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ABSTRACT

Experimental observations linked to a theoretical analysis of the so-called 

"self-mixing interference" in semiconductor lasers are presented, and several schemes using 

the self-mixing technique applied to the measurement of various physical parameters are 

proposed in this thesis.

A theory of self-mixing interference inside a single-longitudinal-mode diode laser 

is developed, based on steady-state equations of the lasing condition in a Fabry-Perot type 

laser cavity. The resulting theoretical models are first presented, and through them the 

necessary theory for an analysis of the self-mixing interference in a single-mode diode laser is 

given. It was shown that the optical intensity modulation produced by an external optical 

feedback was due to the variations in the threshold gain and the laser spectral distribution of 

the device used. The gain variation results in an optical intensity modulation, and the spectral 

variation determines both the modulation waveform shapes and the coherence properties of 

the interference. The theoretical analysis of the self-mixing interference yielded a simulation 

of the laser power modulation which was then investigated experimentally.

The semiconductor laser used in the experiment functions not only as a 

conventional light source but also as a self-aligned interferometer and a detector. The laser 

sends light, either in free space or through an optical fibre, to a changing target from which 

the optical backscatter is fed back into the laser and detected by the internal photodetector. 

This self-mixing effect inside the laser cavity results in the laser power variation which is 

related to the changes of the external physical parameters. The monitoring of the laser power 

thus provides a simple method for optical sensing.

In the experiments performed, three significant conclusions are drawn: (i) the 

occurance of the self-mixing interference is not dependent on the initial coherence length of
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the diode laser in the absence of external optical feedback, (ii) the interference is not 

dependent on the use of a single-mode or a multi-mode laser as the source and (iii) the 

interference is independent of the type of fibre employed, i.e. whether it is single-mode or 

multi-mode. Comparison of this kind of interference with that in a conventional 

interferometer shows that (i) self-mixing interference has the same phase sensitivity as that of 

the conventional arrangement; (ii) the modulation depth of the interference is comparable to 

that of a conventional interferometer and (iii) the directional information of the phase 

movement and that of a moving object scattering the light can be obtained from the 

sawtooth-like interference signal. The above factors have significant implications for optical 

sensing of a wide range of physical parameters.

Finally, several application schemes of the self-mixing interference technique are 

investigated, and the preliminary experimental results achieved highlight its significant 

advantages of simplicity, compactness and robustness, and the self-aligning, self-detecting 

abilities of self-mixing interferometry, when compared to the use of conventional interference 

methods.
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Chapter I Introduction

Chapter 1

Introduction

§1.1 Historical background

The effects of external optical feedback on the output of a laser have been observed to 

have a profound influence on the behaviour of the laser output intensity[Fujiwara et al 1981, 

Agrawal et al 1984], its threshold gain[Osmundsen & Grade 1983] and output spectrum[Miles 

et al 1980, Fleming & Mooradian 1981, and Yasaka et al 1991], and the physics underlying 

this behaviour is complicated and has been extensively discussed in the literature by various 

authors[Lang and Kobayashi 1980, Favre et al 1982, Acket et al 1984, Lenstra et al 1985, 

Henry and Kazarinov 1986, Petermann 1991b],

The effects of the feedback may cause a serious problem in the achievement of a 

satisfactory laser output in such applications as optical communications, fibre optical sensors, 

as well as optical recording. External optical feedback often arises in practice because of 

unintentional reflections from various optical components back into the laser cavity [Hirota & 

Suematsu 1979], For example, reflections at fibre ends or from various surfaces, back into 

laser diodes can increase the intensity noise of a laser system[Lang & Kobayashi 1980, 

Petermann & Weidel 1981], modify the coherence properties of the laser source used in an 

interferometer [Goldberg et al 1982 and Woodward & Thompson 1992] or degrade the 

modulation response characteristics of an optical communication system[Cho & Umeda 1986, 

Temkin et al 1986], A dramatic effect of this nature has been described by Lenstra et al[1985] 

who termed it "coherence collapse"[Dente et al 1988, Cohen & Lenstra 1989], He showed

1
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that the feedback may increase the spectral linewidth of the laser to many times that of the 

solitary laser linewidth with a consequential "collapse" in the coherent length of the laser from 

several meters to a few millimetres.

External optical feedback is commonly used to alter the characteristics of a 

semiconductor laser, such as reducing spectral linewidth[Agrawal et al 1984], selecting 

longitudinal-mode[Fleming & Mooradian 1981, and Barwood et al 1992] and wavelength 

tuning[Chuang et al 1990], In these cases, it is often beneficial to operate diode lasers with 

optical feedback. For example, the commercially available diode laser(Sharp LT035) has 

incorporated an external cavity to improve the wavelength stability [Sharp 1992], Economic 

production of these external cavity devices, fabricated in an "integrated form", is potentially 

possible for wide applications.

External feedback effects have been also studied for interferometric applications. In 

such studies, a portion of light emitted from a laser source is usually reflected by a distant 

external target back into the laser cavity. The reflecting light mixes "actively" with the light 

inside the cavity and as a result modulates the laser output power. This modulated laser output 

power may be monitored by an external photodetector(in the case of a gas laser)[Ashby & 

Jephcott 1963], by an internal photodetector(with a diode laser package)[Dandridge et al 

1980], or alternatively by measuring the junction voltage variation[Shinohara et al 1986] in 

the laser device caused by this external feedback. Measurements of the amplitude and/or the 

phase information of the laser power modulation have been widely used to sense physical 

parameters such as the index of refraction [Gerardo & Verdeyen 1963 and Ashby et al 1965], 

and velocity[Rudd 1968], and for ranging[Beheim & Fritsch 1986 and de Groot et al 1988] or 

displacement monitoring [Dandridge et al 1980 and Yoshino et al 1987], In these schemes the 

laser is used not only as a light source but also as an interferometer, also acting as an amplifier 

to the measurement signal, which presents some significant advantages, in practice, in terms 

of simplicity, compactness and robustness[Jentink et al 1988], It is this approach with which

2
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this thesis is concerned and the intensity variations produced by the feedback is termed the 

"self-mixing interference" to distinguish it from the phenomenon of conventional 

interference[Wang et al 1992].

In the early 1960s, King and Steward[1963] observed that the intensity of a 

helium-neon(He-Ne) laser beam could be influenced by feeding some of the output radiation 

back into the laser cavity. Their experiments showed that the change of resulting intensity was 

dependent on the phase of the feedback and that these intensity variations, induced by the 

external feedback, could be detected easily, even using an insensitive photodetector. They 

also found that the intensity modulation was similar to that produced by a conventional 

interferometer, such as the "fringe" shift corresponding to an optical displacement of V2, X 

being the oscillation wavelength of the laser. The term "laser interferometer" was then used 

by Ashby and Jephcott[1963] to describe a laser system subject to this type of feedback. In 

such an arrangement changes in the optical path length of the external cavity, produced by the 

longitudinal motion of the external reflecting target[King & Steward 1963] or by refractive 

index changes within the external cavity [Gerardo & Verdeyen 1963], caused a modulation of 

the laser intensity which could be monitored and then utilized for optical sensing, for example 

for displacement, for velocity measurement or for ranging, as with other optical techniques 

[Mitsuhashi et al 1976, and Yoshino et al 1987]. This approach was later developed by 

Rudd[1968], Lawrence et al[1972], Abshire[1974] and Churnside et al[1982] for atmospheric 

laser Doppler measurements.

With the progress in semiconductor laser technology in the 1980s, the phenomenon of 

backscattered modulation or self-mixing interference from diffuse-targets has been 

investigated by a number of researchers. A diode laser sensor was first reported by Dandridge 

et al[ 1980] for displacement measurement. Later a small laser Doppler velocimeter was 

reported by Shinohara et al[1986] using the self-mixing effect in a semiconductor laser. Based 

on the Shinohara’s experimental results, Shimizu[1987] found that the direction of the

3
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Doppler velocity could be determined from the shape of sawtooth-like waveforms observed in 

the self-mixing signal. These shapes reverse when the direction of movement of the target is 

reversed. A theoretical model was developed by Jentink et al[1988] and the self-mixing effect 

was explained simply in term of the interference between light inside the laser cavity and light 

re-entering the laser cavity. This assumption led to an obviously incorrect conclusion, in that 

the spectral linewidth of the laser mode of the multi-mode laser diode used in their
_ Q

experiments was less than 2x10 nm, which corresponds to an unusually long coherence 

length( 160 mm) for a multi-mode laser, which conflicted with their own measurements using 

conventional interferometry for the linewidth of 4.6 nm.

It has been known that the main features of the self-mixing interference are similar to 

those produced by conventional interference, but some characteristics observed in the 

self-mixing interference have been found to be dramatically different from those of a 

conventional interferometer. In order to interpret the phenomena observed in self-mixing 

interference, a number of theories have been developed. The early theories, presented by 

Gerado and Verdeyen[1964], Hooper and Bekefi[1966], Uchida[1967] and Potter[1969], were 

modelled on a laser cavity subject to a variable loss. A simple feedback amplifier model was 

also used by Rudd[1968] to describe the intensity modulation in a He-Ne laser which was 

employed not only as a light source, but also as a mixer-oscillator for velocity measurement. 

Churnside et al[ 1984] again studied laser Doppler velocimetry operating with external 

feedback. They used diffusely reflecting targets and observed the self-mixing effect with a 

CO2 laser, and termed this effect "backscatter modulation" as an alternative to self-mixing 

interference. Jentink et al[ 1986] used semiconductor lasers for velocity measurement and 

explained, as stated earlier, the intensity modulation in terms of the conventional interference 

between light inside the laser cavity and light reentering the cavity. De Groot et al[ 1988] 

disagreed with their assumption and developed their own theoretical model based on the 

mode structure of a three-mirror Fabry-Perot cavity, to explain the self-mixing signal

4
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generation as applied to velocimetry and ranging. The intensity modulation was explained as 

being due to the change of the carrier density inside the laser cavity. A further theoretical 

analysis for a multi-mode self-mixing laser was carried out by de Groot[1990], in which the 

intensity modulation was explained as a spectral mode modulation. Very recently, Koelink et 

al[ 1992a] presented a short outline of a theoretical model to explain the power fluctuations in 

their fibre optical self-mixing laser Doppler velocimeter, and later presented a computer 

simulation model to explain the sawtooth-like signals obtained[Koelink et al 1992b]. A 

simple theoretical analysis for self-mixing interference has also been presented by the author 

of this thesis[Wang et al 1993a]. In this analysis the power modulation due to the self-mixing 

is shown to be affected by the reflectivity variations of the laser facets, and this is discussed 

further in this thesis. However the spectral variations and other effects were not considered in 

the analysis.

The physics of external optical feedback in diode lasers has been extensively studied in 

the context of external cavity locking mechanisms [Lang & Kobayashi 1980, Mark et al 1988] 

and optical noise[Hirota & Suematsu 1979, Spano et al 1984, and Henry & Kazarinov 1986], 

The various theories developed for the modulation effect due to external optical feedback 

upon the laser output concentrate on the explanation of the experimentally-related 

observations, and often results in confusing interpretations of the self-mixing effects. It is 

obvious, as stated previously, that some phenomena observed with external optical feedback 

are dramatically different from those of conventional interferometry, and they cannot be 

simply explained using existing coherent interference theory[Olessen et al 1986, Jentink et al 

1988], Examples of these phenomena, that are not adequately explained, include the 

direction-dependent sawtooth-like output signals produced[Shimizu 1987], the waveform sign 

inversion between the two emission facets[de Groot et al 1988] and the dependence of the 

output on the initial coherence length of the laser used[Wang et al 1992a], particularly when 

self-mixing interference occurs in a multi-mode laser.
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It has been well-known that optical feedback has a profound effect on the optical 

spectrum and the threshold gain of a diode laser[01ssen and Tang 1981, Goldberg et al 1982, 

Osmundsen et al 1983]. The physics of a diode laser with external optical feedback could be 

understood from the analysis of the external cavity locking mechanisms and optical noise. 

With very weak feedback the spectral linewidth may be narrowed or broadened, depending on 

the phase of the feedback relative to the optical field within the active laser, and this has been 

used for laser linewidth reduction[Patzak et al 1983] and frequency tuning[Chuang et al 

1990], When the distance of an external reflector is smaller than the coherence length of the 

solitary laser used, a compound cavity model has been used by Lang and Kobayashi[1980] to 

interpret the observed phenomena. However, similar results to coherent feedback have been 

observed when the feedback field is incoherent with that inside the laser cavity. Some of these 

phenomena are linewidth reductionfYasaka et al 1991], coherence collapse [Cohen et al 1990], 

and even with the reflector distance as long as 7 km, using optical fibres, the laser spectrum is 

affected[Agrawal et al 1984], It is clear, from the existing coherent theory, that the coherent 

characteristics should not be observed if the fields superimposed are incoherent.

