can be seen from the equation that the resolution of the

system increases either as the number of sampling data points N  increases or as the rms 

values of the noise, and G p , decrease.

To show the validity of the curve fitting signal processing method in practice, an 

experiment was carried out to obtain the output fringe patterns of the WLI system under 

the condition that the fibre is perturbed. Then, the curve fitting algorithm is applied to the 

experimental data to reduce the noise effect and increase the repeatability of the central 

position measurement. The details of the experiment are discussed below.
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5.5.4 Experiment and results

Fig.(5.1) shows a schematic diagram of the system used for the investigation. In the 

experiment, the arm length differences (ALDs) of the two interferometers were set nearly 

equal to each other so that the difference between the ALD of the two interferometers was 

smaller than the coherence length of the source. The PZT actuator in the reference 

interferometer (PZT1) was then scanned to obtain the output fringe pattern of the system. 

Interferometer I operated as a sensing interferometer and interferometer II was used as a 

reference interferometer. In other words, PZTO was used to set the displacement and 

PZT1 was used to measure the central position of the output fringe pattern.

Fig.(5.9) shows a result of the curve fitting approach on the central fringe. The jagged 

curve was drawn according the experiment data and the smooth curve was the fitted 

cosine function that was determined by Eq.(5.18). If the peak-peak value of the smooth 

curve is defined as the value of the signal and the value of the SSE divided by the number 

of the data points covered by curve fitting is defined as the value of the noise, the SNR 

calculated from Fig.(5.9) is about 31dB.

The reason that the curve fitting can improve the measurement results may be as follows. 

Firstly, the fitted curve is obtained with use of the least-mean-squares method, allowing 

the removal of the high frequency noise by averaging, and secondly, the fitted curve is a
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continuous function instead of a series of separated experimental data points. This allows 

the resolution of the system to be smaller than that determined by the sampling gap of the 

PZT actuator.

The displacement of the mirror in interferometer I, which is set by PZTO, was measured by 

using the tandem interferometer system. Each measurement was repeated six times within 

a short period of about two minutes allowing negligible interferometer drift to be assumed. 

The sampling gap of PZT1 was about 12nm. The results obtained are shown in Fig.(5.10) 

where the x axis represents the displacement set by PZTO, and the y axis the mean value of 

the measured displacement using the curve fitting signal processing scheme discussed. The 

number of sampling data points that are covered by the curve fitting is 36. It can be seen 

from this diagram that the system gives a quite satisfactory measurement result with a 

100pm core diameter linking fibre, even when the fibre was constantly shaken. The 

repeatability (of standard deviations) of each measurement is shown in Table 5.3, where D 

represents the mean value of the measured displacement, E represents the repeatability of 

the measurements without use of the curve fitting signal processing scheme (using just the 

maximum visibility method [7]), and E' represents the repeatability of the measurement 

using the curve fitting signal processing scheme. Measurements are obtained with the 

shaking of the linking fibre and thus modal noise is induced in the output of the system. 

From Table 5.3, it can be seen that the worst repeatability of the measurements obtained 

with the use of the maximum visibility method is about 30nm, and after using the signal 

processing scheme, the repeatability improved to values that are better than 15nm, where 

the total displacement range of measurement is 80pm. Comparing the experimental 

repeatability, taken as standard deviations, with the theoretical resolution shown in 

Fig.(5.8) when the number of the sampling data points covered by curve fitting is 36 and 

the SNR is about 30dB, it can be seen that most of the experimentally measured 

repeatability results are very close to the value of the theoretical resolution, 1.9nm. It is
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noted that some figures of the experimentally measured repeatability listed in table 5.3 

with use of curve fitting signal processing scheme are larger than that of the theoretical 

resolution. This may be due to the drift of the interferometer, which may possibly be 

removed by using a more sophisticated mechanical installation of the mirrors in the 

interferometers.

Table 5.3 Mean value of the measured displacements (D) and the repeatability of the 
displacement measurements, E and E' without and with the use of the cosine curve 
fitting scheme

D(fim) -40.056 -29.720 -19.450 -9.239 0.910

E(nm) 9.0nm 9.0nm 7.7nm 7.4nm 4.4nm

E'(nm) 2.7nm 2 .8nm 5.0nm 4.0nm 2.3nm

P(Qm) 11.008 21.089 31.147 41.163

E(nm) lln m 5.0nm 9.7nm 4.7nm

E'(nm) 2.7nm 3.3nm 1 .2nm 1.8nm

It is found that a similar repeatability of the displacement measurement result has been 

obtained when a fourth order polynomial is used to carry out the curve fitting and the 

repeatability of the displacement measurement is dependent on the order of the polynomial 

used. From the experiment, the best repeatability of the displacement measurement is 

obtained when a fourth order polynomial is used.
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5.5.5 Summary

In section 5.5, both a theoretical and an experimental investigation have been carried out 

for a multimode fibre linked WLI system. The theoretical resolution of the displacement 

measurement using a cosine curve fitting scheme is given by Eq.(5.29) and illustrated in 

Fig.(5.8). It is shown that the resolution of the system increases as the number of sampling 

data points increases and also as the rms values of the intensity noise and the phase noise 

decrease. The results from the experiment have shown that the SNR of the output from 

the system is about 31dB when a 100pm core diameter step index linking fibre is 

deliberately and reproduciably shaken and the noise effect on the central position 

measurement has been shown to be reduced by the curve fitting signal processing scheme 

discussed. After using the cosine curve fitting signal processing scheme, the short term 

displacement measurement repeatability (of standard deviations) of the system is better 

than 5nm over a measurement range of 80p.m. Most of the experimentally measured 

repeatabilities are very close to the value of the theoretical possible resolution of 1 .9nm.

It is also found that a similar repeatability of the displacement measurement has been 

obtained with the use of a fourth order polynomial to carry out the curve fitting.
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Chapter 6

Conclusion

6.1 Summary of this work

White light interferometric sensors have several advantages over the conventional 

interferometric optical fibre sensors which have been discussed. To provide a flexible 

connection within a WLI system, optical fibres are required. Multimode fibres are very 

attractive to provide the connections because it has a much larger core diameter so that 

the light beam is much easier to couple into the fibres. In Chapter 3, the relation between 

the signal to noise ratio of a WLI system and the parameters of illuminating source and 

linking fibres were investigated. This parameters include the coherence length of the 

source, the length of the linking fibre, and the type of the linking fibre. It has been shown 

both experimentally and theoretically that:

1) The signal to noise ratio of a WLI system increases as the coherence length of the 

illuminating source decreases.

2) The signal to noise ratio of a WLI system increases as the length of the linking fibre 

increases.

3) The signal to noise ratio of a WLI system is proportional to the square root of the mode 

number propagating in the multimode linking fibre.

4) Step index fibre is better suited for a WLI system than a graded index fibre because step 

index fibre has a much larger OPD between adjacent modes than graded index fibre. With
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the knowledge gained in this work about modal noise, it will be easier to design a WLI 

system with a high signal to noise ratio. It should be noted that the first and the second 

result described above were obtained by Dr. Y. N. Ning and Dr. S. Chen has contributed 

to the third and fourth results.

To realize the absolute measurement, it is essential to determine the central position of the 

output fringe pattern with a high accuracy. With a single wavelength broad band source, 

such as a light emitting diode, a multimode laser diode or a superluminescent diode, the 

output fringe pattern of a WLI system is similar to that shown in Fig.(2.2) and the 

identification of the central fringe cannot be guaranteed. Using the technique discussed in 

Chapter 4, two signal processing schemes for the dual wavelength system have been 

developed. One uses the electrical circuit to square the output of a two wavelength system 

directly (using one detector) and the other uses two detectors to detect the different 

wavelength components of the output of the system, which have been separated by a 

wavelength separation mirror, then the outputs from the two detectors are multiplied and 

squared using an analogue electrical circuit. With the use of these two techniques, the 

minimum signal to noise ratio (S N R j^ ) required to identify the central fringe is obviously 

reduced. It is revealed that the system with one detector has a less complicated optical 

arrangement, whereas, the S N R j^  of the system with two detectors (about 19dB) is 

lower than that of the system with one detector (about 25dB) and independent of the 

intensity ratio of the two sources.

Phase noise induced by the drift of the interferometers in a WLI system has been defined 

in Chapter 2 and has been experimentally investigated in Chapter 5. The experimental 

results show that the rms value of the phase noise induced by the drift of the 

interferometers is less than 5nm per minute when a WLI system is mounted on the 

vibration isolation table.
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A curve fitting technique has been introduced in Chapter 5 to measure the mis value of the 

intensity noise in the output fringe pattern. It has been shown that the output signal to 

noise ratio of the system with a 100pm core diameter fibre (step index) is higher than that 

with a 50pm core diameter fibre (graded index).

After identifying the central fringe, it was found that a signal processing scheme is 

required for reducing the effect of noise and increasing the accuracy of the central position 

measurement. In Chapter 5, a signal processing scheme based on a curve fitting algorithm 

using a cosine function has been introduced and developed. The theoretical resolution of 

the system has been given. It has been shown that the resolution increases as the signal to 

noise ratio and the data points covered by curve fitting increases. The repeatability of the 

system (of standard deviations) has also been experimentally measured, the result being 

very close to the theoretically calculated result. Most of the experimentally measured 

repeatabilities of the system are better than 5nm over a 80pm range.

6.2 Impact of the research and future work

In summary, the work shown in this thesis has contributed to the field of optical fibre 

sensing based on white light interferometry in the following aspects:

1) Investigating modal noise in a WLI systems when different linking fibres are used.

2) Developing two signal processing schemes to increase the relative intensity of the 

central fringe of the output fringe pattern from a WLI system.
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3) Introducing a signal processing scheme based on a curve fitting algorithm, which can 

reduce the effect of noise and increase the repeatability of the central position 

measurement.

As a suggestion, future work may be pursued in the following aspects:

1) From the simulation results in Chapter 4, the minimum signal to noise ratio (S N R i^ )  

required to identify the central fringe of a WLI system with two detectors is independent 

of the output intensity ratio of the two sources. To verify this theoretical result in practice, 

further experimental investigations should be carried out.

2) In Chapter 5, an encouraging experimental result of displacement measurement has 

been presented. To enable this system to be applied in practice, further work is required, 

such as fabricating a rigid sensing interferometer and designing a reference interferometer 

with high stability and easy alignment.