Therefore, it is evident from the above investigations that the output characteristics of a 

semiconductor laser are significantly altered by external optical feedback, no matter whether 

the feedback is fully coherent or incoherent with the cavity radiation of the solitary laser. The 

spectral linewidth of the diode laser may be broadened to many times that of the solitary laser 

linewidth, resulting in "coherence collapse" [Lenstra 1985], However it has been observed, 

under certain conditions, when self-mixing occurs beyond the coherence length of the solitary 

laser used, the coherence is enhanced by the feedback and again this is obviously due to the 

change of the spectral distribution. For example in the studies reported by Mark et al[ 1985] 

the normal spectral linewidth of 17 MHz of a single mode diode laser was reduced to a value 

as low as 1 Hz with Rayleigh backscatter light from a long fibre, which represents a 

coherence length of ~3xl05 km. It also shown that the spectral linewidth was inversely
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proportional to the fibre length. Both these phenomena will be discussed by the author of this 

thesis and a theoretical explanation to both "coherence enhancement" and "coherence 

collapse" will be presented in Chapter 4.

A significant difference of self-mixing interference to conventional interference results 

from the spectral change of the light source in the presence of external optical feedback. 

According to the Heisenberg’s uncertainty principle, the product of the spectral linewidth of 

the light source and the coherence time is close to unity. The coherence length is thus 

completely determined by the spectral linewidth, in another words, the conventional temporal 

coherence is based on the stablized spectral output of the laser used. Conventional 

interference patterns could not be observed if the OPD of the interfering beams were beyond 

the coherence length of the laser. However, with the case of optical feedback, the spectral 

distribution changes and thus the coherence of the laser device is now not dependent on the 

coherence length of the solitary laser but on the actual lasing spectrum in the presence of the 

feedback. In addition, from the viewpoint of a laser oscillation, the laser oscillation may be 

considered as a frequency selecting process, in which only those lights satisfying the 

oscillation conditions are able to produce laser output, and the rest is filtered out from the 

laser cavity and has no influence on the laser output power. This means that the self-mixing 

interference is subject to a non-linear superposition process due to the laser oscillation, which 

is significantly different from the conventional interference effect. A detailed theoretical and 

experimental study of the external optical feedback effect for optical sensing applications 

constitute the main contents of this thesis, as discussed later in detail.

§1.2 Aims and objectives of the thesis

The purpose of this thesis, is not simply to perform an experimental and theoretical 

investigation of the optical noise properties of the semiconductor laser subjected to external 

feedback, but to study the intensity modulation characteristics of the self-mixing effects,
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induced by the optical feedback field. The thesis is also concerned with the applications of 

external optical feedback effects for optical sensing techniques, i.e. the self-mixing 

interferometry in semiconductor lasers, and their theoretical investigations. As the self-mixing 

process is not a linear superposition of electrical fields as is the case in conventional 

interference processes, the theories developed based on the existing coherence theory are 

inadequate for explaining such self-mixing effects observed. Also the external feedback 

actually constitutes a part of the laser source, its presence thus changes the oscillation 

condition and the lasing spectrum of the laser, and therefore changes the coherence properties 

of the laser used in the presence of external feedback. All of these make the self-mixing 

process complicated and not easy to understand, and a new analytical method is therefore 

needed for further understanding some of the phenomena observed and for better 

implementing of the self-mixing techniques in optical sensing applications.

The main aims of this thesis are

(i) to present a clear theoretical description of the self-mixing interference phenomenon 

in semiconductor lasers;

(ii) to give a reasonable explanation to "coherence", sawtooth-like waveform signal as 

well as waveform sign inversion, resulting from the self-mixing process;

(iii) to compare theoretically and experimentally the self-mixing interference, occurring 

in semiconductor lasers, with the conventional optical interference;

(iv) to verify the results from the theoretical analysis with experiments performed;

(v) to demonstrate the use of the self-mixing techniques for practical applications in 

optical sensor systems.
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Following this introductory chapter, dealing with the background to the phenomena to 

be discussed and the presentations of the aims and objectives of the thesis, Chapter 2 and 3 

give brief descriptions of relevant optical interferometry and semiconductor laser physics. The 

purpose of these two chapters is to review the basic characteristics of optical interference and 

semiconductor lasers. They are presented as the necessary background information, to 

understand the external optical feedback effect. Chapter 4 presents a theoretical analysis of 

self-mixing interference in a single-longitudinal-mode semiconductor laser. This theory is 

based on the field analysis approach, which is used to describe the steady-state laser field. 

Since the self-mixing interference process is a relatively-slow, the transit time properties of 

the laser oscillation may be neglected, and the theoretical analysis is essentially based on the 

three mirror Fabry-Perot laser structure. Chapter 5 records the results of a series of detailed 

experimental studies of the self-mixing interference. The experimental observations are 

compared with those obtained from a conventional interferometer. In Chapter 6 several 

applications of self-mixing interferometry have been investigated and results are reported, 

which highlight the simplicity, compactness and robustness of the self-mixing method. 

Finally Chapter 7 presents an overall summary of the work done and some suggestions for 

further studies.
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Chapter 2

Introduction to optical interferometry

§2.1 Introduction

Optical interferometry is an elegant branch of optics, which has been playing an 

increasingly important role in a wide variety of physical measurements, by offering high 

resolving power and increased sensitivity[Smith 1971, Born & Wolf 1975, and Jackson 

1987], The technique of interferometry is derived from interference which occurs when 

radiation follows more than one path from its source to the point of detection and results in 

optical intensity variations as the point of detection is moved. The recent important studies of 

optical interferometry date from the work of Michelson, who invented the best known and 

most versatile interferometric device, called the Michelson interferometer, and was awarded, 

in 1907, the Nobel prize in physics for his contributions to the spectroscopic and metrological 

investigations with this device[Fowles 1968],

The principle of optical interferometry is based on the linear superposition of two or 

more coherent optical beams and the well-known experiment of such a two beam interference 

was Young’s experiment as presented in the next section. The superposition of optical beams 

always gives rise to interference and yields an observable interference pattern on the screen of 

detection if the beams superimposed are strictly monochromatic light, and such an 

interference phenomenon is said to be coherent. On the other hand, if the superposition 

produces no interference pattern, it is because the light beams were incoherent. In this 

Chapter, the interference phenomenon is first described, the basic principles of the Michelson
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and the Fabry-Perot interferometers are then presented, and the concept of coherence is finally 

introduced to give a simple description of the coherence theory.

§2.2 Interference phenomena

The principle of linear superposition, two-beam interference and the interference of 

multiple-beams are briefly described in this section.

§2.2.1 The principle of linear superposition

Interference phenomenon results from the interaction of two or more wave trains with 

an increase in intensity at some points and a decrease at others. If these wave trains are of 

strictly monochromatic light, their interaction at a given point in space will always give rise to 

interference and result in the display of an observable interference pattern on a screen. It is 

known that the theory of optical interference is based essentially on the principle of linear 

superposition of electrical fields. According to this principle, the electrical field £  produced 

at a given point in space is equal to the vector sum of the different electrical fields

where E\, £ 2, £ 3, are the electrical field vectors from different sources respectively, 

at the point in question.

For simplicity, let us consider two plane harmonic linearly polarised waves of the same 

frequency 00. The electrical fields, E\ and £ 2, are then

£ = £1 + £2 + E3 H--- (2- 1)

£l =Ai exp[—j(lc\- r-cot+cpi)] (2-2)

and

£2 = A2 exp[-j(Jc2- r  — cot + 92)] (2-3)
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where (pi, 92 represent any initial phases of the two electrical field sources; ~A\ and A2 

are constant real vectors of the two waves respectively; ¥\, lei, represent the field propagation 

vectors respectively; 7 is the position vector of the two electrical fields; t is the time and co is 

the optical frequency.

In this case, a characteristic field is created in which bright and dark "fringes" appear 

where the waves reinforce and cancel each other, respectively. Thus, the superposition of the 

two plane waves results in an intensity distribution, /, which is proportional to the square of 

the amplitude of the electrical field at the point in question, and is given by

I =\ E\ 2 = E E* = {A\ +Ai) ■ (A 1 +A2)* = IAil2 + IA2l2 + 2Ai • A2 cos 0 

=/l + I2 + 2A 1 ■ A2 cos 0 (2-4)

where I E I represents the amplitude of electrical field vector E , E' denotes the complex 

conjugate of the field E, and I\ = lAil , I2 = IA2I , representing the intensities of two plane 

waves respectively, A\ = \E\\ ,A.2 = \El\, being the field amplitudes of the two waves 

respectively and

0 = 7T - r - ^ - 7 +(pi-cp2 (2-5)

The term 1A\ ■ A2 cos 0 is called the interference term. This term indicates that the 

intensity, /, can be greater or less than the individual intensity sum I1+I2, depending on the 

value of 0. Since 0 is dependent on r, periodic spatial variations in the intensity occur, and 

these are termed interference fringes or an interference pattern.

§2.2.2 Two-beam interference

Two-beam interference is the simplest and most often studied interference phenomenon. 

The first experimental demonstration of such interference was performed by Thomas Young
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in 1802, as shown in Figure 2.1, where light, from a light source, S, is passed through a 

pinhole Si to illuminate an aperture consisting of two narrow slits or pinholes, S2 and S3. If a 

white screen is placed in the region beyond the slits, a pattern of bright and dark interference

bands can be seen.

To analyse the results of Young’s experiment, the important factor is to find the 

interference term which is determined by the phase difference between the two waves arriving 

at a given point p over the distance di and d2. Assuming that the distance, x, from the 

apertures to the screen is large enough, as shown in Figure 2.2, the fields produced by S2 and 

S3 may be considered approximately to be the plane harmonic waves, given by Equation (2-2) 

and (2-3). Here F( and Tc2 are the propagation vectors of the two component waves arriving 

from S2 an S3, respectively, and r is the position vector of a point in the region of space near 

the screen. If the distance, x, from the screen centre to the double slits is large compared to 

both distance, y, and slit separation, h, the phase difference, 0 , can thus be obtained as

CD
CD3

Figure 2.1 Young’s experiment of two beam interference

S—the light source, Si, S2, S3—pinholes, p—the observing point on the screen 

di, d2—the distances between the point p and the pinholes Si, S2

(2- 6)
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Figure 2.2 Geometry for analyzing two beam interference 

h—the slit separation, y—the distance between the point p and the screen centre, 

x—the distance from the screen to the double slits, r—the position vector from the centre 

of the double slits to the point p, ki, i<2—the propagation vectors from the slits Si, S2.

where k is the wavenumber and Acp = (pi -  cp2 is the initial phase difference. Thus, the 

intensity distribution, I, from Equation(2-4), is given by

/ = | £ | 2 = IAil2 + IA2l2 + 2Ai • A2 cos ( ^  -  Acp) (2-7)

Now if the slits are identical and Acp is zero, the above formula reduces to

/  = 2/0[ l+cos ( Ĵ Z)] (2-8)

9 9where I0 = I Ail = I A2I . The intensity distribution, therefore, varies between zero and 

4I0 depending on the argument of the cosine, and this implies that the intensity variation 

caused by the phase difference, 0, can be observed, and used for some physical 

measurements, which results in a corresponding change of phase. Examples are displacement, 

refractive index or distance and the measurement method based on the use of such 

interference phenomena is known as optical interferometry.
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§2.2.3 Interference of multiple-beams

Interference with multiple-beams instead of simply with two-beams has led to very 

important advances. The principle of multiple-beam interference is to employ a succession of 

coherent beams, all specifically related in phase and intensity, and combine them to produce 

interference fringes. The simplest structure for obtaining multiple-beam interference is shown 

in Figure 2.3, in which two parallel, partially reflecting plane surfaces, are used to form the 

multiple reflection between them. The surfaces may be semitransparent mirrors, or merely 

two facets of a solid-state laser crystal. The primary beam, E0, is partially reflected and 

partially transmitted at the first surface. The transmitted part is subsequently partially 

reflected back and forth between the two mirror surfaces. To analyze this, let r be the

coefficient of reflection and t the coefficient of transmission of the mirrors. Then the
2amplitudes of the successive internally reflected rays are given by E0 t , E0 t r , E0 t r ,—, 

where E0 is the amplitude of the primary beam. It follows that the amplitudes of the 

successive transmitted rays are Ea t , E„ t r ,E 0 t r , and the amplitudes of the

Figure 2.3 Multiple reflection between two parallel mirrors 

separated by a distance d
Eo—the incident light beam, Eri, Er2 , ...—the partly reflected light beams from 

the mirrors, Eti, Et2, ■■■—the partly transmitted light beams from the mirrors.
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2 2 3successive reflected rays are E0r , E0t r , E0t r as indicated in Figure 2.3 as 

Eti , E{2 ,E t3 and Er\ , Er2 , Er3 respectively. The geometric path difference between

any two successive transmitted rays is 2dcosQ where d is the separation between the reflecting 

surfaces, and 0 is the angle either ray makes with the surface normal. The corresponding 

phase difference 8(p between two successive rays is then given by

8cp = 2k d  cos 0 = 4n t - cos 0 A (2-9)

Adding the amplitudes of all of the transmitted rays, the transmitted electrical field, Et, 

is obtained as

Et = E0 t2 + E0 t2 2 e/8(p + E0 t2 r4 c/25<p + -

Er) t
1 - r V 5(p

j
The intensity It=\Et\ of the transmitted light is thus given by

It =
lo Iff

u_ry 5(pi2

2
where It = \Et\ is the intensity of the incident beam.