3) As the fibre Bragg grating is commercially available, the sensing interferometer may be 

replaced by a fibre grating whose pitch is longer than the coherence length of the 

illuminating source. An detailed investigation of such a system is required.

131



Publications by the Author Relevant to the Thesis



ELSEVIER

Optics & Laser Technology, Vol. 29, No. 0, pp. 000-000, 1997 
©  1997 Elsevier Science Ltd 

Printed in Great Britain All rights reserved 
0030-3992/97 S17.00 + 0.00

Signal processing scheme fo r  
central position identification  
in a w h ite  light interferom etric  
system w ith  a dual 
w avelength source
Ql W A N G , Y. N. N IN G , K. T. V. G R A TTA N , A. W . P A LM E R

A  s ig n a l p ro cess in g  schem e us ing  a curve  f it t in g  a lg o rith m  to  d e te rm in e  th e  cen tra l 
p o s it io n  o f th e  d ig it iz e d  fr in g e  pa tte rn  o u tp u t o f a w h ite  l ig h t in te r fe ro m e tr ic  (W L I)  
sys tem  is d iscussed . A n  a n a ly tic  resu lt fo r the  re so lu tio n  o b ta in e d  in  th e  cen tra l 
fr in g e  p o s itio n  m easu rem en t us ing  a spec ific  curve  f i t t in g  schem e has been g iven  
and  a s im u la tio n  o f m easurem ent o f the  centra l p o s itio n  o f a c o m p u te r  genera ted  
fr in g e  pa tte rn  has been ca rried  ou t. The results from  the  s im u la tio n  s h o w  g o o d  
ag ree m e n t w ith  th o se  fro m  the  th eo re tica l analysis. A  s u p p o r tin g  e x p e rim e n t to  
in v e s tig a te  th is  e ffe c t has a lso been carried o u t and th e  s h o rt te rm  re p e a ta b ility  o f 
th e  ce n tra l p o s it io n  m easurem ent us ing  the  curve f i t t in g  schem e  g ives  c lose  
a g ree m e n t w ith  th e  th e o re tic a l results. ©  1997  Elsevier S c ie n ce  L td .
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Introduction
Optical sensing systems based on white light 
interferometry have been intensively investigated in 
recent years1-6. The advantage of this approach over 
conventional interferometric sensors is well known, in 
that it can be used to determine a quasi-static measurand 
such as temperature, pressure, and strain with a 
corresponding displacement range much larger than one 
wavelength. The performance of a white light 
interferometric (WLI) system is dependent on how 
accurately the central position of its output can be 
measured. In order to determine this central position with 
high accuracy, several signal processing schemes have 
been proposed— for example, those including the whole 
fringe pattern centroid technique6 * and the central fringe 
of the output of the system cannot readily be identified 
through simply investigating the amplitude of the fringes 
due to the inevitable presence of noise. In order to ease 
the problem of central fringe identification, a system with 
a dual wavelength illuminating source has been proposed 
and investigated under practical conditions8-9. With the 
dual wavelength source technique, the signal-to-noise 
ratio required to identify the central fringe of the output 
of the system is considerably reduced from ~50 dB, by 
typically 30 dB, depending on the arrangement used.

The authors are in the D epartm ent o f E lectrical, E lectronic and
In fo rm a tion  Engineering. C ity U niversity. N ortham p ton  Square,
London  EC1V 0H B . UK. Received 4 June 1 997 Revised 1 5 A ugust
1997

In this paper, a curve fitting signal processing scheme 
has been proposed for determining the central position 
of the digitized output from a WLI system with a dual 
wavelength illuminating source. A theoretical analysis 
has been described and an analytical result for the 
resolution of the central position measurement has been 
given. The measurement results of the central position 
with simulated fringe patterns are seen to be in good 
agreement with those from the theoretical analysis; 
following which, an experimental investigation on a 
system comprising two Michelson interferometers linked 
with a multimode fibre, has then been carried out. The 
variation of the arm length difference (ALD) of the 
sensing interferometer was determined by measuring the 
central position variation of the output fringe pattern of 
the system and the position of one of the mirrors in the 
reference interferometer was measured utilizing a 
capacitive displacement sensor. The central position of 
the output fringe patterns of the system was measured 
using the curve fitting signal processing scheme and it is 
seen that the short term repeatability of the central 
position measurement obtained can be very close to the 
theoretical result.

Curve fitting signal processing scheme 
and theoretical analysis
The signal processing scheme using the curve fitting 
algorithm extends work discussed earlier9 and was 
achieved by using the following steps.
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(1) F i n d i n g  t h e  c e n t r a l  f r i n g e  o f  t h e  o u t p u t  f r i n g e  
p a t t e r n  a n d  o b t a i n i n g  t h e  p o s i t i o n  o f  m a x i m u m  

v i s ib i l i t y ,  Xc

The position of the maximum visibility may be defined 
as the coarse central position, by using the maximum 
visibility method7. Using a two-wavelength source in a 
WLI system, the central peak is much easier to identify 
by employing this method8, which means that the error 
of the central position measurement using the maximum 
visibility method can be much smaller than one 
wavelength if a dual wavelength illuminating source is 
utilized. However, the accuracy of the maximum 
visibility method is restrained due to the presence of 
noise in the system and the limitation of the sampling 
gap in the digitized output fringe pattern. In order to 
increase the accuracy of the central position, a curve 
fitting algorithm can be used to obtain an improved 
central position, which will be discussed in the next 
processing step.

(2) F i t t i n g  a  c o s i n e  f u n c t i o n  t o  t h e  c e n t r a l  f r i n g e

The cosine function, _y(x), can be used to fit the central 
fringe of a digitized output, which is given by

y ( x )  =  a  c o s [4t i(x  -  x0) /2 J  +  b  (1)

In an analysis of the situation, the central fringe of the 
output from a WLI system with added random noise
may be expressed as

X „,  =  m d  +  n p ( m ) (4a)

/„, =  a  c o s [4t i(W  -  X 0 +  n p ( m ) ) / X J

+  b  +  n x( m ) (4b)

where m  is an integer, d  is the sampling gap of the PZT 
actuator, and n p( m )  and n x( m )  are the phase noise and 
the intensity noise at the wth sampling point 
( m  =  0, 1 ,2 , . . . ) ,  which are assumed to be a normally 
distributed noise with root-mean-square values of o  and 
(7,, respectively. Suppose a curve described by (1) is used 
to fit the digitized central fringe given by (4a) and (4b), 
then in the case that the values of the parameters a ,  b ,  2a , 
the digitized central fringe, are determined, the SSE 
value can be expressed as

SSE =  £ ]( /„ , ~ y ( m d ) ) 2
m— 1 
N

=  X * a c o s { A n ( m d  -  X 0 +  np(m))/2a)
m= 1

-  a  c o s (47i ( m d  -  x 0 ) / X f )  +  n x( m ) } 2 (5)

where a  is the amplitude of the central fringe, 2a 
represents the average wavelength of the illuminating 
source, b  is the DC component of the output signal, and 
x0 represents the position of the peak value. When the 
central fringe of a digitized output fringe pattern is fitted 
to a function shown in (1), the initial values of the 
parameters, a ,  2a , b ,  can be estimated from the output 
fringe pattern and the initial value of x0 was set equal to 
the coarse central position, xc, at the beginning of the 
curve fitting signal processing. Then, by adjusting the 
value of a ,  2a, b ,  x0, the sum of squares for error (SSE) 
can be minimized. The SSE is given by10

SSE =  ]T (/[t] -  y ( X [ i ] ) ) 2 (2)

Assuming A x  =  x Q — X 0, in the case of <rp «; 2a and 
Ax 2a, then (5) can be rewritten as

S S E =  ■ £
m= I

A n a
— — sin( A n { m d  -  X 0) / X f )

/ a

x (A* +  n J m ) )  +  n f m ) (6)

where Ax =  x0 — A'q is the error of the central position 
measurement, N  is the number of data points covered 
by the curve fitting. To obtain the value A.v that 
minimizes the SSE value, the following equation has 
to be satisfied

where (A[z], 7[z']) represents the digitized output fringe 
pattern, U[/] represents the position of the PZT actuator 
in the reference interferometer at the zth sampling 
point /[/], and it may be assumed that d , 2a, b '', x 'q are 
the values of a ,  2a , b ,  x 0 with which the value of SSE 
is minimized. The best fitted curve can then be 
written as

9(SSE)
9(Ax) m= 1

f  A n a
s i n ( A n ( m d  -  X f f / X f )

,. . .. , , 47tax (Ax +  n p ( m ) )  -  n f m )  —

x s i n ( A n ( m d  -  X 0 ) / X f )  =  0 (7)

/ ( x )  =  d  cos[47r(x -  Xo)/2a] +  b ' (3)

where the value of the parameter x^ of the fitted curve is 
a new central position of the output fringe pattern. The 
accuracy of the new central position, xJ0 , should then be 
better than that of the coarse central position due to the 
following two reasons: (1) The new central position is 
determined by all the data points of the curve fitting and 
so the noise effect is reduced by averaging; and (2) the 
fitted curve is described by a continuous function instead 
of a number of discrete data points. This fitted curve 
represents a recovered central fringe with which the 
determination of the central position is not restrained by 
the sampling gap.