(2- 10)

(2- 11)

Furthermore, if R denotes the power reflection and T the power transmission of the one 

surface, then in terms of r and t, we have

R = Irl2, r= k l2 (2- 12)

Equation (2-11) can be then rewritten in the following alternative form:

/1 = ^ 2 --------(2-13)
(l-R) i + /  sin2(~^)

4 R
where/ = -------- is a measure of the sharpness of the interference fringes.

(1-f?)2
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Figure 2.4 Intensity distribution of multi-beam interference

The intensity distribution variation with 5tp is shown in Figure 2.4 corresponding to 

different values of /. When R is small, for example, R=0.2, f-1 .25  is also small the 

interference fringes are broad and indistinct, whereas R=0.9 is very large, leading to f-360, 

which is also very large, the fringes become very sharp and distinct.

§2.3 Basic interferometers

Two of the most important interferometers used in modern optics are introduced in this 

section. They are: (i) the Michelson interferometer, based on two-beam interference; and (ii) 

the Fabry-Perot interferometer, employing multiple-beam interference.

§2.3.1 Michelson interferometer

The optical interference of two light waves may be achieved physically by various 

means, for example, by making use of reflection, refraction or polarisation. One of the best 

known and most investigated interferometers is the Michelson interferometer. The basic 

configuration is illustrated in Figure 2.5, where light from a monochromatic source(S) is 

made parallel by the lens(L|). The light then falls on a beam splitter(BS) so that part of the
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Figure 2.5 The Michelson interferometer 

S—the light source for the interferometer, L1, L2—the lenses, M1, M2— 

the mirrors, BS—the beam splitter, C—the compensator plate, T—telescope.

light passes through BS and is reflected first by a mirror(M2) and then by BS so as to enter the 

telescope(T). The rest of the light is reflected at the rear face of BS, then by a mirror(Mi) 

from where it passes through BS to the telescope. The two beams of light entering the 

telescope are coherent if the path difference is less than the coherence length of the source and 

interference fringes can then be seen through the telescope. The compensator plate(C), which 

is a plate of glass of identical thickness to BS, is often included to ensure that the two arms of 

the interferometer can be made equal in terms of the optical path length reviewed.

The interference pattern is observed at T. Here the light appears to come from two 

virtual point sources S' and S", and the phase difference, 0, between them results from the 

separation of the two mirrors, Mi and M2, and may be expressed as:

0 = 2k(d\ -  d2) = 4k y  (2-14)

where di, d2 represent respectively the optical length between the mirror and the beam 

splitter, BS, and Ad = (d\ -  d2) is the length difference between them, X is the wavelength of
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the light source. If one of the mirrors, say M2, is free to move, then the optical path difference 

2Ad (and thus the phase, 9) of the light reflected from it will change relative to that reflected 

from Mi and the interference pattern will cross the field of view. If Ad changes by V2, the 

resulting phase change of 2k  will lead to a fringe shift. The distance moved by M2 can 

therefore be measured in terms of fringe shift, although such measurements are usually 

limited by the coherence length of the light source used. For absolute distance measurement, 

the measurement range is usually limited to be within V4, which is only about 2x 10 m for a 

typical solid-state laser source, operating at a wavelength of -800 nm[Jackson 1987].

§ 2.3.2 Fabry-Perot interferometer

The Fabry-Perot interferometer, devised by C. Fabry and A. Perot in 1899 has been 

widely used to measure wavelengths with high precision and to study the fine structure of 

spectral lines, and the Fabry-Perot cavity structure constitutes the simplest laser resonator 

configuration. It is well-known that the Fabry-Perot interferometer is based on the principle of 

multiple-beam interference effect, as presented in the proceeding section. A generalised FP 

interferometer, as illustrated in Figure 2.6, consists of two plane and parallel mirrors with

Figure 2.6 The Fabry-Perot interferometer 

S—the light source, Li, L2—the lenses, n, r2—the reflection coefficients of the FP mirrors, 

d—the separation between the FP mirrors, n—the refractive index, D—an optical detector.
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amplitude coefficients of reflection rj and n  separated by a distance d containing a medium 

of refractive index n, the light from a point source(S) is collimated by lens, Li, and propagates 

into the FP cavity. The output light from the cavity is then focused by a further lens, L2, onto 

a detector, D, through a pinhole. When one of the cavity mirrors is displaced along the optical 

axis, a periodic intensity variation may be detected by the detector, D, i.e. the fringes 

produced by the multiple-beam interference inside the FP cavity. For a passive FP 

interferometer, there is no amplification inside the cavity, but for an active FP cavity 

structure, for example a laser, there is an amplification produced by stimulated radiation

Figure 2.7 Block diagram of the FP feedback system 

EO, E1—the incident light beam and the transmitted light beam, t1, t2—the amplitude 

coefficients of transmission, r1, r2—the amplitude coefficents of reflection, G1, G2—the 

gain transfer functions of the light waves inside the FP cavity.

inside the laser cavity. The general case of the FP feedback system may be depicted as is 

shown schematically in Figure 2.7, where ti and t2 represent the amplitude coefficients of 

transmission; Gj(v) and Cj2(V) represent respectively the gain transfer functions of the light 

waves in the forward and backward directions inside the FP cavity; and v is the optical 

frequency. The transfer function, H(v), of the above system may be given by

H(y) =
t\t2G\(y)

1 -  nr2Gi(v)G2(v)
(2-15)
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The transfer functions Gi and G2 are considered generally to be identical in both 

directions, and they may be expressed as

if if

G\ (v) = G2(v ) = exp[-j2nvn̂  - + (g -  y )y  ] (2-16)

where d' = d cos 0 , and 0 represents the angle between the ray and the mirror normal; g 

and y are the optical gain and loss of the cavity per unit length respectively. In the case of a 

passive FP cavity structure, it may be considered that there is no absorption and no 

amplification inside the cavity, and the transfer function H(v) may thus be reduced to

„ ,. .x  t\t2exp[-jp\
/ 7 (  V  ) =  “  ”  “  ~

1 -  r\r2exp[-j2ty]

, ~ nd'where cp = 27tv—c

The power transmission Tp of this FP system is simply given by

(2-17)

Tp = \H(v)\2 = H(y)H*(y)

(titlY
1 + (rir2)z -  2rir2 cos (2tp)

(2-18)

2 2 • 2 2 Now R \= r\ , and i?2 = ^2 ■ For a lossless mirror, then, T \= t\ =1 — r\ = 1 — R\,

2 2T2 = t2 = 1 - / 7  = 1 -  R2, the above expression (2-18) thus becomes

TP =
(1 - f li) ( l- /? 2 )

[1 -  (RiR2)l/2f  + 4(RiR2)lA sin2cp
(2-19)

It can be seen that if Ri =R2-R, the above expression is identical with the 

expression(2-13). To illustrate the characteristics of the FP interferometer, the intensity 

transmission, Tp, versus the frequency, v, of the incident wave is depicted in Figure 2.8. The 

curve consists of a series of equally spaced maxima with the phase, cp, corresponding to an 

integral multiple of 7t radians, i.e. (\>-qn, where q is a positive integer and the frequencies vq 

of these maxima are given by
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Figure 2.8 Intensity transmission vs. incident frequency

Vq = q c
2nd'

(2-20)

The frequency difference between two consecutive maxima, Av is termed the free 

spectral range of the interferometer and is given by

Av = c
2nd'

(2-21)

From Figure 2.8 it is easy to see that the FP interferometer is like an optical filter in 

which only those specified frequencies of incident light may pass the interferometer. The 

maximum and minimum values of the transmission Tp are respectively

7max —
(1 -/?!)(! -  *2) 
[1 -  (R \R2)l/1]2

and

(2-22)

T m i n  =
(1 - R i )(1 - R2) 

[\ + (R \r 2) V2]2
(2-23)

To express the spectral half-width 8v of a transmission peak, the following condition

arises

Tm a x ___________ (1 — /?i)(l — R2)__________
2 [1 -  (R\R2)iAf  +4(R\R2)'/2 sin2(g7t + Sep)

(2-24)
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where 5cp is the phase deviation from the central peak(cp=g7t), it may be assumed that
Yictthis phase deviation 5cp is very small, with 8cp« V2, and thus sin(5(p) ~ 5cp = 27t(8v/2)—  . 

Substituting Equation(2-22) into (2-24) gives

(S<p)2
(1

4^R\R2
(2-25)

and thus the half-width, 8v, may be expressed by

5 c \ - { R \ R 2 ) Vl 

2nd' k (R \R 2 )'A
(2-26)

To provide a measure of the filter properties of the FP cavity, it is more convenient to 

define that the "finesse" F of the interferometer as[Svelto 1989]

____ free spectral range
fu ll width at half—maximum

= | v =  (2.27)
6v 1 -  (R \R 2 ) Vl

which indicates how narrow the transmission peak is in comparison to the free spectral

range.

§2.4 Coherence

In the proceeding sections, it has been assumed that the optical fields were completely 

coherent, monochromatic, and constant in amplitude. However, light produced by a real 

physical source is never strictly monochromatic[Dandridge et al 1981]. The amplitude and 

phase undergo irregular fluctuations with the result that the visibility is less than that of the 

interference pattern which would be formed by a truly monochromatic light source. The 

properties of a light source that are relevant to the interference phenomenon can be 

conveniently expressed in terms of the concept of optical coherence. In this section, the
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concepts of temporal and spatial coherence, fringe visibility, coherence length and spectral 

linewidth are introduced[Born & Wolf 1975, Fowles 1968, and Perina 1985],

§2.4.1 Temporal and spatial coherence

Light waves at two points or more in space or time that are capable, in principle, of 

being superimposed to produce interference effects are said to be coherent. The coherence is 

a measure of the extent to which a phase relationship is maintained both across the 

beam(spatial coherence) and along the beam(temporal coherence). For our studies in 

semiconductor lasers, the laser used is considered to be a point source because of the small 

emitting area of the semiconductor laser, the spatial coherence may thus be neglected in the 

theoretical analysis and the term coherence hereafter therefore refers to the temporal 

coherence, which plays a very important role in the self-mixing interference.

Temporal coherence may be defined in terms of the time for which the radiation emitted 

by a source remains predictable in phase. Assuming that the two interfering beams in the 

Michelson interferometer are of equal amplitude A, and the two beams originate from the 

same spatial source, the total field, Etotal, at the point of detection, D, is

Etotal = E\(t) + £ 2it -  At) (2-28)

where At represents the time delay between two interfering beams, which is linked to 

the optical path difference(AL) by At=AIVc, c being the speed of light. In the actual case of 

interference, the amplitudes and phases vary with time in a random fashion. The intensity at D 

is usually defined as the time average of the instantaneous light intensity, which can be 

expressed accordingly, as

/ = < Etotal ' Etotal > = <(El + Ei) ■ (E | * + E2*)>
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If the elctric fields are assumed to be stationary, i.e. the time average is independent of 

the origin of time, and that they have the same polarization so that their vectorial nature can 

be ignored. Then the above expression can be written as

I = I\2 + I22 + 2Re<A\A2> (2-29)

2 2where I\ = <1Ai I >, /2 = <IA2l >, and A \,A 2 are the amplitudes of the electric fields 

respectively. The last term in the above expression represents the interference between the 

two beams. If the optical field is perfectly sinusoidal, i.e. the light source is perfectly 

monochromatic, then this expression reduces to the standard interference formulation

I -Io (  1 + cos 0 ) (2-30)

where I0 is the average intensity; 0 = 2t w—  is the optical phase difference between the 

two beams, which determines completely the intensity variations around I0. However, if the 

source is not monochromatic but has a spectral composition given by its power spectrum 

function, p(v), the two beam interference may then be related directly to the power spectrum 

of the source. If the source is considered to be spatially coherent (a point source) , but 

temporally incoherent, the intensity, /, at D for such a non-monochromatic light source is 

given by a summation over the complete spectrum p{v), namely,

1= fp (v )[  1 + cos (27tvAr)] dv (2-31)

where p(v) is the power spectrum function of light source.

To illustrate the relationship between the interference and the power spectrum, the 

intensity distribution, 7, for a number of different optical sources is shown in Figure 2.9. Fig. 

2.9(a) shows the normal cosinusoidal fringes observed for a perfectly monochromatic source. 

Fig. 2.9(b) illustrates the effect of a finite linewidth spectrum on the fringes observed from a
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Chapter II Introduction to optical interferometry

Intensity

(al) Spectrum of monochromatic light (a2) The corresponding fringe patterns

ôv

, , , .................
v0 v

(b 1 ) A finite width spectrum

Intensity

(b2) The corresponding fringe patterns

Intensity

(c2) The corresponding fringe patterns

Figure 2.9 The source spectra and their correponding fringe patterns
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single frequency source. Fig.2.9(c) shows the intensity distribution of interference when the 

source used has a multi-mode spectral distribution.

§2.4.2 Degree of coherence

Light cannot be simply considered as either being coherent or incoherent; it has 

different degrees of coherence. Considering two wavetrains of light, each of finite length As, 

overlaping to their full extent in space or time, such complete overlap will result in distinct 

maxima and minima of the highest degree of contrast. Even if the wavetrains overlap only in 

part, interference is possible, although the degree of contrast of the fringes is less, depending 

on the degree of overlap[Fowles 1968].

In general, a normalized correlation function, p, is defined to describe the degree of 

coherence, which has a value between zero and one. In terms of Ipl, the following types of 

coherence may be defined and are illustrated schematically in Fig. 2.9

For two beam interference, p is also termed the fringe visibility function, V, and may be 

expressed as:

where W  and I min are the two limits of intensity variations. In this case, the visibility 

or degree of coherence, V, represents the fringe contrast. For a perfectly monochromatic light 

source, it is easy to calculate that the visibility function, V is 1, by using equ.(2.31), which 

means that the two beam interference is completely coherent no matter how large the optical 

path difference between the two beams. In practice, the light source has always finite spectral

Ipl = 1 

0 < Ipl < 1 

Ipl =0

complete coherence[Figure 2.9(a)] 

partial coherence[Figure 2.9(b), and (c)] 

complete incoherence

An  ax —  Aninmax (2-32)
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width. For example, the power spectrum of a single mode laser may be considered to be a 

Lorentzian distribution, as shown in Fig.2.9(b), and it can be expressed as:

/*v) = ---------P° ,  (2-33)
(v -  v„i + fiV iy

where p0 is proportionality constant, v0 is the central optical frequency, and 8v is the 

full-width at half-maximum of the power spectrum.

From Equations(2-31) and (2-33), the intensity, /, for two beam interference may thus 

be expressed as:

/  = I0[ 1 + exp[- y  l y  I ] cos (27tv0y  )j (2-34)

where AL represents the optical path difference(OPD). Figure 2.9(b) shows the intensity 

variation with AL. Substituting Equation(2-34) into Equation(2-32), the visibility function, V 

can be calculated to be

V=exp[- y l y l ]  (2-35)

This function represents an exponential decay of the interference fringes along AL. The 

maximum visibility occurs when the two arms of interferometer is balanced, i.e. AL=0. The 

visibility function is illustrated in Fig. 2.10.

§2.4.3 Coherence length and spectral linewidth

A useful indicator of the temporal coherence is the coherence time or coherence 

length(related by the velocity of light in the medium under consideration) within which the 

optical interference phenomenon could be observed. There is no standard definition of 

coherence length or coherence time, but an often used definition is that the coherence length
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V is ib i l i ty

l/e

0
D is t a n c e  (a rb .  u n i t s )

Figure 2.10 Visibility function of a finite width spectrum 

illustrating the definition of lc, the coherence length.

represents the distance, lc, between two interfering beams, where the visibility function drops 

to Ve, as shown in Figure 2.10.

According to this definition, the value of the coherence length, lc, may be obtained from 

Equation(2-35), which gives the following condition

where 5v is the full-width at half-maximum(FWHM) of the spectral distribution and c is 

the speed of light. Obviously, the coherence length, lc, and coherence time, xc, may be 

calculated from the above equation, they are:

This equation can be converted to calculate the coherence length, lc , in terms of the 

central wavelength of light, \ 0, and the spread of wavelengths emitted, 8̂ ., as

(2-37)

(2-38)
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Chapter II Introduction to optical Interferometry

It is clear that the expression(2-37) represents the well-known Heisenberg Uncertainty 

relation. Obviously the coherence length or time is therefore determined completely by the 

source spectral spread, and this implies that the temporal coherence is only a reflection of the 

source spectral distribution. If the spectrum is changed, the coherence properties will be 

changed. This important property will be studied in detail later in terms of the the self-mixing 

effect.

§2.6 Summary

The optical interference phenomenon forms the basis of modern optical interferometry. 

The principle of linear superposition of the fields, two-beam interference and the interference 

of multiple optical beams have been briefly discussed. Based on the principle of two-beam 

interference, the Michelson interferometer is the best representive and the most investigated, 

whilst the Fabry-Perot device is the most well-known interferometer for multiple beam 

interference and is widely used as the laser cavity structure for most types of lasers. The basic 

principles of these two type of interferometers have been described in this Chapter.

Coherence is an important concept in optical interferometry and is of particular concern 

in the later studies of self-mixing interference in diode lasers. It has been shown, in this 

Chapter, that the coherence property of a light source is completely determined by its spectral 

distribution. The narrower the spectral linewidth of the source, the longer its coherence 

length, and the optical interference is closely related to the coherence. If the light source for 

an interferometer is incoherent, no interference phenomena will be observed.
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Chapter III Principles of semiconductor lasers

Chapter 3

Principles of semiconductor lasers

§3.1 Introduction

This thesis deals with the so-called "self-mixing interference" in semiconductor lasers, 

which essentially relates two important phenomena: the optical interference effect produced 

by the external optical feedback field and the mechanism of semiconductor laser sources. In 

the self-mixing configuration the semiconductor laser is viewed not only as a conventional 

light source, but also as an interferometer; the combination of both functions makes the 

self-mixing interferometric system simple, compact and easy to align.

It is obvious that the semiconductor laser itself plays an extremely important role in the 

self-mixing interference effect to be discussed. In order to study the self-mixing effect inside a 

semiconductor laser in detail, it is essential to understand the basic principle of semiconductor 

laser oscillation, its lasing characteristics, and the spectral properties and the coherence 

properties associated with the self-mixing interference. In this Chapter, the basic properties of 

semiconductor lasers are presented, with a simple description of the laser structure. A 

simplified theory, which is based on the rate equations and the field approach, is also 

presented[Verdeyen 1981, Loudon 1983, and Petermann 1991a].

§3.2 Properties of semiconductor lasers

Semiconductor lasers are widely used for many applications, ranging from playing 

music on compact discs to sending signals through optical fibres, because of their
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Chapter III Principles of semiconductor lasers

compactness, high output power and compatability with semiconductor electronic 

components. The process of light emission in semiconductor materials is due to the presence 

of recombination radiation of electrons and holes where the recombination energy is released 

as light. This process is also called current injection, so semiconductor lasers have been 

termed injection lasers or diode lasers[Rieck 1970, Thompson 1980, Hecht 1988, and Sevlto 

1989],

§3.2.1 Semiconductors

A semiconductor is a material with electrical properties intermediate between those of a 

conductor and an insulator. The electrons in a conductor(e. g. a metal) are free to move in the 

material and carry an electrical current. The electrons in an insulator are tightly bonded to 

atoms, and thus cannot move. In a semiconductor, some electrons are loosely bonded to 

atoms, so some movement is possible.

The movement of electrons in the conduction band and holes in the valence band results 

in the conduction of electrical current in the semiconductor material. The related energy-level 

diagram is illustrated in Figure 3.1. The valence band is almost full of electrons, while the 

conduction band is almost empty and the gap in between is termed the energy gap.

Bandgap

Conduction
Band

Valence
Band

Figure 3.1 Energy-level diagram in a pure semiconductor
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Chapter III Principles of semiconductor lasers

In a pure semiconductor material(or intrinsic material) the number of electrons and 

holes must be always equal and this number can be changed by either changing the 

temperature or changing the electron and hole populations through other means. If the 

temperature of a semiconductor is raised, then it becomes possible for electrons in the valence 

band to be thermally excited into the conduction band, where they can move about freely. The 

number of electrons depends on the size of the gap and the temperature, and according to the 

Boltzmann law

Y v = exp[~KT{Ec~ Ev)] (3_1)
where Nc and Nv are the numbers of electrons in the conduction band and valence band, 

respectively, Ec-Ev is the energy difference between the two states, k is the Boltzmann 

constant and T is the temperature(in Kelvin).

Another way of changing the electron and hole population is by doping the 

semiconductor with atoms whose valences differ from that of the host material(i. e. by adding 

impurities). For example, suppose that silicon(tetravalent) is dopped with phosphorous which 

is pentavalent. Each phosphorus atom replaces one of the silicon atoms and four of its five 

valence electrons are used to satisfy the bonding requirements of its four neighbours [Figure 

3.2(a)], and the fifth is left free to conduct electricity in the crystal. A semiconductor doped

Figure 3.2(a) Bonding in doped n-type silicon
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Figure 3.2(b) Bonding in doped p-type silicon

with such electron donors is called an n-type semiconductor, because the doping produces 

negative current carriers.

In another case, the impurity atom may have only three electrons. All three electrons 

form bonds with surrounding atoms, but a "hole" remains in the crystal where the forth 

electron should be, as shown in Figure 3.2(b). An electron from elsewhere in the crystal can 

move in to fill the hole, which in effect causes the hole to move to the place where the 

electron used to be. Thus, the hole can "move" or carry current in the semiconductor. The 

material doped with such electron acceptors are called p-type semiconductors.

§3.2.2 Light emission from the semiconductor junction

The semiconductor laser is basically a p-n junction which is formed between two parts 

of a semiconductor crystal with different doping. In practice, the semiconductor begins as a 

substrate(e.g. a modest level of p-doping). Then additional dopants(e.g. a n-doping) are 

diffused into the material from one side of the crystal, forming in the top layer of the 

semiconductor an n-type material, while the bottom remains p-type material, as shown in 

Figure 3.3. Such a device acts as a diode, i. e. a device that will pass current in one direction 

but not in the other. The junction between the n- and p-type materials is thin(about 0.1 to 1
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Figure 3.3 A p-n junction by doping of semiconductor crystal

pm) and represents many atomic layers. The hole concentration is roughly that of the p-type 

impurities, the electron concentration is roughly that of the n-type impurities.

Suppose that a semiconductor diode is forwarded-biased(i.e. a positive voltage is 

applied to the p-side and a negative voltage to the n-side), as shown in Figure 3.4, the p 

carriers in the p region are attracted to the negative electrode, while the n carriers in the n 

region are attracted to the positive electrode. This pulls all the current carriers across the 

junction. The result is that the current starts flowing in an electronic diode, but in an optical 

device, the electrons from the n-type material recombine with holes from the p-type material,

Figure 3.4 Forward-biasing p-n junction in a semiconductor
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Chapter III Principles of semiconductor lasers

releasing energy at the junction and much of this recombination energy is released as light. 

Light emission from the recombining electrons and holes serves as the basics of light-emitting 

diodes(LEDs) and diode lasers(LDs).

§3.2.3 Semiconductor lasers

In a light-emitting diode(LED), the light is produced by spontaneous emission and 

radiates in every direction. The upper limit of the wavelength of light emitted is determined 

by the band gap Eg and is given by

Eg = Ec- Ev = ^  or 1 = ^  (3-2)
K Eg

where X is the wavelength of emitting light, h is the Planck’s constant(4.135x10’15

+8eV/Hz) and c is the speed of light in vacuum(2.988x10 m/s)

Unlike LEDs, semiconductor lasers are obtained by cleaving the ends of the 

semiconductor crystal to form two parallel reflective crystal surfaces(illustrated by Figure 3.5) 

so that part of the generated light can be reflected back into the semiconductor material. 