From (7), the error of the central position of the ith 
measurement, Ax(, can be expressed as

N

n i( m ) s \ n { A n ( m d  -  X 0 ) / X a)
* A* m= I

X ! sin2(47t(W -  A'0)/Aa)
m — I 

N

X  n p ( m ) s m f A n { m d  -  A'0)/Aa)

XsirEf'M wiï' -  A0)/2a)
n= 1
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where a is the amplitude of the central fringe, 2a is the 
average wavelength of the course, X 0 is the central 
position of the central fringe, m  is an integer, d  is the 
sampling gap of the PZT actuator in the reference 
interferometer, and np(m) and n x( m )  are the phase noise 
and the intensity noise with their root mean square 
values, Op and <r, respectively. To simplify the analysis, it 
may be assumed X 0 — 0. Then (8) can be simplified to

A x .  =

/v

n](m)s'\n(4Ti(md)/?..d) 
K m= I________________

4mx "  ,
sin-(47t(mi/)//la)

m= 1 
N

'Ip(w)sin2(4n(md)/Xa)
m= 1

N
^ 2  sin2(47t(mi/)/;.a)
n t =  1

(9)

In the case that the intensity noise n x( m )  and the phase 
noise n  (m ) are independent of each other and 
£[n,(m)5 =  E \ n  (m)] =  0 (where E ( z )  represents the 
expectation value of z ) ,  the theoretical resolution of the 
system can be expressed as

A =  y /  D ( A x )

N

2  G\  J 2  sin2(47r(mc/)/Aa)
m — I

sin2(47t{ m d ) / X J
m= 1

\ 1/2A \
Cp sin4(47r(mi/)/Aa)

sin2(47t(W)//la)

( 10)

where D ( A x )  is the variance of A.v. When d  2a, (10) 
can then be described as

A=/ m __ ____
\ \4 7 ta /  [ /s in 2(>-)(dy)]

4 ^ g 2/sin4(y)(d.v)\ ' A

If the curve fitting covers just one fringe, (11) can then be 
written as

A =
o \ d

47ta/ T f2n -,
' sin (>')(d/)

+ ■

Lt
i n d a 2 / sin(,v)(dyV

1/2

( v)(dy)
(1 2 )

then

A =
M 2ot2N  2 N

1/2

(13)

where N  — X J 2 d .  Equation (13) shows a theoretical 
resolution of the system when the curve fitting covers 
just one fringe. It can be seen from the equation that the 
resolution of the system is inversely proportional to the 
square root of the number N  and becomes better as the 
RMS values of the noise, cr, and crp, decrease.

In a single-modelinked WLI system, the intensity noise 
is very small because there is minimum modal noise in 
such a system and so the effect of the intensity noise on 
the central position measurement can be ignored. 
Therefore, the resolution for a WLI system with a single-
mode linking fibre can be obtained from (13), which is 
given by

If the number of the sampling points covered by the 
curve fitting, N ,  is, for example, 24, the resolution of a 
single-mode fibre linked WLI system given by (14) is 
crp/4, which means that the resolution using the curve 
fitting scheme can be one quarter of that of the position 
sensor used in the reference interferometer. For instance, 
if a capacitive position sensor with 2.8 nm resolution 
were used, the resolution of the system could be 0.7 nm.

Simulation
The output of a WLI system with a dual wavelength 
illuminating source can be expressed as11

where I 0 is the output intensity of the illuminating 
source, Lc represents the coherence length of the 
illuminating source, x  represents the difference of the 
ALDs of the two interferometers, represents the 
central position of the output fringe pattern, m  is an 
integer, d  represents the sampling gap, 2a =  (2A,22)/ 
(/M +  X2) is termed the average wavelength and 

=  (2A,A2)/(|A| — A2|) the modulation wavelength.

When a computer is used to collect the output fringe 
pattern, the fringe pattern needs to be digitized. This 
digitized output from a WLI system illuminated by a 
dual wavelength source with added intensity noise and 
phase noise can be obtained from (15)

M, , i f4(md - *o + »p)Q
' " = 7  l + 2“ p — -

X COS
/ 4 tt( m d  — x 0 -I- np)

X
{ 4 n ( m d  -  x0 +  n  ) \  

x c o s l---------- — 3----- | } +  n , ( 16)
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where n  and n, represent phase noise and intensity 
noise, and their root mean square (RMS) values are rrp 
and cr, respectively. In a practical system, the phase noise 
can be induced by the vibration and the drift of the 
interferometers, by the noise of the position sensor and 
by the turbulence of air. The intensity noise can be 
induced by, for example, the fibre lead, the source 
intensity fluctuations, the turbulence of air, and the shot 
noise and the thermal noise from the detector. In the 
case where a system is linked with a multimode fibre, the 
noise induced by the fibre lead, which is termed the 
‘modal noise’3, represents the main part of the total 
intensity noise.

To determine the central position of the digitized output 
fringe pattern shown in (16), the curve fitting signal 
processing scheme discussed in the last section can be 
used. The values of the parameters in (16) were chosen 
as: wavelengths A, and A-, were equal to 0.78 pm and 
0.67 pm respectively, the coherence length L c was equal 
to 20 pm, the signal to noise ratio 2a/cr, was 1/100, and 
the RMS value of the phase noise <rp was 3 nm, where the

central position of the digitized fringe pattern given by 
(16) was repeatedly measured (100 times) using the curve 
fitting signal processing scheme and the resolution of the 
central position measurements, which is equal to the 
standard deviation of the measurement, was calculated.

Figure 1 is plotted according to the simulation results 
and the results calculated from (13), which are shown as 
the circles and the squares respectively. It can be seen 
from the diagram that the resolution of the system 
becomes better as the number of sampling points 
covered by the curve fitting increases and the theoretical 
possible resolution of the system can be better than 1 nm 
if the number of sampling points is larger than 20. In 
addition, the simulation results are in good agreement 
with those calculated from (13).

Experimental analysis
Figure 2 shows a schematic diagram of the system used 
for the experimental investigation where light from two 
multimode laser diodes (LT023MDO and LPM3 670,

Fig. 1 C om parison  be tw een the reso lu tion  o f the s im ula tion and the reso lu tion g iven by (1 3 ). C ircles represent the  results from  the  
s im u la tion . Squares represent the  results g iven by (1 3 )
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Fig. 3 C om parison be tw een  the curve f it t in g  result and the raw data o f the centra l frin ge  o f an o u tp u t fr in ge  pa ttern

with central wavelengths of 780 nm and 670 nm, 
respectively) was launched into the first interferometer 
(interferometer I), and then injected into a multimode 
fibre (with a core diameter o f  100 pm and a length of 
5 m) via a 10 x objective lens. The output from the 
multimode fibre was collimated and then launched into 
the second Michelson interferometer (interferometer II). 
The output of the system was detected with a 
photodiode. In the experiment, the arm length 
differences (ALDs) of the two interferometers are set 
nearly equal to each other so that the difference between 
the ALDs of the two interferometers is smaller than the 
coherence length of the source. The PZT actuator in the 
reference interferometer (PZT1) is then scanned to 
obtain the output fringe pattern of the system. 
Interferometer I operates as a sensing interferometer and 
interferometer II is used as a reference interferometer, 
i.e. PZT0 is used to set the displacement, and PZT1 is 
used to measure the central position of the output fringe 
pattern.

Figure 3 shows the result of the curve fitting to the 
central fringe of the output fringe pattern. The jagged 
curve is drawn following the experimental data set, while 
the smooth curve is the fitted cosine function determined 
by (3).

The reason that the curve fitting approach can improve 
the resolution of the central position measurement 
would appear to be as follows. First, the fitted curve is 
obtained using the least-mean-squares method, allowing 
the removal of the high frequency noise by averaging, 
and secondly, the fitted curve is a continuous function 
instead of a series of separate experimental data points.

With this continuous function, the determination of 
the central position is free from the restraint of the 
sampling gap, allowing the resolution of the system 
potentially to be smaller than the sampling gap of the 
PZT actuator.

In the experiment, the output fringe pattern of the 
system was obtained by using the scanning PZT actuator 
in interferometer II (PZT1) when the displacement of 
the mirror in the interferometer I, which is positioned by 
PZT0, was set to a number of positions. For each 
position set by PZT0, six fringe patterns were recorded 
within a short period of about two minutes, allowing 
negligible interferometer drift to be assumed. The 
sampling gap of PZT1 was about 12 nm. The central 
position of each fringe pattern was measured using the 
curve fitting signal processing scheme. The results 
obtained are shown in Fig. 4 where the horizontal axis 
represents the measured positions corresponding to the 
displacements set by PZT0, and the vertical axis 
represents the mean value of the measured displacement 
using the curve fitting signal processing scheme 
discussed. The number of sampling data points that are 
covered by the curve fitting was 36. It can be seen from 
this diagram that the system gives a quite satisfactory 
measurement result with a 100 pm core diameter linking 
fibre, even when the fibre was constantly shaken. This 
confirms the results of previous studies9.

The repeatability of each measurement is shown in 
Table 1, where D  represents the mean value of the 
measured displacement, E  represents the repeatability of 
the measurements without the use of the curve fitting 
signal processing scheme (using just the maximum

Table 1. Mean value of the measured displacements (D) and the repeatability of the displacement 
measurements, £ and £' without and using the cosine curve fitting scheme

D (pm) -40 .056 -29 .720 -19 .450 -9 .239 0.910 11.008 21.089 31.147 41.163
E (nm) 9.0 nm 9.0 nm 7.7 nm 7.4 nm 4.4 nm 11 nm 5.0 nm 9.7 nm 4.7 nm
E (nm) 2.7 nm 2.8 nm 5.0 nm 4.0 nm 2.3 nm 2.7 nm 3.3 nm 1.2 nm 1.8 nm
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Fig 4 D isp lacem ent m easurement results using the m u ltim ode fib re  linked in te rfe rom etric  system  discussed

visibility method7), and F  represents the repeatability of 
the measurement using this curve fitting signal 
processing scheme. Measurements are obtained with the 
shaking of the linking fibre and thus modal noise is 
induced in the output of the system. From Table 1, it can 
be seen that the worst repeatability of the measurements 
obtained utilizing the maximum visibility method is 
about 10 nm and, using the signal processing scheme, 
the repeatability improved over previous work9 to values 
that are better than 5 nm, where the total displacement 
range of the measurement is 80 pm. Comparing the 
experimental repeatability with the theoretical resolution 
shown in Fig. 1 as the number of the sampling data 
points covered by the curve fitting is 36, it can be seen 
that the experimentally measured repeatability results 
are very close to those of the theoretical resolution. The 
main reason that the experimentally measured 
repeatability listed in the table is larger than that of the 
theoretical possible resolution using the curve fitting 
signal processing scheme, may be an instability in the 
interferometers.

Conclusions
In this paper, a curve fitting signal processing scheme 
using a cosine function has been introduced and an 
analytic result on the resolution of the displacement 
measurement using the curve fitting scheme has been 
given. It has been shown from the theoretical analysis 
that the resolution of the system increases as the number 
of sampling data points increases and as the RMS values 
of the intensity noise and the phase noise decrease. A 
central position measurement of simulated output fringe 
patterns utilizing the curve fitting scheme has been 
carried out and the results of the simulated measurement 
are in good agreement with those from the theoretical 
analysis. An experimental investigation has also been 
carried out with a system comprising two Michelson 
interferometers linked with a step index multimode fibre.