Because of the high refractive index of the semiconductor crystal, the end-facets give a high 

reflectivity and form a Fabry-Perot resonator, which has a considerable finesse. This resonator

F ig u re  3.5 A  sem ico n d u cto r laser by  c leav ing  c ry sta l facets
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may be excited into laser oscillation, approximately over the thickness of the region where the 

injected carriers recombine, when the injection current is raised above a certain value known 

as the "threshold". In this process of laser oscillation, the electrons participate in three types 

of interaction with the photons, namely spontaneous emission, absorption, and stimulated 

emission. The first transition process, named spontaneous emission, occurs when an electron 

in the conduction band falls into the valence band during the recombination, it emits much of 

the energy in the form of a photon with energy roughly equivalent to that of the band gap.

The second transition process, absorption, occurs when a photon of light strikes an 

electron in the valence band. The photon is absorbed, and the electron concerned is raised to 

an empty state in the conduction band. This phenomenon is called induced absorption.

The third transition process, stimulated emission, occurs when a photon strikes an 

electron in the conduction band and emits a second photon. The emitted photon has 

essentially the same frequency, the same phase and travels in the same direction as the 

incident photon. This phenomenon is called stimulated emission.

The stimulated emission process is unlikely to occur when the semiconductor is in a 

state of thermal equilibrium because of the small number of electrons in the conduction band. 

However, above threshold the number of electrons in the bottom of the conduction band is 

made to exceed the number of the holes in the top of the valence band. This condition is 

well-known in other type of lasers as population inversion, and it is achieved in a 

semiconductor laser by applying an injection current to a p-n junction. In the population 

inversion state, stimulated emission predominates over induced absorption, resulting in the 

amplification of light.

When the semiconductor material forming the resonator is brought to a state of 

population inversion, light generated by spontaneous emission is amplified and repeatly 

reflected by the front and rear reflective facets. Light emitted in any direction not parallel to
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Figure 3.6 Typical broad-area p-n homojunction GaAs Laser

the optical axis of the resonator will pass through the sides of the resonator and not be 

amplified further. The component of the spontaneously emitted light which travels parallel to 

the optical axis, will be repeatedly reflected by the mirror facets. As the light travels through 

the semiconductor material, it is amplified by stimulated emission. At each reflection, the 

beam is partially transmitted through the reflective facets. Laser oscillation begins when the 

amount of amplified light becomes equal to the total amount lost through the sides of the 

resonator, through the mirror facets, and through absorption by the semiconductor material 

etc. Figure 3.6 shows a schematic of a broad-area p-n homojunction GaAs semiconductor 

laser.

§3.3 Structures of semiconductor lasers

There are a variety of semiconductor laser structures which have been developed and 

used[Sharma 1974, and Hecht 1989]. In this thesis, the detailed structures will not be 

investigated but the focus will be on broad categories that cover the most important types and 

concentrate on the variations which have the most significant effects on the performance of 

the self-mixing interference.

§3.3.1 Homojunction semiconductor laser
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Homojunction semiconductor lasers are made entirely of a single semiconductor 

compound, typically gallium arsenide, with different portions of the device having different 

dopings. The junction layer is the interface between n- and p-doped regions of the same 

material. This structure was used in the first diode lasers but has since been replaced by other 

structures which can provide better laser characteristics.

In a homojunction laser, the semiconductor has essentially a uniform reflective index 

throughout , so light building up in the active layer can diffuse into surrounding layers. The 

schematics of the structure, the refractive index profile and the beam confinement is shown as 

in Figure 3.7(a).

§3.3.2 Single-heterojunction lasers

Single-heterojunction lasers are those in which the active layer has one boundary with a 

material having a different bandgap. In practice, this means that it is sandwiched between two 

layers of different chemical compositions(typically GaAs and GaAlAs), as shown in Figure 

3.7(b), which have different bandgaps. Most often the active layer is GaAs, and the laser

n

1

I L _
P -

G a A lA

N-

G aA l

/N -

G a A s

G a A s

(a) Homostructure laser (b) Single-heterostructure laser (c) Double-heterostructure

Figure 3.7 Different types of semiconductor lasers corresponding to refractive index profiles, 

intensity distributions and structures, n-refractive index, I-intensity
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emission wavelength is -904 nm. Single-heterojunction lasers have more useful laser 

characteristics than homojunction lasers and are widely used to produce high peak powers in 

pulsed operation. They are offered as single devices or as "arrays" assembled from separate 

chips. However, single-heterojunction lasers are relatively inefficient and have high threshold 

currents that make them unsuitable for continuous or high-duty-cycle operation, such as in 

fibre-optic communications systems.

§3.3.3 Double-heterojunction lasers

Double-heterjunction lasers have an active(light-emitting) layer bounded by two layers 

of different materials, for example GaAs sandwiched between two GaAlAs layers, as shown 

in Figure 3.7(c). These lasers have proved the most suitable for continuous operation and have 

found widespread use in fibre optics. They cannot produce pulses with high peak power, but 

can operate continuously or with high-duty-cycle at powers of up to tens of milliwatts at room 

temperature. Their active layers are thinner than those of single-heterojunction lasers, so they 

can have threshold current densities low enough to operate continuously at room temperature.

§3.3.4 Stripe-geometry lasers

Stripe-geometry lasers are a sub-category of double-heterjunction lasers in which the 

emission is confined to a narrow stripe along the length of the laser, as shown in Figure 3.8. 

Typically the stripe is 1 to 10 pm wide, compared with widths of 50 pm or more for earlier 

double-heterojunction diode lasers. The stripe-geometry laser has a number of attractive 

features. Because the drive current is concentrated in a smaller stripe area, the threshold 

current for laser action is lower than that in wider-stripe lasers. The narrower stripe also 

improves beam quality by limiting the number of spatial modes in which the laser can 

oscillate, often to a single mode. The small emitting area corresponding to the stripe width is 

important for fibre optic applications, because it aids in coupling to single-mode fibres.
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Figure 3.8 A schematic of a stripe-geometry double 

heterostructure semiconductor laser

The active-region width can be limited by two basic techniques. One is called gain 

guiding and relies on variations in the injection-carrier density and optical gain across the 

active region. The other is index guiding, in which the active region is defined by changes in 

the composition of the semiconductor that establish refractive index boundaries in the plane of 

the active region. Index-guided lasers tend to have better-quality beams, sharper turn on, and 

more linear output-current characteristics, and have found increasing uses in applications that 

require small spot size. However, they are vulnerable to some noise and feedback effects, for 

applications in communication and conventional interferometric optical sensors.

Gain in semiconductor lasers is very high, so the resonator cavities are short, typically a 

few hundred micrometers long. The resonator cavities are unusual in shape because of the 

nature of the active layer, which typically is a tenth of a micrometer to a couple of 

micrometers thick, and between a few and about 100 pm wide.

§3.3.5 Distributed feedback lasers

Conventional semiconductor lasers have a gain bandwidth broad enough to span several 

longitudinal modes. Above threshold, one mode usually dominates the laser output spectrum,
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but changes in temperature and other operating conditions can cause a semiconductor laser to 

"hop" from one dominant mode to an adjacent one. To obtain a stable single longitudinal 

mode spectrum, a typical approach is use of the distributed feedback(DFB) laser, as shown in 

Figure 3.9. It contains a diffraction grating that scatters light back into the active layer. The 

grating can be along the length of the part of the active layer where there is gain(Figure 

3.9(a)), or it can extend beyond the ends of the region where there is also gain(Figure 3.9(b)). 

The feedback leads to interference effects which allow oscillation only at wavelengths which 

are reinforced by the scattering effects.

The grating spacing(D) needed to select a particular wavelength(X) in a 

distributed-feedback laser depends on the refractive index in the laser medum(rc) and the value 

of a positive integer m in that gives the order of distributed-feedback coupling

D = m^~ (3-3)2 n
Typical values of m are 1 or 2. For a 1.55 mm DFB laser made of InGaAsP(n=3.4) with 

m=2, the value of D is found to be 456 nm. Thus the DFB limits laser oscillation to a single

(a) Distributed feedback along active layer (b) Distributed feedback outside active layer

F ig u re  3.9 D istrib u ted  feedback  sem ico n d u cto r lasers
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longitudinal mode, giving the laser a very narrow bandwidth. The oscillation wavelength does 

shift slightly with temperature because the refractive index, n, is a function of temperature, 

but this change is much smaller than the wavelength shifts in conventional semiconductor 

lasers. DFB lasers are quite expensive and difficult to fabricate because of the complexity of 

their structure.

§3.4 Light/current characteristics

Semiconductor lasers are compact sources of high power near-infrared radiation. They 

are driven by low power electrical injection and are compatible with semiconductor circuitry, 

which results in an all-solid state, rugged, reliable device. Modulation of the laser output is 

extremely simple to accomplish. Light/current characteristics represent the basic properties of 

semiconductor lasers and this is the most important factor describing the quantum 

efficiency [Petermann 1991a],

At low current levels, the semiconductor lasers generate some spontaneous emission as 

do LEDs. However, as the current level increases, the lasers pass a threshold where the 

population becomes inverted and laser action begins. A graph of output optical power(P) 

versus the injection current(T) is illustrated as in Figure 3.10. Below threshold, light is emitted

Figure 3.10 Laser light power vs. injection current
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with very low efficiency. Once the current has passed the threshold level, the light output rises 

steeply, indicating the presence of stimulated emission. The spontaneous emission has a low 

quantum efficiency so that considerable optical power is emitted only above threshold, where 

the carrier density is considered to be clamped because any further current increase does not 

yield a further increase of the carrier density. Therefore any injected electron in excess of the 

threshold current must contribute to the stimulated emission and the emitted stimulated power 

becomes proportional to (J-Jth), where Jth is the threshold current.

§3.5 Simple theory of a single-mode semiconductor laser

Laser radiation can be generally described by a complex electric field as a classical 

self-sustained oscillation [Lax 1967]. The lasing characteristics may thus be either described 

by using the rate equations [Adams 1973] or by the field equations approach [Verdeyen 1981]. 

Under ideal conditions, laser radiation will oscillate at a discrete frequency dictated by the 

laser cavity mode that has the highest gain-to-loss ratio, however, the presence of various 

noise sources in the lasing process makes the laser field unable to oscillate at a pure 

frequency(i.e. a single frequency sinusoidal wave) but with a limited spectral linewidth. A 

formula for the linewidth of gas lasers was first derived by Schawlow and Towns[1958], the 

iineshape for such a gas laser was found to be Lorentzian and the linewidth to be narrowed 

inversely with the laser output power.

The first linewidth measurement for AlGaAs semiconductor lasers were made by 

Fleming and Moordian[1981a], They confirmed that the lineshape was Lorentzian and the 

linewidth was narrowed inversely with power as expected, but the width was much greater 

than that predicted by the previous formula. Later the lineshape of a single-mode 

semiconductor laser was found by Daino et al[ 1982] to be not a perfect Lorentzian, but having 

adjacent satellite peaks, as shown in Figure 3.11. These satellite peaks have a magnitude of
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Figure 3.11 The laser spectrum with satellite side peaks 

X-axis—the laser optical frequency,

Y- axis —the normalized laser power spectrum.

about 1% of the main peak[Vahala et al 1983], The deviations of semiconductor laser 

characteristics from the well accepted theory for the operation of gas lasers have been 

extensively studied by a number of researchers, such as Hang and Haken[1967], Henry[1982, 

1986], Vahala and Yariv[1983], In this section, the steady-state conditions for laser oscillation 

are analysed and then the well-known standard laser equations are introduced, and finally the 

lasing spectral linewidth and the coherence concerned for optical interferometry are 

considered.