The noise effect on the central position measurement has 
been shown to be reduced by the curve fitting signal 
processing scheme discussed. With the use of the curve 
fitting signal processing scheme, the short term 
displacement measurement repeatability of the system 
has been shown to be improved where the discrepancy 
between the experimentally measured repeatability and 
the theoretical resolution appears related to the 
instability of the interferometers.
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Abstract

An optical fibre sensing system comprising two Michelson interferometers linked with a multimode fibre has been 
investigated. The signal to noise ratio of the output, when linking fibres of a range of core diameters were used, was 
measured and the system analyzed. The signal to noise ratio of the system in the 100 pm fibre case is higher than that with a 
50 pm core diameter fibre, these results being obtained while the linking fibre in the system was perturbed to induce noise 
in a known and reproducible way. The repeatability of the displacement measurement with 50 pm , 100 pm, and 200 pm 
core diameter linking fibre has been obtained by using the maximum visibility method, this being seen to increase as the 
core diameter of the linking fibre increases, and for 200 pm  core diameter fibre it was measured to be about 22.5 nm 
(3 standard deviations) under the conditions described.

1. Introduction

Optical fibre sensing systems using white light 
interferometry have been attracting significant atten-
tion recently when used to undertake a variety of 
measurements [1]. The system may be configured in 
a way that a fibre is used to link the two interferome-
ters, one of which is termed the “ sensing” and the 
other the “ reference” interferometer. If a single 
mode fibre is used for this purpose it may be diffi-
cult to couple the light back into the fibre. Connect-
ing the two interferometers of a white light interfero-
metric system with multimode fibre represents a 
convenient way to overcome this problem and has 
led to an investigation to analyze the effect of the 
noise that is inevitably generated in these multimode 
fibres when used under these circumstances, in most 
environments.

Results have been reported on the use of various 
means of suppressing the modal noise thus induced, 
by using a short coherence length source [2], or by 
increasing the length of the linking fibre [3]. It has 
also been reported that by increasing the core diame-
ter of the fibre [4], the modal noise may also be 
decreased.

In this investigation, to analyze the output signals, 
a curve fitting technique is first introduced to enable 
a measurement of the signal to noise ratio to be 
made, and then, actual position measurements in the 
presence of an imposed but representative noise sig-
nal have been carried out, using a tandem interfer-
ometer system linked with the different core diame-
ter fibres discussed. It was found that with the 
increasing diameter of the linking fibre, the displace-
ment measurement repeatability of the system was 
seen to increase.

0 0 3 0 - 4 0 1 8 / 9 7 / $  17 .00  C o p y rig h t ©  1997 E ls e v ie r  S c ie n c e  B .V . A ll r ig th s  re s e rv e d . 
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2 .  Theory and analysis

When a multimode fibre is used to link the two 
interferometers, modal noise will be induced in the 
system due to the presence of environmental pertur-
bations. The signal to noise ratio ( S / N )  of the 
output from such a multimode fibre linked system is 
proportional to the square root of the mode number, 
M, transmitted in the linking fibre when the fibre is 
perturbed, i.e. subjected to a reproducible shaking 
stimulus [4]:

S / N  a  { M  , ( 1)
where S  is the signal amplitude, and N  is the noise 
level. When the core diameter of the linking fibre 
used is increased, the mode number propagated in 
the linking fibre will increase. Therefore, according 
to Eq. (1), the value of the output signal to noise 
ratio will be higher when a larger core diameter 
linking fibre is employed, i.e. the signal to noise 
ratio of the output of the system increases corre-
spondingly.

In order to assess the noise level of the output of 
such a system, a curve fitting approach using a 
cosine function, y ( x ) ,  representing the theoretical 
output of the interferometer, which is given by

y ( x )  =  A  exp (* -* o ) Ÿ
¿c )

Xcos^
I  477 ( X X q  ) '

+  B ( 2 )

is carried out where A  is the amplitude of the AC 
component of the signal, and B  is the value of the 
DC component of the signal. L c  is the coherence 
length of the source, Aa is the average wavelength of 
the source, x is the arm length difference (ALD) of 
the interferometers, with x0 being the position of the 
central fringe of the visibility profile.

The curve fitting can be used to minimize the sum 
of squares for error (SSE) [5] by adjusting the pa-
rameters, A ,  B ,  L c , Aa, and x0. The value of the 
SSE factor is given by

SSE= £ ( / [ / ] —y ( x [ / ] ) ) 2, (3)
i

where [X[i], /[/]] is the experimental data set, where 
X[i] is the position of the PZT actuator, and /[/] is

the output of the system. The peak-peak value of the 
AC component in Eq. (2) is equal to 2 A, and the 
noise value, termed N ,  is defined as

N  =  v/SSE/P , (4)

where P  is the number of data points in the data set, 
and the value of SSE was defined by Eq. (3). The 
signal to noise ratio is then given by

( S / N )  =  20 log 24 I
v/SSE/P ) (5)

To determine the above signal to noise ratio, 
described by Eq. (5), a simulation has been carried 
out, where the simulated output signal of the interfer-
ometer system, y ' ( x ) ,  is obtained by adding an 
element of random noise, n ( x ) ,  into the right-hand 
side of the Eq. (2):

/ ( * ) = A exp (* -* o )  Ÿ
Lc j

Xcos
4 t7 ( x - x 0)

+ B  +  n (  x ) , (6)

where n ( x )  is normally distributed noise with a 
square root variance, a .  The signal to noise ratio 
associated with y ' ( x ) ,  is defined as
( S / jV )i =  20 log(2 A / <7). (7)

This signal to noise ratio can also be determined by 
using the same curve fitting technique arrangement

1 5|----------

-1.5'---------------------------------- ------------1------------------------‘------------------------■'
-0.2  -0 1 0 0  1 0 2 

Arm length difference of the interferometer(pm)

F ig . 1. R e s u lt  o f  c u rv e  f it tin g  a p p lie d  to  th e  s im u la te d  s ig n a l. 

C ro sse s : d a ta  o b ta in e d  w ith  th e  n o ise  e f fe c t p re sen t. S o lid -lin e : 
c u rv e  f i t te d  to  th e  d a ta .
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F ig . 2 . C o m p a ris o n  o f  th e  s ig n a l to  n o is e  ra tio s  ( S / A O , ,  and  
( S / N ) ,  the  la t te r  b e in g  th e  m e a su re d  s ig n a l- to -n o is e  ra tio .

discussed earlier, from Eq. (5). Fig. 1 shows a curve 
fitting approach applied to the simulated signal. The 
crosses are the values obtained by using Eq. (6) and 
the solid line is the fitted curve. The noise value 
(from Eq. (4)) is the deviation of the fitted curve to 
the simulated signal.

Fig. 2 is a graph comparing the resultant signal to 
noise ratio, ( S / N ) t (see Eq. (7)), and the measured 
signal to noise ratio, ( S / N )  (see Eq. (5)). The data 
point number, P ,  is chosen to be 800 in the simula-
tion. The data points (crosses) are obtained from the 
above equations and the solid line represents the

equation y  =  x ,  i.e. equality between the two values 
of the signal to noise ratio. It can be seen from this 
diagram that the measured signal to noise ratio is 
approximately equal to the given signal to noise 
ratio, ( S / N ) \ .  The maximum difference between the 
two signal to noise ratios is about 0.5 dB.

The aim of this work is to measure the experimen-
tally determined signal to noise ratio of the output 
and to investigate the noise effect on the central 
position measurement when the interferometers are 
linked by a multimode fibre with different core 
diameter and perturbed reproducibly. The details of 
the experimental arrangement used are discussed 
below.

3. Experimental arrangm ent

Fig. 3 shows a schematic diagram of the experi-
mental system used, consisting of two Michelson 
interferometers, linked by a multimode fibre. Two 
multimode laser diodes, LDs, (with wavelengths of 
780 nm and 670 nm, respectively) were used as the 
light source and after the light from these passed 
through the first sensing interferometer, it was then 
launched into the multimode fibre under investiga-
tion. The output from this fibre was then collimated 
and injected into the second recovery interferometer, 
focused by a lens and detected with the photodiode 
(PD). Each Michelson interferometer has one mirror 
driven by a sophisticated piezoelectric actuator (PZT0

□  LD (780nm)

(670nni) BS

Multimode fibre

motor
F ig . 3 . A  sc h e m a tic  d ia g ra m  o f  th e  e x p e r im e n ta l o f  sy s te m . L D , la s e r  d io d e ; B S , b e a m  sp lit te r ;  M , m ir ro r , P Z T 0 , P Z T 1 , p ie z o e le c tr ic  

a c tu a to rs ; P D , p h o to d io d e .
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& PZTl, type MTP105 Queensgate Instruments Ltd.) 
and the detector analogue output was converted into 
a digital signal for computer processing. Part of the 
fibre of about 60 cm in length was deliberately and 
reproducibly shaken by a protruding wheel driven by 
a motor. Thus, repeatable results for the noise gener-
ated could be obtained when such a fibre vibrating 
arrangement was utilized. Both LDs were driven 
with a current which is below the threshold, so that 
the corresponding coherence lengths of the LDs are 
relatively short (about 15 p,m).

In the experiment, the arm length differences 
(ALDs) of the two interferometers are set to be 
approximately equal to each other, so that the differ-
ence of the ALDs is smaller than the coherence 
length of the source. The PZT actuator in the refer-
ence interferometer (PZTl) is then scanned to obtain 
the output visibility fringe pattern.

Fig. 4 shows such an experimental output fringe 
profile of the system. Similar results for a one-inter-
ferometer system are described in a previous work 
[7]. In the results obtained here, it should be noted 
that there is some noise present in the fringe pattern 
due to the vibration of the multimode linking fibre.