§3.5.1 Lasing conditions

In the following analysis, the simplest laser cavity structure is considered, which is 

represented by a Fabry-Perot type cavity, as shown in Figure 3.12, where a stripe waveguide 

along the active layer is formed and the optical wave may propagate along this waveguide 

until it is reflected after a length, d, at the cleaved rear endface of the laser device. The high 

degree reflection occurs because of the mismatch between the refractive index of the 

semiconductor(n=3.6) and the surrounding air(n=1.0), and the corresponding power reflection 

coefficient may be calculated to be about 0.32.
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Figure 3.12 Fabry-Perot cavity structure of a diode laser 

Eo—an initial electric field vector inside the laser cavity, E i, E2— 

electric field vectors of laser output in its two directions, ri, r2— 

amplitude reflection coefficients of the laser facets, n—refractive 

index of the laser cavity material, d—laser cavity length

The electric field travelling to the right is designated the positive direction(z direction) 

and the facet n  is given the initial position(z=0) of the z axis. Ej and E2 represent the electric 

vectors of the light waves emitted through the two facet mirrors of the laser cavity 

respectively. An initial electric field, E0, inside the cavity will be amplified due to stimulated 

emission both in the forward direction and in the backward direction. The gain transfer 

function G(v), according to Equation(2.16), may be expressed as

G(V) -  e x p l - j l i w —  + ( g -  y ) |]  (3-4)

where v is the optical emission frequency, g is the optical gain due to the stimulated 

emission(per unit length cm"1) and y accounts for the optical loss within the laser cavity per 

unit lengthtcnT'). After a complete roundtrip via the laser facets ri and r2, the transfer 

function R(v) may be expressed as

R (V ) = r\ r2 G|(V)G2 (V) 

yid
= r\ n  exp[-j4TZ\t—  + (g -  y)d\ (3-5)
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where Gi(v), G2(v) represent the gain transfer functions in the forward and backward 

directions repectively. For a stationary laser oscillation, the amount of amplified light 

becomes equal to the total light lost through the sides of the cavity, the laser facets and by 

absorption in the semiconductor material. This requirement leads to

ndR(y) = r\ r2 exp[-j4nv— + (g — y)d) -  1 (3-6)

It implies that the occurance of laser oscillation requires the roundtrip gain to be equal 

to unity. It is easy to see that this condition cannot be realised in a passive FP cavity because 

there is no stimulated radiation and the maximum transmission through the cavity is always 

less than 1. However, in an active cavity, this condition can be realised because the light 

inside the cavity is repeatedly amplified through the stimulated emission process. The 

amplified light will cause a lasing state after undergoing several transits of the cavity. It is 

known that the amplitude of the amplified light cannot be increased without limit, it will be 

clamped finally by the gain saturation of the laser material. Thus once a stablized optical flux 

is established inside the cavity, the laser oscillation will be formed and light waves with the 

same phase, and the same direction, will be emitted from the cavity. The modulus of 

Equation(3-6) yields the amplitude condition for the required gain g, while the roundtrip 

phase condition, by equating the phase to an integral multiple of 2n radians, results in the 

expected lasing frequency, v0.

If the required laser gain and the possible oscillation frequencies at threshold are 

denoted respectively as gth and Vth, the following two conditions from Equ.(3-6) may be 

obtained

(i) r\r2exp[(gth~y)d] = 1

and

(ii)
nd

O  =  4nvth—  =  2^71, q= 1,2,3,
The amplitude condition (i) results in the following gain expression for laser oscillation

1 , 1gth = Y + ^ ln -----a r \ n
(3-7)
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and the phase condition (ii) leads to the oscillation frequencies being given by

V;/( = q
2 n d

(3-8)

where gth accounts for the minimum gain for the laser oscillation, which is termed the

threshold gain and Vth represents a series of the possible oscillating frequencies inside the
claser cavity, with the modal spacing Av = . However, the actual lasing frequencies (or

modes) are determined by the gain spectral distribution of the laser cavity material, typically 

the spectral width being around 5 nm, which permits several longitudinal modes of the laser 

cavity to be excited[Lang & Kobayashi 1980], In a single mode laser there is only one stable 

lasing frequency that oscillates, but in a multi-mode semiconductor laser there are a number 

of stable lasing frequencies oscillating at any one time. For simplicity of the theoretical 

analysis, the case of a single-longitudinal mode laser only is considered in the theory.

Equation (3-8) represents a laser oscillating at a series of discrete frequencies, each 

frequency determined by the value of q. In the single mode case(for a given value of q) this 

particular lasing frequency Vth is dependent on the cavity length, d, and the refractive index, 

n, of the laser crystal, it is known that the value of this refractive index is strongly dependent 

on both the excited carrier density, N, and the temperature of the semiconductor material. The 

fluctuations of the carrier numbers, the quantum nature of the laser oscillation, the 

environmental temperature drift as well as other factors will contribute to a finite spectral 

width to this lasing frequency, and the laser cannot oscillate simply at one discrete frequency 

but with a non-zero spectral distribuation around the central lasing frequency v0-

To take into account the dispersion effect (i.e. the variation of the refractive index with 

frequency), an effective group refractive index ng of the lasing mode is defined as:

dnftp = n0 + v—  = n0 + Aft0 r!\l (3-9)
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where n0 is the effective refractive index for the lasing mode and An accounts for the 

changes of the refractive index due to dispersion. Substituting Equation(3-9) into (3-8), the 

lasing frequency Vth in Equation(3-8) may be expressed as

Vth = q
2 (n0 + An)d 

c Anc An
: q o— -, ~ q — = Vo -  v0-

2nod 2 nod n°
(3-10)

where Vo represents the central lasing frequency and the second term in the above 

expression accounts for the deviation of the lasing frequency from the central frequency Vo 

due to the variation of the refractive index An.

§3.5.2 Standard laser equations

The field approach described in the previous section is useful in analyzing the steady 

state behaviour of the laser oscillation. To describe the dynamic characteristics of the laser 

oscillation, the standard laser equations are often used[Lang & Kobayashi 1980, Streifer et al 

1982, Marcuse 1983, Schunk & Petermann 1988], Under lasing conditions, the semiconductor 

laser cavity is filled with a gain medium which amplifies the lasing light by stimulated 

emission and compensates for the cavity losses. The following laser equations have been 

widely adopted for describing the semiconductor lasing process

dF 1
= H2JCV0V) + \(G{N) -  r)lE(r) (3-11)

d̂ t = Je -%N-G(N)\E(t)\2 (3-12)

where E(t) is the electric field, normalised to represent the photon numbers inside the 

lasing mode; v ( N )  is the cavity resonance frequency; G(N)  and E are the cavity gain and loss 

per second respectively, and N  is the carrier density inside the laser cavity. They are linked to 

the optical gain g and loss y  by

(3-13)G(N) = Vg g(N) 

T =V g y
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cwith Vg-  — is the effective group velocity of light inside the laser cavity, and % is therig
inverse spontaneous lifetime of the excited carriers; J is the injection current; and e is the 

electronic charge.

§3.5.3 Steady-state conditions

To achieve laser oscillation, it is known that the electric field is amplified repeatedly 

inside the cavity, yet the amplitude of the oscillation will be not amplified infinitely, but will 

be limited by the gain saturation and other nonlinear effects in the lasing process. The 

electrical field E(t) will approach a steady-state value and form a stablized oscillation field, 

this electrical field can be determined from Equation(3-l 1) by setting E(t) to be

E(t) = A exp[-/'2mw] (3-15)

where A is a constant representing the stablized oscillation amplitude of the electrical 

field and Vth represents the output frequency of the laser oscillation in the steady-state.

By substituting Equation(3-15) into Equation(3-l 1) and separating the real and 

imaginary parts of the equation, the following results are obtained

G ( 7 V ) - r  =  0  ( 3 - 1 6 )

and

v(A0 - v th = 0 (3-17)

Thus the required threshold gain and the lasing frequency may be obtained from the 

above equations, and they are respectively

Gth = G(Nth) = Vg y + ^ - .  In—  (3-18)
nod r \ r 2

and

Vth = v(N th) = q cp—, (3-19)ÂHqCi
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where Nth is the carrier density at threshold. In such an ideal lasing condition, the laser 

is spectrally quite pure, that is to say the output of the laser would possess a 5-function 

spectrum(a single frequency) so that the oscillating output wave is an ideal sinusoidal function 

with variation in time. However, any lasing system will be affected by some kind of noise. 

For example, the effect of amplitude fluctuations of the electrical field will add a background 

to the output signal, and the phase fluctuations will result in the broadening of the output 

signal spectrum from the 5-function spectrum into one of finite width. A detailed analysis of 

the spectral linewidth is discussed in next sub-section.

§3.5.4 Spectral linewidth

As mentioned previously, experimental work was undertaken by Fleming and 

Moordian[1981] to measure the linewidth of a single mode AlGaAs semiconductor laser. The 

lineshape of the laser output has been found to be Lorentzian and the linewidth narrowed with 

increasing power, but the spectral width was found to be much wider than that predicted[Saito 

& Yamamoto 1983]. To explain this deviation, a linewidth theory for single mode 

semiconductor lasers was later developed by Henry[1982]. He found that the linewidth 

enhancement in semiconductor lasers was due to the changes in the real and imaginary parts 

of the refractive index with the changes in carrier number. A parameter termed the linewidth 

enhancement factor, a,[Osinski & Buus 1987] has then been defined as

a  = An'
An" (3-20)

where An' and An" are those changes in the real and imaginary parts of the refractive 

index n in the laser cavity.

Below threshold, the power spectrum of a single-mode semiconductor laser was 

calculated by Henry from his theoretical formula to be

___________ R___________

[27r(v0 - v ) + “-AG]2 + (4 p )2
p(v) = (3-21)
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where R is the spontaneous emission rate, and AG is the change of laser gain, G(N), with 

the carrier density. It is obvious, from the above expression, that below threshold the laser has 

a Lorentzian lineshape and that its linewidth may be expressed as

AG R 
V “  2k  ~ 2k I (3-22)

where I is the intensity of the optical output power. The spectral distribution is 

illustrated in Figure 3.13.

Figure 3.13 The power spectrum of a semiconductor laser 

below threshold

X-axis—laser power spectral amplitude,

Y-axis—optical frequency, v , 5v—spectral linewidth.

Above threshold, laser intensity fluctuations becomes stabilized but the phase may take 

any value. If the fluctuations in the laser intensity are neglected, and it is assumed that the 

phase fluctuations in the laser field are descibed by a Gaussian variable, the laser lineshape 

can be still considered as Lorentzian, but its linewidth becomes

5v = ( l + a 2)-^- (3-23)
2 4 k I

where the factor ^  - accounts for the linewidth broadening for lasers operating

above threshold [Henry 1986].
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However, experimentally, the laser spectrum has been found to consist of the main 

lasing line surrounding by subsidiary satellite side peaks(Figure 3.11). The side bands are 

spaced at intervals of the relaxation resonant frequency. This asymmetric linestructure has 

been considered to be due to the coupling between the intensity fluctuations and the 

amplitude-phase fluctuations at the relaxation frequency [Henry 1983], Therefore the 

lineshape of the laser is not exactly Lorentzian[Vahala et al 1983], but with the side peak 

amplitudes being roughly 1% of the lasing peak amplitude. It was also found that the side 

peaks increase with the increasing of laser output power.

§3.6 Summary

The basic principles of semiconductor lasers or diode lasers have been presented in this 

Chapter. The process of light emission in semiconductor materials is due to the presence of 

recombination radiation of electrons and holes and the energy of this recombination is 

released as light. The simplest structure of a semiconductor light emission device is a P-N 

junction which is formed between two parts of a semiconductor crystal with different doping 

and where the light is produced by the spontaneous emission if it is forward-biased. When the 

end surfaces of a semiconductor P-N junction crystal are cleaved and made parallel, the light 

generated by the spontaneous emission will be amplified backward and forward by the 

stimulated emission inside the two parallel reflective surfaces and finally form the laser 

oscillation, when the injection current is raised above the threshold, and thus a semiconductor 

laser is constructed.

There are a number of semiconductor laser structures, ranging from homojunction to 

heterojunction, to the distributed feedback(DFB) laser structure. The homojunction laser is 

formed by a single layer of a P-N junction, while the heterojunction laser has two or more 

layers bounded with different semiconductor materials, with the special structure, the active 

layer of laser emission is confined to a very narrow strip which allows the laser to be operated
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at a very low current density and be able to work continuously at room temperature. For a 

DFB laser, there is a diffraction grating inside the laser cavity, which is used to select a 

specific wavelength and allows the laser oscillation only on a stable single longitudinal mode 

spectrum.

The output of a semiconductor laser is quite different from a LED as the stimulated 

emission dominates the light emission process above threshold and the quantum efficiency of 

the laser is increased sharply after the injection current is raised, in excess of the threshold 

current. The light radiation of a semiconductor laser has been analysed under its steady-state 

conditions and also described by using standard laser equations. Under ideal lasing 

conditions, the output lightwave of the laser oscillation is an ideal sinusoidal time function, 

but the presence of amplitude and phase flunctuations results in an output spectrum of a finite 

width, and the linewidth is further enhanced in semiconductor lasers due to the changes in the 

real and imaginary parts of the refractive index with carrier number. Although the lineshape 

of semiconductor laser spectrum has been found to be not exactly Lorentzian as expected, the 

spectrum has been considered generally to follow the Lorentzian distribution for simplicity of 

theoretical analysis as the amplitudes of the satellite peaks account only for ~1% of the main 

peak amplitude.
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Chapter 4
i--------------------------------------------------------------------------------------------------------------------------------1

Theory of self-mixing interference in a 
single-longitudinal-mode diode laser

L_____________________________________________________________________ i

§4.1. Introduction

Theories of semiconductor lasers with external optical feedback have been extensively 

studied for the past decade. Most of them have been used to explain the spectral 

characteristics of single-longitudinal-mode semiconductor lasers in the presence of external 

feedback[Lang & Kobayashi 1980, Favre et al 1982, Osmundsen & Grade 1983, Spano et al 

1984, Olessen et al 1986, Petermann 1991b, and Hamel et al 1992], while the others 

concentrate on the interference phenomena of self-mixing effects on the laser output 

power[01sson & Tang 1981, de Groot et al 1988, Jentink et al 1988, de Groot 1990, and 

Koelink et al 1992b]. Since the characteristics of a multi-longitudinal-mode diode laser in the 

presence of external feedback are particularly complicated and difficult to express 

analytically, only the case of an original single-mode diode laser is usually considered in the 

theoritical analysis, yet the results obtained from the single-mode laser may generally be 

extended to explain those phenomena observed with a multi-mode diode laser as the 

multi-mode laser may be considered simply to be superimposed by different single-mode 

lasers without taking account of mode dispersion effect.

As the effects of external optical feedback have profound influences not only on the 

lasing spectrum but also on the threshold gain, the laser output power variation in the 

presence of the external optical feedback should reflect all of those changes on the lasing
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conditions [Lang & Kobayashi 1980, Favre et al 1982, Acket et al 1984, Agrawal et al 1984, 

Schunk & petermann 1988, and Cohen & Lenstra 1989].

In this chapter, a self-mixing interference theory, based on the stationary equation of a 

single-longitudial-mode diode laser, has been developed, with the aim being to analyze the 

experimental observations. Theoretical models have been presented through the analysis of 

the laser oscillation conditions. The self-mixing interference is found to be the consequence of 

the spectral and laser threshold modulations, which is introduced by external optical feedback. 

For a weak feedback level and a short external cavity length, the lasing spectrum can easily 

show single-mode operation, and the intensity modulation is similar to conventional two 

beam interference, and thus the characteristics of the intensity modulation, the frequency 

shifts, the spectral linewidth variations as well as the visibility function can be expressed 

analytically, and from this theory the sawtooth-like waveform and the sign inversion observed 

can be explained satisfactorily. For a large feedback coefficient [i.e. C>1 defined in 

Equation(4-22)] [Tkach & Chraplyvy 1986], the laser spectrum will eventually be 

characterised by multiple external cavity modes. In this case, the visibility function will be 

separated by the external cavity modes, the self-mixing interference is limited by the spectral 

linewidth of each of the single modes, and the larger the level of feedback, the narrower the 

spectral linewidth, and therefore the longer the coherence length. In the special case given, the 

feedback light wave is considered to be coherent with the light wave inside the cavity, no 

matter how far away the external reflector is. Any further increase of the feedback level may 

lead to the laser operation running into the "coherence collapse" region, in which no intensity 

modulation can be observed[Cohen et al 1990]. In this Chapter, the theory of self-mixing 

interference in a single-mode diode laser is presented in Section 4.2, where the intensity 

modulation, the frequency shift, the linewidth variation and the power modulation are 

discussed analytically. Section 4.3 shows the comparison of the theoretical analysis to the 

experimental results reported. Summaries are presented in Section 4.4
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§4.2 Self-mixing interference theory in a single-mode diode laser

In this section, the influences of self-mixing effects due to the feedback on lasing 

conditions are studied. The resulting changes on the lasing spectrum and threshold gain shift 

the lasing frequency, cause the variations of spectral linewidth and modulate the laser output 

power (or intensity).

§4.2.1 Influences of self-mixing effects on lasing conditions

Self-mixing effects on semiconductor lasers have been found to result in the output 

power variations[Dandridge et al 1980, Shinohara et al 1986]. When this occurs, the level of 

external optical feedback is usually considered to be weak because the reflection is frequently 

scattered from a diffuse reflector and the amount of reflection is generally less than 1% of the 

output light. A schematic for the self-mixing feedback laser is shown in Figure 4.1, where n , 

and r2 denote the amplitude reflection coefficients of the laser facets ri and n  respectively, rj 

represents the amplitude reflection coefficient of the external reflector r3, ni and «2 represent 

respectively the refractive indexes of the laser cavity and the external cavity, d]and d2 are the

Figure 4.1 Schematic arrangement of a diode laser 

with external optical feedback

Eo—initial light wave inside the cavity, Ei—laser output light wave, 

ri, r2 , r3—amplitude reflection coefficients of the laser facets and the external 

reflector, m , n2—refractive indices of the laser cavity and the external 

cavity, d-i, d2—laser cavity length and external cavity length.
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laser cavity length and the external cavity length respectively. The corresponding block 

diagram of the above external cavity laser is illustrated in Figure 4.2, in the forms of the 

transfer functions G i ( i -  1,2,3,4), where G i  and G2 have the same form as that of 

Equ(2-16), whilst Gj and G4 may be expressed as

rod?
G3 = G4 -  Gext(v) = exph/27TV ^ —] (4-1)

Figure 4.2 Block diagram of self-mixing feedback system 

EO—initial light wave inside the cavity, E1—laser output light wave, G1, G2, G3, G4— 

cavity gain transfer functions in forward and backward directions, t1, t2—transmission 

coefficients of laser facets, r1, r2, r3—reflection coefficients of individual facets.

where only the phase change of the electric field needs to be represented within the 

external cavity as the cavity is considered to be a lossless passive FP cavity where no 

amplification of light exists. The roundtrip transfer function, which represents the light wave 

inside the laser cavity of undergoing a complete roundtrip within both the cavity ri—r 2 and 

the extended cavity ri—r3, may thus be expressed as

R(v) = r\r2GiG2(\ + t22- G 3G4)
r2

= rir2exp[-/47iv  ̂+ (g — y)<i|]{ l + (1 -  /?2)~exp[-y47tv- 2 ~2]} (4-2)
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2where v is the optical frequency. The term (l-/?2 ) = t2 accounts for the light
2

transmission through the laser facet r2 at z -d  1, where R2 = \r2\ , c is the speed of light in a

vacuum, g is the linear gain per unit length due to the stimulated emission, and y accounts for 

any optical loss per unit length within the laser cavity. Equation(4-2) neglects the multiple 

reflection effect within the external cavity, as it is justified to neglect this multiple reflection 

effect when the feedback is weak in the self-mixing system(lr3l «  I/-2I) .

For a stationary laser oscillation, the roundtrip transfer function R(v), after a complete 

roundtrip inside the compound cavity, requires that

which means that the amount of light amplified by the stimulation becomes equal to the

external cavity and the mirror facets, and by absorption in the semiconductor material. Taking 

account of these effects and applying condition(4-3), Equation(4.2) becomes

where AL = Irpdi is the optical path difference of the external cavity, then 

Equation(4-4) may be rewritten as

where Al -2 n \d \  is the OPD of the solitary laser cavity. This expression is similar to 

that requirement of a two-mirror Fabry-Perot type laser for steady-state oscillation in 

Equation(3-6). The new threshold gain, gth', may be written as

R(y) = 1 (4-3)

total light losses which occur by transmission through the sides of the laser cavity, through the

r 1 r2 | 1 + ( 1 ~/?2)~^exp [-/47tV ] 1 exp[-/47UV ■ + (g -y)d \} = 1
1 r2 C C

If an effective reflection coefficient r f  is defined as:

(4-4)

Y 'y  A T

r i ' fy)  = n \  1 + (1 -  R l )—exp[-/'27tv— ]
r2 c

(4-5)

rir2,(v)exp[-j'27W— + (g -  y)d[] -  1 (4-6)

(4-7)
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9 9where R1 = Inl and R2 = \rz'\ . gth represents the threshold gain of the solitary laser in 

the absence of feedback and is given by

1 , 1gth = y + xyHn- (4-8)
2d\ R\R2

where Ag represents the required gain for the laser operation in the presence of 

feedback. By substituting Equation(4-5) and (4-8) into Equation(4-7), the deviation, Ag, of 

the threshold gain may be expressed as

Ag = - ~ “ln[l + Ç2 + 2^cos(27tv— )] 
2a 1 c

(4-9)

where

^ = ( 1 - ^ 2 ) -n

representing the coupling from the external reflection into the laser cavity.

(4-10)

The phase condition required may thus be expressed as:

O(v) = (ju(v) + <)>2(v) = 2qn (4-11)

where q is an integer and

(|)1 = 27UVM (4-12)

accounting for the roundtrip phase in the absence of the feedback and

4>2(v ) = tan

E AL,çsm(27tv— )
—1_________ ç____

, K AL1 + qcos(27tv-^)

representing the additional phase induced by the feedback.

(4-13)

In the case of no optical feedback(rj=0), the gain and the phase conditions reduce to the 

well-known expressions in Eqns(3-7) and (3-8) as

, 1 , 1gth =gth = Y + ^r^ln-
2d\ R\R2

(4-14)
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O ( v )  =  <()l(v) =  =  2<?7t (4-15)

where R] and R2 represent the power reflection coefficients of the laser facets 

respectively.

In general, it is assumed that under the condition of weak feedback level, Ag « g th  he. 

( £ «  1), and therefore, the excess gain Ag and the additional phase cj)2(v) may be given 

approximately as:

£ AL
Ac ~ — , cos(27tv— ) d\ c

(4-16)

and

<J)2 ~ ^sin(27tv— ) (4-17)

§4.2.2. Lasing frequency shifts under weak optical feedback

For the laser oscillation with a week feeback level, the phase of the roundtrip transfer 

function, R(y), may be reduce to

2 /̂j[ /\7 v
O(v) = 27tvni---- + £sin(27tv— )c c

(4-18)

It may further be written as

2(An\)d\ „
4>(v) =  27tvf/)Xi +  27t(v -  v th)T 1 +  2nvth--------------- +  qsin(27CVX2) ( 4 - 1 9 )c

, 2n\d\ 2n2di . . .  , , . . ,where xi = ------- and X2 = -------- are the roundtrip time delays inside the laser cavity
c c

and inside the external cavity respectively, 771 is the effective refractive index of the laser 

cavity, and An \ represents the change of the cavity refractive index with carrier density. Since 

the first term in Eqn(4-19) has already met the phase condition of the laser oscillation of 2qn, 

it requires that the sum of the rest items must meet the following condition

Ac))(v) = 2n(v -  v th)x 1 + 2k + ^sin(27tvx2) = 0 (4-20)
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As the effective refractive index n\ depends on the optical frequency, v, and the carrier 

density, N, the above equation may be expressed further as

where a  is the spectral linewidth enhancement factor[Equation(3-20)], and Vth is the 

emission frequency without feedback. In order to classify the different feedback levels 

clearly, an important parameter C has been defined[Tkach & Chraplyvy 1986] as

where the value of T2 reflects the length of the external cavity and \  represents the 

strength of external feedback light which is coupled back into the laser cavity. This parameter 

divides the external feedback level into two basic catergories: the first is when the feedback 

level is weak, the value of C is less than 1, and the second is when C>1 , accounting for a 

strong feedback level, and a special case, when the value of C is equal to 1, representing a 

critical point.

In the case of weak feedback(C<i), the phase change versus the emission frequency, 

v, is a monotonic function, as depicted schematically in Figure 4-3, where the x axis 

represents the frequency difference from the lasing frequency in the absence of the feedback, 

the upper curve represents the variations of the spectral distribution, the middle curve denotes 

the phase deviation, Ac]), and the lower curve is the threshold gain variation due to the 

feedback. It can be seen that there is only one intersect across the frequency axis for A(j)=0 

and thus there exists only one single emission frequency. In addition, the emission frequency 

is shifted downward and the linewidth is reduced from 60 MHz in the absence of feedback to 

35 MHz in the presence of feedback(C=0.44). Under this weak condition, Eqn.(4-20) can be 

solved using its first order approximation and thus the emission frequency, v, is given as:

A<j)(v) = 27t(v -  Vth)i 1 + £,V 1 + a 2 sin[27UVT2 + arctan(a)] = 0 (4-21)

(4-22)

1 Csin[27iV;/;T2 + arctan(a)] (4-23)V = Vth ~
2 k T2 {l + Ccos[27tv^T2 + arctan(a)]}
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Figure 4.3 Schematics of optical spectrum, phase change and 

threshold gain versus optical frequency difference

This equation expresses the value of the emission frequency shifts in the presence of the 

weak feedback and shows that the frequency shift is a periodic function with respect to the 

external reflection phase A(j>2(=2%\tth~)- For small values of C, the variation of the 

frequency is a sinusoidal waveform, but for larger C the shifts becomes sawtooth-like. The 

frequency shifts versus the phase variation of external feedback field, A<|)2, is depicted in 

Figure 4.4, where the central line represents the lasing frequency of the solitary laser(C=0). 