T a b le  1

T h e  m e a s u re d  s ig n a l to  n o is e  ra tio  o f  th e  o u tp u t o f  th e  sy s te m  b y  

u s in g  th e  c u rv e  f i t t in g  m e th o d , ( a  p rim e  d e n o tin g  w h e n  th e  f ib re  

w a s  p e r tu rb e d )  fo r  a  s e r ie s  o f  c o re  d ia m e te r s  (5 0  p .m  a n d  100 
p .m ), o v e r  a  s e r ie s  o f  m e a su re m e n ts  ( 1 - 5 )

1 2 3 4 5

( S / N ) 50 (d B ) 2 9 .9 3 1 .2 3 0 .9 3 2 .0 3 0 .8

( S / A T jo  (d B ) 2 7 .2 2 8 .2 2 8 .4 2 8 .6 27.1

A ( S / A O so (d B ) 2 .7 3 .0 2.5 3 .4 3 .7

( 5 / iV ) |00 (d B ) 32.1 3 2 .5 3 2 .7 33.1 3 3 .0
( S / N y m  (d B ) 3 1 .2 3 1 .6 3 1 .4 3 2 .0 3 1 .8

> 3 o o CL 5 0 .9 0 .9 1.3 1.1 1.2

A curve fitting algorithm was applied to the fringe 
pattern and Eq. (5) was used to calculate the signal 
to noise ratio of the output. Table 1 shows a series of 
signal to noise ratio measurement results obtained 
when 50 p,m and 100 |xm core diameter linking 
fibres are used. ( S / N ) 5Q, ( S / N y s 0 , ( S / N ) wo and 
(VAO',oo may be defined as the signal to noise 
ratios of the output when such 50 p.m and 100 ptm 
core diameter linking fibre are used, respectively, a 
prime denoting the ratio when the fibre was per-
turbed. The signal to noise ratio reductions, which is

3400

32001-

2200--- -------— 1-------------1-------------- 1--------------1---
-6 -4 -2 0 2 4 6

The mirror positionin’!)

Fig. 4. Experimental output fringe profile.
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experienced in these two cases, are represented by 
A ( S / N ) 50 and A (S/A0100, and are defined as

A ( S / N ) 5 0 = ( S / N ) 5 0 - ( S / N ) ' 50, (8)

A (S / N ) 100 = ( S / N ) m  -  ( S/AO',00, ( 9)
for each linking fibre. Five measurements have been 
carried out, showing the variations in the measured 
signal over these cases, as illustrated in Table 1 for 
each fibre, from which it can be seen that the signal 
to noise ratio of the output of the system with 100 
l±m core diameter fibre is higher than that with 50 
p.m core diameter fibre by, on average, ~  2 dB, in 
agreement with the trend of Eq. (1).

In the experiment, interferometer I represents a 
sensing interferometer and interferometer II a refer-
ence interferometer, i.e. PZT0 was used to set the 
displacement, and the PZT1 to measure central posi-
tion of the output fringe signal.

A further experiment was carried out to investi-
gate the effect of the modal noise on the central 
position measurement when fibres with different core 
diameters were used to link the two interferometers. 
The values of ALD of the sensing and recovery 
interferometers were both set to be about 2 mm. The 
central position of the output was measured by using 
the scanning PZT actuator (PZT1) in the recovery 
interferometer. The value corresponding to the cen-
tral position measurement in the experiment is equal 
to the arm length difference of the two interferome-
ters when the two PZT actuators (PZT0 and PZT1) 
are both in the “ zero” position. The repeatability, E ,  

(to three standard deviations) of the measurement of 
the central position was obtained from a number of 
consecutive central position measurements.

The results are listed in Table 2, showing the fibre 
core diameters and the measurement repeatability

Table 2
The displacement measurement repeatability of the system with 
different core diameter linking fibres: D , fibre diameter; E, 
measurement repeatability; E ', measurement repeatability with the 
fibre vibrated

D  (pm) E  (nm) E' (nm)

200 19.8 22.5
100 24.3 30.6
50 27.0 57.0

(three standard deviations) of the central position 
measurement with and without the fibre being vi-
brated, i.e. results shown under the headings E '  and 
E ,  respectively. The central fringe position was de-
termined using the maximum visibility method [6], 
The repeatability of the central position measurement 
is worse when the fibre is perturbed due to the modal 
noise present in the system, increasing with the fibre 
core diameter in agreement with the prediction of 
Eq. (1).

4. Conclusion

In this paper, the signal to noise ratio obtained in 
the linked interferometer system with different core 
diameter fibres has been measured, showing that the 
signal to noise ratio of the output of the system with 
a 100 |xm core diameter linking fibre in the presence 
of noise is higher than that with a 50 p.m core 
diameter fibre. The displacement measurement re-
peatability of the system with these fibres has been 
measured, showing that the repeatability values (to 
three standard deviations) of the system with a repro-
ducible vibration of the connecting fibre are 22.5 
nm, 30.6 nm, 57.0 nm when the system is linked 
with a 200 p,m, 100 |xm and 50 p,m, core diameter 
fibre, respectively.
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Abstract

A tandem interferometer system linked with a 100 ptm core diameter multimode fibre has been investigated and a signal-processing scheme 
introduced to suppress the noise in the system, simulated by a reproducible vibration of the fibre. The results show a short-term repeatability 
(to three standard deviations) of better than 15 nm displacement with the use of an appropriate curve-fitting signal-processing scheme, under 
conditions where the fibre is subjected to a known noise signal by being constantly subjected to vibration.

Keywords: M u ltim o d e  o p tic a l fib res ; W h ite - lig h t in te rfe ro m e try

1. Introduction

A num ber of schem es for optical-fibre sensing using white- 
light interferom etry have been developed over recent years 
since the pioneering w ork of Bosselm an and Ulrich [ 1 ] and 
further details o f the use of the technique have been sum -
m arized, for exam ple, by M eggitt [2 ]. In sensor applications, 
such systems can be used to determ ine a displacem ent or 
m easurands such as tem perature and pressure, which can be 
readily converted to a displacem ent. The main advantage of 
white-light interferom etry, which uses a broad-band light 
source of a short coherent length, is the ability to make abso-
lute m easurem ents. Configured as a fibre-optic sensor, it is 
inherently suitable for use in adverse environm ents, due to 
the imm unity of the system to both fibre transm ission losses 
and the potential wavelength drift o f the source.

W hen such a system is applied to optical-fibre sensing, 
m ultim ode fibre is desirable to link the optical components 
in order to ease the difficulty of optical launch conditions 
with single-m ode fibre. In any practical application of such 
an interferom eter, the fibre will be subject to various pertur-
bations and vibrations, and modal noise will be introduced in 
the system. Several techniques have been developed to sup-
press the modal noise thus induced, such as those em ploying 
a light source with a short coherence length [3 ], or linking 
the com ponents in the system with sufficient lengths of com -
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parably large-core-diam eter fibre [4 ]. However, even with 
the use of these noise-suppression techniques, there is inev-
itably some residual noise, the presence o f which may affect 
the m easurem ent accuracy o f the system.

In this work, a signal-processing approach is introduced to 
suppress the effect on the m easurem ent o f the noise induced 
in the fibre lead. A com parison of the m easurem ent repeata-
bility with and without the use of this signal-processing 
scheme is discussed and its im plications for em ploym ent in 
a sensor system discussed.

2. The signal-processing scheme

The signal-processing scheme used in this w ork can be 
considered under two main aspects: first, identifying the cen-
tral fringe by using the m axim um -visibility method, and then 
em ploying an appropriate curve-fitting technique. This is 
designed to remove the noise present in the fringe profile and 
thus to determ ine the central position m ore accurately. This 
is achieved by undertaking a process which may be sum m a-
rized as com prising the following six steps:

2 .1. R e m o v in g  th e  d .c .  c o m p o n e n ts  o f  th e  s ig n a l

If the raw data set representing the results o f the m easure-
ment is given by (X [t] , / [ / ] ) ,  and the data point num ber is 
N ,  the new data set, 7' j i ] , after rem oving the d.c. com ponents, 
is then given by
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Following this processing step, there are two zero points 
present in each fringe which will then be used in Section 2.5 
to determine the fringe central position.

2.2. F i n d i n g  t h e  c e n t r a l  f r i n g e  o f  t h e  o u t p u t  f r i n g e  p a t t e r n  

a n d  o b t a i n i n g  th e  p o s i t i o n  o f  t h e  m a x i m u m  v i s ib i l i t y ,  x ,  '

This may be defined as the coarse central position, used 
for a first attempt at determining the actual fringe central 
position, by using the maximum-visibility method described 
earlier [5]. With the use of a two-wavelength combination 
source in the system, the central peak can be easily identified, 
as has been discussed [ 6,7 ]. The resultant central position 
X c' is still an approximation as the noise in the system will 
induce an error, and the finite value of the sampling gap used 
in the technique will limit the measurement accuracy. In order 
to increase the quality of identification of the central position 
measurement, the following steps are required to obtain an 
improved estimate of the associated resolution, which can be 
smaller than that of the sampling gap used.

2 .3 .  S u b t r a c t i n g  t h e  t e r m  x f  f r o m  t h e  d a t a  se t ,  X [ i ]

The new values of the data set X '[i] thus generated are 
then given by

Following the implementation of this step, the central position 
of the fringe given by the new data set ( X 1 [i], / ' [ i ] ) is close 
to zero and it is easier to fit a polynomial curve to the shape 
of the central fringe, as described in Section 2.4.

2 .4 .  F i t t i n g  a  f o u r t h - o r d e r  p o l y n o m i a l  to  t h e  c e n t r a l  f r i n g e

The curve-fitting polynomial, y ( z ) ,  is given by 

y ( z )  = a z f  +  b z 3 +  c z 2 +  d z  +  e

where a ,  b ,  c ,  d  and e  are constants; by adjusting their values, 
the sum of squares for error (SSE) can be minimized [ 8 ], as 
given by

S S E = £ ( / [ i ] - y ( X '[ i J ) ) 2
i

The best-fit curve is obtained using the constants whose val-
ues minimize the value of the SSE factor. Due to the modal 
noise present and the limitations of the sampling gap size, the 
fringe central position, x f r  obtained after the step in Sec-
tion 2.3, is just an estimate of the central position of the raw 
data, and the actual central position of the data set, (X '[i], 
/ '[ / ] ) ,  does not correspond exactly to zero. Thus a term A^c 
may be written as an estimate of the offset in the coarse central 
position, Xc ■ The following two steps are then used to obtain 
an estimate of the value of A^c.

2.5. F i n d i n g  th e  t w o  z e r o - p o i n t  p o s i t i o n s  o f  t h e  f i t t e d  c u r v e ,

x l , x r

These two positions are given by 

y'(XL)= /(X R)=0

An estimate of the error in the coarse central position, x f r  is 
obtained by calculating the value of A \ c, where

A*c = (*l  + XR)/2

The final step in the process is then undertaken.

2 .6 .  C a l c u l a t i n g  t h e  i m p r o v e d  v a l u e  o f  t h e  c e n t r a l  p o s i t i o n  

o f  t h e  r a w  d a ta ,  x c

This is simply given by 

Xc = Xc'+Axc
The resolution obtainable in the measurement of the central 
position can be smaller than the value of the sampling gap, 
because the value of A x c is calculated from a knowledge of 
the equation governing the fitted curve, which itself is a 
continuous function.

To show the validity of the method in practice, several 
experiments were carried out to collect and analyse visibility 
profiles obtained under the conditions where known levels of 
noise were introduced, achieved by vibrating the fibre in a 
reproducible way.

3. Experimental method

Fig. 1 shows a schematic of the system used to investigate 
the practical use of the scheme discussed, and to validate it. 
It consists of two Michelson interferometers, linked by a 
multimode fibre. Light from two readily available multimode 
laser diodes (LD2 and LD1, with wavelengths of 780 and 
670 nm, respectively) passed through interferometer I, and 
then was coupled into a 100 p,m core diameter multimode 
fibre. The light from the fibre was collimated and injected 
into interferometer II, the output of which was focused by a 
lens and detected by using a photodiode (PD). Each Michel-
son interferometer has one mirror controlled by a piezoelec-
tric actuator (PZTO and PZT1), which was driven using a 
closed-loop controlled system (System-2000, Queensgate 
Instruments Ltd). The output of the detector was then 
obtained and digitized. Part of the fibre (about 60 cm of its 
length) was continuously and repeatably shaken by a pro-
truding wheel driven by a motor at a frequency of about 5 Hz 
to induce a reproducible and controlled noise signal in the 
fibre output. Both LDs are driven at a current which is below 
threshold, so that their resulting coherence lengths are rela-
tively short (about 15 p,m). In the experiment, the optical 
path-length differences, OPDs, of the two interferometers are 
set nearly equal to one another so that the difference of the 
OPDs between the two interferometers used is smaller than
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□ LD 
(780nm)

(670nm) BS

M ultim ode fibre

L=5m D=0.1mm

F ig . 1. T h e  ta n d e m  in te r f e ro m e te r  sy s te m  u sed  in  th is  w o rk : L D 1 , 6 7 0  n m  la se r  d io d e ; L D 2 , 7 8 0  n m  la se r  d io d e ; B S , b e a m  sp lit te r ;  M , m ir ro r ;  PZ TO , P Z T 1 , 

p ie z o e le c tr ic  a c tu a to rs ;  S y s2 0 0 0 , c o m p u te r  c o n tro lle r  fo r  P Z T s ; A m p , a m p lifie r; I, II, in te rfe ro m e te rs .

the value of the coherence length of the source. The PZT 
actuator in the reference interferometer (PZT1) is then 
scanned to obtain the output fringe pattern representative of 
the system. In this simulation, interferometer I is taken to 
operate as a sensing interferometer and interferometer II is 
used as a reference interferometer, i.e., PZTO is used to set 
the value of the displacement, and PZT1 to measure the cen-
tral position of the output signal. Usually, a difference is seen 
between the position derived from the PZTO and the central 
position of the output fringe pattern. This difference equals 
the difference of the OPDs of the two interferometers when 
both PZT actuators are at their zero positions and is inde-
pendent of the position of PZTO if the two interferometers 
are stable, this being measured by the use of the capacitance 
position sensors in the sensitive PZT actuators in the system.

Fig. 2 shows the result of applying a curve-fitting proce-
dure to the central fringe of the output pattern. The jagged 
profile represents the experiment data set, and the smooth 
curve is the fitted fourth-order polynomial from the curve-
fitting signal-processing scheme (Section 2.4) discussed

F ig . 2. C o m p a r is o n  b e tw e e n  th e  fo u r th -o rd e r  p o ly n o m ia l fit a n d  th e  raw  d a ta  

fo r  th e  c e n tra l f r in g e  o f  th e  in te rfe ro m e tr ic  v is ib ility  p ro file .

above, using the least-mean-squares method. If the peak-to- 
peak value of the smooth curve is taken to represent the signal 
value, the SEE term resulting from the curve fitting with the 
use of the fourth-order polynomial represents the noise 
obtained, and the signal-to-noise ratio may be calculated, 
from Fig. 2, to be about 31 dB.

The curve fitting applied clearly improves the results 
obtained in two ways. First, the fitted polynomial is deter-
mined with the least-mean-squares method, which allows the 
removal of the high-frequency amplitude and the phase noise 
by averaging. Secondly, as the fitted curve is a continuous 
function instead of a series of discrete data points, it can 
enable an enhancement of the resolution obtainable, which 
therefore can be much smaller than that determined simply 
by using the sampling gap obtainable from the PZT actuator.

4. Results

The displacement of the mirror in interferometer I, which 
is set by PZTO, was measured by using the tandem interfe-
rometer system. Each measurement was repeated six times 
within a short period of about two minutes, which allowed 
the reasonable assumption of negligible interferometer drift. 
The scanning gap of PZT1 was about 15 nm. The results 
obtained from this are shown in Fig. 3 where the x  axis rep-
resents the displacement, set by PZTO, and the y  axis the 
mean value of the measured displacement using the curve-
fitting signal-processing scheme discussed above. It can be 
seen from this Figure that with the use of a 100 p,m core 
diameter optical-fibre link, the system gives quite a satisfac-
tory result, even when the fibre was constantly shaken and 
noise thus induced. The repeatability (to three standard devi-
ations) of each measurement is shown in Table 1, where D  

represents the mean value of the measured displacement, E  

represents the repeatability of the measurements with the fibre 
being shaken and subject to noise and without the use of the 
curve-fitting signal-processing scheme (i.e., using just the
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Fig. 3. The displacement measurement result with use of the tandem inter
ferometer system discussed.

Table 1
The mean value of the measured displacements (D ) and the repeatability of 
the measurements, E  and £', without and with the use of the curve-fitting 
scheme discussed

D  (p,m) -40 .053 -29 .569 -  19.435 -9 .2 31 0.916
E  (nm) 27 27 21 30 24
E ' (nm) 9 9 15 6 6

D  ( p.m) 11.014 21.099 31.154 41.171
E  (nm) 21 24 24 15
E ' (nm) 6 6 12 3

maximum-visibility method [5]), and in contrast E '  repre-
sents the repeatability of the measurement with the use of the 
curve-fitting signal scheme. From Table 1, it can be seen that 
the worst value of the repeatability of the measurements 
obtained with the use of the maximum-visibility method is 
about 30 nm; after employing the signal-processing scheme, 
the repeatability was seen to improve to a value which is 
better than 15 nm, over a total displacement range of 80 pim.

5. Conclusions

Thus the work has shown that with the use of the simple 
signal-processing scheme described, the effect of a reproduc-
ible noise perturbation on the accurate measurement of the 
central position of a fringe can be reduced. The signal-to- 
noise ratio of the output in the system was determined to be 
about 31 dB when a 100 p.m core diameter linking fibre was 
used in the experiment.
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Abstract

A study of the effect of modal noise in a Michelson interferometer system with a multimode down-lead fibre is reported. The 
experimental results show that the larger the core diameter of the multimode fibre used, the higher the signal-to-noise ratio 
(S / N ) obtained at the output of system. A simplified theoretical analysis is used to support this, and indicates that, to a reasonable 
approximation, the output S / N  ratio of the system is proportional to the square root of the mode number of the light propagating 
in the fibre.

1. Introduction

Optical white light interferometry (WLI) has 
recently been attracting significant attention in the 
research area of optical-fibre sensors [ 1 ], and several 
multimode fibre-linked interferometric systems have 
been studied [2—4 ]. However, when a multimode fibre 
is used to deliver light in a WLI system, modal noise 
will be induced in the system, which will reduce the 
overall signal-to-noise ratio ( S / N )  ratio experienced 
[2,5]. An experimental study on how the S / N  of the 
system is affected by the use of different down-lead 
fibres of varying core diameters in a Michelson inter-
ferometer is reported. Results obtained are compared 
with those from a simplified theoretical analysis, and 
agreement seen with the use of serval approximations.

2. Theoretical analysis

It is well known that when a multimode fibre is not 
perturbed, the electric field supported by each mode of

the fibre will be independent and not cross-couple one 
to another. Under such an ideal condition, the total 
optical power delivered by the multimode fibre may be 
approximated to be the sum of the power delivered by 
an equivalent group of “ single-mode” fibres [2], 
Hence, the overall system can be treated in this simpli-
fied way as an array of similar sub-systems each with 
a single mode optical link. If the term “ elemental sys-
tem’” is used to represent such a sub-system which 
consists of an input light beam delivered by a single 
mode fibre into the interferometer, each elemental sys-
tem will give an identical fringe pattern at the output 
of the interferometer, and the overall output of the sys-
tem may be considered to be the sum of that of each 
elemental sub-system, i.e.:

/5= E A ’ (i )
k

where P  is the total mean power of the system, and P k 
is the mean power of the fcth elemental sub-system.

When the fibre is perturbed, the optical power deliv-
ered by each of the elemental sub-systems will vary, 
due to the following reasons.
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(a) As the fibre is perturbed, a power exchange 
across each individual mode, due to the mode coupling 
effect, will take place randomly along the fibre. This 
introduces a statistical uncertainty in the modal power 
distribution. In particular, when the optical power of 
the radiation modes or the leak modes is concerned, the 
level of the power in those modes will fluctuate with 
time, and this causes a variation in the optical power 
transmitted by the multimode fibre.

(b) The optical components (lenses, mirrors, beam-
splitters, etc.) in the interferometer are usually not per-
fect, as they will induce scattering and absorption of 
the light beam. Due to the uncertainty in the modal 
power distribution, the intensity distribution along the 
cross-section of the light beam will change in time, and 
therefore any scattering and absorption caused by the 
optical components in the interferometer also fluctuate 
in time, resulting in a variation in the optical power in 
each of the elemental sub-systems.

(c) It is well known that any state of polarization 
(SOP) of an input beam cannot be preserved through 
a multimode fibre, and as a result, although the SOP 
for any particular sub-system may vary, the SOP of the 
overall output light from many such sub-systems will 
be randomly distributed, in any possible direction, and 
no dominant direction may be obtained for the SOP of 
the output. In fact, since the fibre used in this work 
serves as the lead fibre to an extrinsic interferometer, 
any slight variation in the SOP of the output of the fibre 
will not affect the visibility of the output of the inter-
ferometer. Hence the SOP of the output can be statis-
tically considered, to a reasonable approximation, not 
to vary.

From the above analysis, ignoring polarization 
effects as discussed, it is clear that as the perturbation 
of the fibre will cause an output fluctuation of each 
elemental sub-system, it will therefore induce an output 
fluctuation of each elemental sub-system, it will there-
fore induce a fluctuation of the total output. The number 
of the elemental sub-systems may be approximated to 
be the number of modes, M ,  propagating along the fibre, 
and the following assumptions may be made:

(i) M  »  1. This requirement can readily be met 
since the number of modes for a graded index multi- 
mode fibre, with 50 p.m core diameter, is about 340.

(ii) When the electric fields propagating along dif-
ferent modes reach their stationary state, i.e. the atten-
uation of every mode is the same, the mode distribution

will remain unchanged, and in this case the modal 
energy of each is independent one from the other. When 
the fibre is perturbed, modal coupling between adjacent 
modes will result in an energy variation, and at this 
level, the output intensity of each sub-system is indeed 
dependent on the adjacent modes. However, since the 
modal coupling most commonly occurs between adja-
cent modes, i.e., between the modes with most nearly 
equal propagation vectors [6], in considering all the 
modes involved, in order to simplify the theoretical 
analysis it can be assumed that the intensity of each 
sub-system is approximately statistically independent 
of most of the other nonadjacent modes, although this 
assumption strictly must be recognized as an approxi-
mation, and may be influenced by the partial coherence 
of beams travelling in different modes, as discussed 
later.

(iii) Since the propagation of one electric field will 
not be affected by the presence of another field, even 
the electric fields of two individual modes might over-
lap with each other, their interference is only deter-
mined by the coherence condition and where they are 
detected. The modal coupling in a perturbed fibre, in 
fact, is the modal energy variation and not the interfer-
ence between the modes, and therefore, if a multimode 
laser diode or a LED is used as a source in the system, 
the OPD between most of the modes propagating in a 
multimode fibre, of say 5 m in length, is larger than the 
coherence length of the source itself. It is therefore a 
reasonable assumption that any two modes in the fibre 
are incoherent with each other at the output of the fibre.

(iv) It may be assumed that the S / N  of any one 
elemental sub-system, ( S / N ) k is equal to that of any 
other sub-system, under the condition that the pertur-
bation to the fibre is fixed and the arrangement of the 
interferometer is kept unchanged. These requirements 
are met in this experiment by inducing the same level 
of perturbation in the fibre, and keeping the alignment 
of the interferometer fixed, while changing the down-
lead fibre itself.

When the interferometer is adjusted to the “ balance 
position” [2], and one of the mirrors modulated by a 
PZT transducer with an amplitude equal to A/2 (where 
A is the central wavelength of the source), a signal at 
the modulation frequency can be obtained. The S / N  

associated with each elemental system can be written 
as
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( S / N ) k =  a ( P J o k ) , (2)

where crk is the square root of the variance of P k, and A  

is dependent on the fringe visibility of the interferom-
eter. If the alignment of the interferometer is kept 
unchanged during the experiment, A can be considered 
as an average value over all the sub-systems, each of 
which may experience a value which is different to 
some extent, and the total variance of the system is 
given by

cr2= Y J a’l- (3)
k

For the case where all guided modes are assumed 
equally excited at the sending end of the fibre, the 
optical energy is considered approximately evenly dis-
tributed into each mode [7] and the variance of the 
intensity in any mode is assumed equal to that in any 
other, then

Pk=Pt - (4)

<n  = <rr- (5)
Substituting Eq. (4) and (5) into Eqs. (1) and (3), 
the following is obtained

P  =  M P l t  (6)

cr2 =  M ( j ] ,  (7)

where M is the modal number of the fibre. The S / N  of 
overall system is given by

( S / N ) = A P / a = y f M ( S / N ) l . (8)

The square root of the variance, cr, is related to the
noise level of the system, and when a  increases in the 
system, the noise will increase accordingly. In this 
experiment, the noise spectrum obtained is similar to 
that of white noise ( as shown in the upper curve in Fig. 
3). It may be assumed that the square root variance, cr, 
is proportional to the modal noise level, n ,  at frequency, 
/ , ,  and so

cT = B n ( f t) , (9)

where B  is a constant, and f x is chosen to be 130 Hz in 
this experiment.

Substitution ofEq. (9) into Eq. (8), yields 

— —  = b / m  ( S / N ) x , (10)
«(/i)

which may be expressed in dB as

M - )  =20Iog(B(S/JV),) +  10 1og(Af) . (11)

These results indicate that, under the approximations 
given, the 57N  of the interferometer, with a down-lead 
multimode fibre, is proportional to the square root of 
mode number in the fibre, where ( S / N ) , is the S / N  of 
elemental sub-system, which is dependent on the 
strength of the perturbation strength applied to the fibre 
and the quality of the optical components in the inter-
ferometer.

3. Experimental arrangement

Fig. 1 shows the experimental arrangement used to 
study the effect of modal noise induced by the down-
lead fibre. Light from a multimode laser diode 
(LT023MD) was injected into a multimode fibre, 5 
meters in length, via a X 10 objective lens. The output 
light from the fibre was then collimated and launched 
into a Michelson interferometer which was adjusted to 
the ‘ ‘balanced position” . The recombined output beam 
from the interferometer was focused by a lens and 
detected by a photodiode (with a receiving area of 41.3 
mm2), where its output was amplified and then ana-
lyzed with a signal analyzer. One of the mirrors in the 
interferometer was modulated at a frequency which was 
randomly chosen at 130 Hz, and the amplitude of the 
PZT motion was driven at about half of the central 
wavelength of the source used: hence only one inter-
ference fringe around the central fringe position was 
generated, representing an output signal of the inter-
ferometer. Part of the fibre (about 90 cm in length) 
was vibrated with a protruding wheel driven by a motor 
at a frequency about 5 Hz, introducing a modal noise 
at the output. The peak value (rms) of the output spec-
trum at the modulated frequency (130 Hz) is used as 
the “ signal” and the spectral output at 210 Hz is 
recorded as the average noise level. The above two 
frequencies were chosen to avoid problems due to pick-
up in the electronics and interferometer.

In the experiment, all the conditions of the experi-
mental arrangement were kept unchanged while fibres 
with different diameter were tested respectively, and 
therefore, the S / N  ratio of the system linked with the 
different fibres could be studied and compared. Four
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M irror 3

F ig . 1. T h e  e x p e r im e n ta l a r ra n g e m e n t u s e d  in  th is  w o rk , in c lu d in g  a  M ich e lso n  in te rfe ro m e te r  a n d  a  ra n g e  o f  d o w n - le a d  fib res.

types of fibres (all 5 meters in length) with core diam-
eters of 50 ptm (graded index), 100 p,m (step index), 
200 (xm (step index), and 320 |xm (step index), were 
employed respectively.

4. Results

Fig. 2 shows the results obtained experimentally and 
compared with those determined theoretically, where

Num ber of the modes in the fibres
F ig . 2. T h e  S / N  ra tio  in  th e  o u tp u t o f  s y s te m  vs. m o d e  n u m b e r  o f  the  
d o w n -le a d  fib res .

the theoretical result is shown as a solid line, which 
was calculated from Eq. (11). In this calculation, the 
value of the first item on the righthand side of the Eq. 
(11) was determined by utilizing the value of the meas-
ured S / N  when a 50 |xm core diameter fibre was used 
and the mode number, M, was determined using the 
theoretical approach described by Snyder and Love 
[8], The dots represent experimental values obtained 
when the fibres with four different core diameters were 
used as the “ uplead” fibre respectively. From Fig. 2, 
it can be seen that the results of both the approximate 
theoretical analysis and the experiment show a similar 
trend, i.e. as the core diameter of the fibre increases, 
allowing for a consequent increase in the mode number 
of the fibre, the S / N  of the system is also seen to 
increase. However, when the mode number reaches to 
about 6000, the variation of the S / N  ratio in both the 
theoretical and experimental results occurs more 
slowly and continues with this trend as the mode num-
ber increases. This may be parially explained by the 
fact that for the same fibre length, when the core diam-
eter increases to a certain value, the majority of the 
modes become incoherent with each other, and thus the 
vibration-induced modal noise will not increase as 
much as when a fibre with a smaller core diameter is 
used, resulting in a slow increase in the S / N  ratio.

It also can be noticed that the theoretical S / N  value 
is several dB higher than that obtained from the exper-
iment, especially when the number of modes is relative



Q. Wang etal. /Optics Communications 118 (1995) 473^178 477

OHz 50Hz 100Hz 150Hz 200Hz 250Hz

Frequency (Hz)
F ig . 3. T h e  o u tp u t s p e c tru m  o f  th e  s y s te m . T h e  u p p e r  c u rv e  w a s  o b ta in e d  w ith  a  5 0  p,m  c o re  d ia m e te r  fib re . T h e  lo w e r c u rv e  w a s  o b ta in e d  w ith  

a  3 2 0  p,m  c o re  d ia m e te r  fib re.

large. This may be due to the following reasons: (1) 
the output of the fibre in the theoretical model used in 
this work was considered as a point source. However, 
in the experiment, when a fibre with a large core diam-
eter was used, the fibre end did not represent a point 
source, and hence the output beam was not well colli-
mated, and as a result, the fringe visibility was reduced 
and the SNR obtained from the experiment was shown 
to be less than that obtained from the theory; and (2) 
some of the modes in the fibre are still coherent with 
each other, regardless of how large is the fibre diameter, 
and thus the earlier assumption (ii) is not strictly valid 
in this practical situation, although the underlying trend 
is clearly seen in the results obtained.

Fig. 3 shows a spectrum recorded of the output 
obtained with a 50 pim core diameter fibre (graded 
index, upper curve) and 320 p,m core diameter fibre 
(step index, lower curve) as the down-lead fibre, 
respectively. In the experiment, the output intensity in 
the fibre was kept at the same value for each fibre. From 
Fig. 3, it can be seen that the S / N  ratio of the system 
obtained with a larger core diameter fibre ( i.e. 320 pirn) 
is higher than that with a smaller core diameter fibre,

this also being in agreement with the results discussed 
above. The graph also shows some small peaks on the 
lower curve due to pick-up in the electronics and the 
interferometer.

5. Conclusion

In this work, the use of multimode fibres with dif-
ferent core diameters as a down-lead fibre in a Michel- 
son interferometer has been studied experimentally. It 
has been shown that the larger the core diameter of the 
fibre utilized, the higher the signal-to-noise ratio that 
may be obtained at the output of the interferometer. A 
simple theoretical analysis is employed to show the 
trends in the results, using several reasonable assump-
tions and approximations and their agreement indicates 
that S/Nratio of the system is essentially proportional, 
to a reasonable approximation, to the square root of the 
mode number in the fibre, i.e. S / N ~ ' / m , where 
M  »  1. Hence by using larger core diameter fibres in 
white light interferometric optical sensors, a greater S /



478 Q. Wang et al. /  Optics Communications 118 (1995) 473^178

N  can be obtained, resulting in a further advantage in 
the construction and use it such a system.
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Abstract

A new signal processing scheme for central fringe identification in a white light interferometer is described. With the use of 
a simple, fast and low-cost multi-stage-squaring processing unit, the central fringe in the output fringe pattern can be considerably 
enhanced and the SNR^n required to identify the central fringe can be reduced from about 30 dB to 17 dB in a practical 
application.

Optical-fibre schemes based on the white light inter-
ferometer (WLI) represent a recently developed tech-
nology in the field of optical sensing and measurement 
[ 1 -6  ]. The method has several distinct advantages over 
other sensing approaches, such as a large dynamic 
unambiguous range with high resolution; a passive 
sensing head; it is “ down-lead insensitive” , and has 
immunity to the frequency variation of the optical 
source. A typical WLI sensing system uses a sensing 
interferometer which converts the measurand into a 
variation in the optical path difference (OPD) and a 
reference or recovery interferometer which will intro-
duce an OPD with the same value as the first in order 
to recover the profile of the interference fringes. By 
measuring the variation of the second OPD, the change 
caused in the first OPD and hence the measurand, can 
be obtained. Generally speaking, the accuracy of the 
WLI sensing system is determined by two basic factors: 
the first is whether the central fringe in the zero-order 
interference region can be accurately identified, and the 
second is whether the peak position of the central fringe 
can be precisely determined. In order to identify cor-
rectly the central fringe and thus its position, a number

0 0 3 0 -4 0 1 8 /9 5 /$ 0 9 .5 0  ©  1995 E ls e v ie r  S c ie n c e  B .V . A ll r ig h ts  re se rv ed  

S S D / 0 0 3 0 - 4 0 1 8 ( 9 5 ) 0 0 1 4 0 - 9

of novel schemes and new developments have been 
introduced and reported, such as the use of the centroid 
algorithm method [3], the calculation of the centre of 
gravity of the average fringe power [4], or by the use 
of a two- [5] or three- [6] wavelength combination 
source to generate a fringe beating pattern. An alter-
native approach to locate the position is of measuring 
the phase slope of the Fourier components of the appro-
priate time domain signatures (sampled interference 
fringes) in the frequency domain [7]. In this letter, a 
new signal processing approach which can improve the 
accuracy of identifying the central fringe from the out-
put of a white light interferometer is reported. This 
scheme is simple, fast, accurate and low-cost, and it 
can further reduce the signal-to-noise ratio (SNR) 
required for high quality identification.

The main goal of the signal processing is to enhance 
the relative value of the peak value of the central fringe 
whilst suppressing the peak values of other fringes, thus 
reducing the requirement on the SNR needed. For an 
interferometer illuminated using two incoherent light 
sources with different central wavelengths, as shown 
in Fig. 1, the light beams from two laser diodes are
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F ig . 1. S c h e m a tic  d ia g ra m  o f  th e  e x p e r im e n ta l a rra n g e m e n t u sed  in 

th is  w o rk , ( th e  e x p e r im e n ta l re s u lts  w e re  re c o rd e d  a t a . b , c , a n d  d 

re s p e c tiv e ly ) .

mutually incoherent with each other, and the output 
signal obtained from the interferometer is a result of 
intensity superposition of two sets of interference 
fringes. In this case, a “ fringe beat pattern” is created 
whose intensity, /(AL), can be described by summing 
the autocorrelation functions of the two light sources, 
given by

/(AL) = (l/4 ){ 2  +  exp[ — (2AL/LC)2]

X [cos(27rAL/A,) -Fcos(27rAL/A2) ]}

= (1 /2) {1 +exp[ — (2AL/LC)2]

X [c o s(27tAL/Aa)cos(2-7rAL/Am] } , (1)

where A,, A2 are the central wavelengths of the two 
sources respectively, AL is the OPD introduced by the 
interferometer, Lc is the source coherence length, and 
Aa = 2A,A2/(A 1 + A2) is termed the average wave-
length and Am=2A,A2/ |  A ,-A 2| the modulation 
wavelength. When this output signal is fed into a simple 
three-stage squaring circuit, the resulting output, 
L(AL), can be then written as

/„( AL) =  [/(AL) ]" , n  =  2 ,4 ,8 ,  (2)

where n = 2, 4, 8, /„(AL) represents the output of the 
first, the second and the third squaring operations, 
respectively. With the use of a simple computer pro-
gram, the output intensity as a function of the optical 
path difference for the cases of n  = 1, 2, 4, and 8 are 
calculated respectively, and the results are shown in 
Fig. 2.

In order to determine the minimum value of the sig- 
nal-to-noise ration (SNRimn) required to identify the 
central fringe, the amplitude difference between the 
central fringe and the second largest fringe within the 
zero-order fringe packet, A/, is defined as the maximum 
noise level and can be written as

A /= / '(0 )  — / ' ( Aa)

= 1 — {( l /2 [  1 +exp[ — 2AL/LC)2]

X [c o s(27tAL/Aa)cos(27rAL/Am) ]}". (3)

Clearly, if a system has a noise level which is equal to 
or greater than A/, the central fringe cannot be identified 
directly, simply through inspection of its amplitude. In 
other words, if the normalized peak value of the central 
fringe is defined as a unit signal, a minimum signal-to- 
noise ratio, SNRmin, required to identify the central 
fringe is given by

SNRniin(dB) = — 20 log(A//2) . (4)

In order to verify the principle of this signal proc-
essing scheme, the experimental arrangement shown in

O ptica l Path D iffe rence ( p m)

F ig . 2 . S im u la te d  re su lts  sh o w in g  th e  fr in g e  in te n s ity  as a  fu n c tio n  

o f  th e  o p tic a l p a th  d iffe re n c e  fo r  th e  c a se s  o f  ( a )  n =  1, ( b )  n =  2 , 

( c )  n =  4 , a n d  ( d )  n - 8 , re sp ec tiv e ly .
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O ptica l Path D iffe rence  ( p m)
F ig . 3 . E x p e rim e n ta l re s u lts  sh o w in g  th e  f r in g e  in te n s ity  a s  a  fu n c tio n  

o f  th e  o p tic a l p a th  d iffe re n c e  fo r  th e  c a s e s  o f  ( a )  n =  l ,  ( b )  n = 2 , 

( c )  n = 4,  a n d  ( d )  n  =  8 , re s p e c tiv e ly .

Fig. 1 was used in this work, where light from two 
multimode laser diodes (LT023MDO and LPM3.670, 
with central wavelengths of 780 nm and 670 nm, 
respectively) was injected into a multimode fibre (with 
a core diameter of 200 ptm and a length of 4 meters) 
via an 10 X objective lens. The collimated beam is 
modulated by the Michelson interferometer and 
detected with a photodiode. The output signals are then 
recorded before (for the case of n  = 1) and after each 
stage of the squaring operation and the results are 
shown in Fig. 3. The values of the SNR for each cases 
were measured and plotted in Fig, 4, in which the the-
oretical value of the SNRmin as a function of the value 
of the power, n ,  was also shown.

By comparing Figs. 2 and 3, it can be seen that the 
results obtained from the experiment are in good agree-

ment with those obtained theoretically. It is particularly 
important to see that as the number of the squaring 
operations increases, the relative peak value of the cen-
tral fringe becomes larger and it can be easily identified 
by the use of a conventional electronic preset threshold 
device. In Fig. 4, a similar trend in which the value of 
the SNRmin is reduced with the increase of the number 
of the power can be seen. This is because the maximum 
‘ ‘noise’ ’ defined here is, in fact, the difference between 
the peak values of the two fringes and it can be directly 
increased by a squaring operation. As a result, the iden-
tification of the central fringe becomes easier, and the 
value of the SNRmin required is lower.

It should be pointed out that the squaring operation 
can also increase the noise level induced by other 
sources, and the SNR of the output signal cannot be 
improved. However, since the amplitudes of the central 
fringe and the second largest fringe are much larger 
than that of the noise, the amplification of the amplitude 
difference (i.e. the “ noise” used to calculate the 
SNRmin required) between these two fringes is larger 
than that of the overall noise in the squaring operation, 
resulting the effect of enhancing the central fringe and 
suppressing other fringes.

In conclusion, with the use of the multi-stage squar-
ing signal processing scheme, the central fringe in the 
output fringe pattern can be considerably enhanced and 
the SNRmin required to identify the central fringe can 
be reduced, therefore making fringe identification eas-

Number of the power
F ig . 4 . B o th  e x p e r im e n ta l a n d  th e o re tic a l re s u lts  s h o w in g  th a t th e  

v a lu e  o f  th e  S N R mi„ is  re d u c e d  as th e  in c re a se  o f  th e  n u m b e r  o f  th e  

p o w e r a p p lie d .
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ily achieved with simple, conventional analogue 
devices.

The authors are pleased to acknowledge the support 
from UK Engineering and Physical Sciences Research 
Council.
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in  th e  A m e r ic a s  o n ly . J o u rn a ls  a re  s e n t  b y  S u rfa c e  M a il to  a l l c o u n tr ie s  
e x c e p t to  th e  fo llo w in g  w h e re  A ir  D e liv e ry  v ia  S A L  m a il is  e n s u re d  a t  n o  
e x tra  c o s t  to th e  s u b s c r ib e r :  A rg e n tin a , A u s tra lia /N e w  Z e a la n d , B raz il, 
H o n g  K o n g , In d ia . Is ra e l,  J a p a n , M a la y s ia , M e x ic o , P a k is ta n , P .R .
C h in a , S in g a p o re , S. A fr ic a , S. K o re a , T a iw a n , T h a ila n d , U S A  &
C a n a d a . C u s to m e rs  in  th e  E u ro p e a n  C o m m u n ity  s h o u ld  a d d  the  
a p p ro p r ia te  VA T  ra te  a p p lic a b le  in  th e ir  c o u n try  to  th e  p r ic e (s ).
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