The y axis represents the lasing frequency difference between the actual lasing frequency in 

the presence of the feedback and the threshold frequency in the absence of the feedback. For 

C>1, the phase deviation, A(J), is no longer a monotonic function but has multiple intersects 

with the frequency axis, v, which results in multiple solutions for equation (4-20), as
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Figure 4.4 Frequency shifts versus external phase change
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Figure 4.5 A schematic of lasing condition at multiple 

solutions for phase change, threshold gain and optical frequency
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illustrated schematically in Figure 4.5(C=1.4), where the actual lasing modes also depend on 

the lasing gain condition. It was reported[Petermann 1990] that the external cavity mode with

gain, and eventually several external cavity modes may start to oscillate for a strong feedback 

level, and the laser thus becomes a multi-mode device.

§4.2.3. Spectral linewidth with weak external feedback

Above threshold, both the spectral linewidth and the coherence time of a semiconductor 

laser are determined by the phase fluctuations of the laser electric field, which may be 

described as Brownian motion or phase diffusion[Lax 1967, Henry 1986]. Since the lasing 

spectrum is strongly dependent on the lasing phase condition, the fluctuations of the phase in 

the presence of the feedback has a great influence on the laser spectral distribution.

In general, the power spectrum of a single-mode diode laser can be assumed to be 

Lorentzian in shape[Fleming and Mooradian 1981, Henry 1982, Saito & Yamamoto 1983], 

although this assumption is not entirely correct due to the relaxation oscillation in a 

single-mode semiconductor laser [Vahara et al 1983], For simplicity, the spectral linewidth, 

8v, may be considered to be inversely proportional to the square of the effective round trip 

delay, xe, i.e.

the narrowest linewidth is more stable than the external cavity mode with the lowest threshold

ÔV °c 2 (4-24)

where the effective round trip delay in the presence of the feedback is given by:

(4-25)

For weak feedback(C<7), the lasing spectral linewidth, 8v, is obtained simply as:

Sv =
8v0 (4-26)
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Figure 4.6 Spectral linewidth versus external phase change

where 5v0 is the linewidth of the solitary laser in the absence of the feedback. Equation 

(4-26) remains valid and the lasing spectrum also remains in a single-mode operation only if 

the feedback level is weak(C<i). Obviously, the spectral linewidth is determined by the 

feedback coefficient, C, the linewidth enhancement factor, a, and the external phase, 

A(j)2( = 2t w^  ), with the emission frequency, v, given by equation (4-23). The linewidth 

variation is depicted in Figure 4-6. It is easy to see that the linewidth may be narrowed or 

broadened depending on the strength and the phase of the feedback field. For C —>1, the 

denominator of equation(4-26) may approach zero, corresponding to an infinite linewidth, but 

in practice this represents only a turning point for the laser oscillation, it means that, after 

this point, the multiple external modes may start lasing. Figure 4.7 shows the phase condition 

for C -l  with the phase adjusted to a maximum linewidth output, and in this case, Eqn.(4-23) 

no longer holds due to the derivative of the phase approaching zero, which will give an 

infinite linewidth, but as the phase variation is not linear, the linewidth is actually determined 

by the intersects of the phase variation, A(j), against the x axis and will result in a very large 

value.
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Figure 4.7 A schematic of lasing condition at C=1

§4.2.4. Intensity modulation with weak external feedback

The optical gain, g, due to the stimulated emission inside the laser cavity is determined 

by the injection carrier density, N, which can be described by the rate equation Equ(3-14) as:

= ~ - X N -  G(N)I (4-27)at e

where J is the injection current, e is the electric charge, x is the inverse spontaneous 

lifetime of the excited carriers and I is the optical intensity in the lasing mode that is 

normalised to represent the number of the photons, S, in the laser cavity and have the intensity
9

1= \E(t)\ , where E(i) is the electric field vector inside the cavity. G(N) is the modal gain per 

second due to stimulated emission and may be expressed as:

G(N) =fi(N-Nc) (4-28)
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where (3 is a proportionality coefficient and Nc is a constant. The modal gain is related 

to the linear gain, g, by G(N) = Vg g(N),  where Vg is the effective group velocity in the active 

layer.

Assuming that the laser in the absence of feedback and in the presence of feedback, is in 

a steady state and characterised respectively by the optical intensities I0 and /, and carrier 

densities, N0 and N. This implies that equation (4-27) meets the conditions

J-  = 'lN0 +Vg g{N(>)I0 (4-29)

and

~ + Vg g(N)I (4-30)

By linearisation of g(N) ,  centred around No, the following arises

g(N) = g( No) + ^ A N  = go + Ag (4-31)

dgwhere go=g(N0) and Ag=K/A/V with K/=

By substituting equation (4-29) into (4-30) and assuming that Ag « g 0, then the 

following first order expression for the intensity, I, is derived as

I - lo i}  -  KgAg) (4-32)

where

1 y
k * =  — (1 + ^ V )go KlI0

representing a proportionality coefficient related to the gain, g 0, and the intensity I0 in 

the absence of the feedback . By substituting equation (4-16) into equation (4-31), the 

intensity, /, is given by

/ =  I0[ 1 +  m c o s (27TV— )]
c

(4-33)
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(5vo=60MHz, À o= 800nm , Lext~ 2 cm

Figure 4.8 Optical intensity versus external phase change

1̂̂
where m (= —p - ) is termed here the modulation coefficient. This expression describes 

d\
theoretically the modulation of the laser optical intensity by the feedback, which has the same 

form as that of two-beam interference[Eqn.(2-29)] but has thus been termed "self-mixing 

interference" to distinguish it from that produced by conventional interference. Obviously the 

intensity modulation is a repetitive function with a period of 2tc radians. It is worthwhile 

noting that the modulation coefficient, m, is not a constant as in conventional interference, but 

varies nearly inversely with the optical intensity, I0■ The intensity variations with the external 

phase are shown graphically as in Figure 4.8, corresponding to different feedback coefficients.

§4.2.5. Output power and visibility function of self-mixing interference

The visibility function is a measure of the coherence characteristics of a light source 

resulting from optical interference. Since self-mixing interference is not a linear superposition 

of the electric fields but a non-linear interfering process between the electric field inside the 

cavity and that from the feedback, the changes of the lasing spectral distribution therefore lead 

to changes of coherence; the coherence time or length is not fixed as it is in a conventional 

interferometric system where the light source is carefully arranged to avoid any change from 

environment, but in self-mixing interference the case is totally different.
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The self-mixing interference effect may be monitored by the internal photodetector 

inside the laser package or by an external photodetector monitoring at either end of the laser 

cavity. The process of detecting photons generates optical power over the whole band of the 

frequencies, and the total output power from the laser is then calculated by taking an integral 

of the equation (4-33) over all frequencies. The output power, P, may thus be given by:

p = r f(v) c n  
J0

= j°° p(v)[ 1 + m cos(27CV— )] dv (4-34)

where p(v) represents the power spectrum of a diode laser. Without loss of generality, it 

may be assumed that the power spectrum of a single-mode diode laser is still Lorentzian in 

shape(otherwise the satellite-peaks occured must be considered, but generally the influence of 

the side peaks is small (only 1%) and thus may be neglected) , and also that the linewidth of 

8v varies inversely with optical intensity, as given by Equ.(2-33) as

PM =--------2--- ;---2(v -  v„)2 + (8v̂ )2
where vQ is the central frequency of the lasing spectrum and ov is defined as the FWHM

of the spectrum. For a fixed spectral linewidth, the equation (4-34) may be expressed as

P = P0{ 1 + m exp[-y  lyl]cos(27W y) (4-35)

where P0 is the optical power of the laser in the absence of feedback. This expression 

(4-35) is similar to that of Equation(2-34) with a partially coherent light source. Then its 

visibility function, V(AL), may be calculated as

V(AL) = m e x p [-y  l y  II] (4-36)

It is known that the linewidth of the laser in the presence of feedback is not a constant, 

thus the visibility function, V(AL) will vary with not only the external cavity length, 

AL (~2n2d2), but also the spectral linewidth, 8v, given by the equation (4-26). It should be 

borne in mind that this expression only holds for a single-mode spectrum under the conditions
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óiz0=100M H z, Ao= 8 0 0 n m , L ^ -O —1 00cm

Figure 4.9 Visibility function of the laser with feedback

of the spectrum being Lorentzian in shape and the feedback level being weak(C<i). Figure 

4.9 shows the visibility function, V(AL), with different feedback levels and with dependence 

on the external cavity length, the values of C are given at external cavity length of 100 cm, 

corresponding to different feedback levels R3=0, R3=10’6, R3=10"4 repectively). For a very 

small feedback level,(/?3= f0 ’6), the visibility function is close to that of the solitary laser, but 

for the larger feedback level,(R3 - W 4), the visibility function becomes more complicated as 

the external cavity length is increased. If C>1, the power spectrum of the laser may become a 

multi-mode distribution as mentioned previously, the visibility function will be much more 

complicated, and thus it cannot be thus expressed in a simple form shown.

§4.3 Characteristics of self-mixing interference

Characteristics of self-mixing interference in a single-mode diode laser are presented in 

this section, as they highlight the differences of self-mixing interference and conventional 

interference.

§4.3.1. Power modulation

Equation (4-33) is the theoretical expression describing the self-mixing interference in a 

single-mode diode laser with weak optical feedback. Since both the spectral linewidth and the
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emission frequency are functions of the external cavity length or time delay, the relationship 

between the output power and the external cavity length becomes very complicated. To help 

elucidate its physical meaning, this relationship is depicted in a graphical form in Figure 4.10. 

This figure shows the dependence of the power, P, on the external phase, A(j>2, corresponding 

to different feedback coefficients. It is evident that P is clearly a repetitive function with its 

period corresponding to an optical displacement of — , where X is the oscillation wavelength. 

For a small level of C the power modulation is a sinusoidal waveform, but for a larger level of 

C the output waveform becomes significantly sawtooth-like.

<5i/0=60M H z, A o= 800nm , Loxt~ 2cm

Figure 4.10 Optical power versus external phase change

§4.3.2. Asymmetric fringe patterns and waveform sign inversion

The asymmetry of the sawtooth-like waveform in self-mixing interference has been 

observed at stronger feedback levels. The simulation of this feature is shown as in Figure 

4.11, where the value of C-0.7 , and the sawtooth-like output waveform is depicted in the 

upper curve. When the external reflector changes its direction of movement, the sawtooth-like 

waveform changes its inclination. This feature of fringe inclination has been used for 

directional discrimination[Simizu 1987 and Wang et al 1992].
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Figure 4.11 A simulation of sawtooth-like waveform 

of self-mixing interference

Another feature of the self-mixing interference is the sign inversion between the two 

laser emission directions. The sign inversion means that the output signals from both 

directions have a mutual phase difference of K radians. This was originally found by de 

Groot[1988] in his experiments, but no physical explanation was given in his paper. It has 

been stated that the self-mixing interference is very complicated process, involving changes of 

laser threshold and lasing frequency. For a laser oscillation, a standing wave is generated 

inside the laser cavity. This is further complicated by external refection. By considering this 

and in comparison with conventional interference, the output intensities, 7+ and /-, from the 

two emission directions are thus assumed to be of the form

7+ =  IoU + m c o s (2tuv— )] (4-37)c

and

7_ = 70[1 -  m cos(27tv— )]c
(4-38)
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Figure 4.12 Waveform sign inversion of self-mixing 

interference between two emission directions

where AL is the optical path difference between the laser and the external reflector, and 

the optical frequency is given by

1 C sin[<HAL)] 
2tcx2 {l + C cos[())(AL)]}

(4-39)

with

(J)(AL) = arctan(a) + 2KVth—  (4-40)

Computer generation of both /+ and 7- are depicted in Figure 4.12, which indicates the 

sign inversion between the two emission directions of the diode laser and the opposite 

inclinations of the fringes at a stronger feedback level. This result will be compared with the 

experimental results obtained in the next chapter.

§4.3.3.Coherence length

The power modulation due to the self-mixing effect has been observed even when the 

external cavity length is well outside the coherence length of the solitary laser used[Kolink et 

al 1988, Wang et al 1992]. This discovery is of importance for some applications but
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contradicts the existing explanation using the coherence theory. To explain this behaviour 

requires an extention of the present theory. It is known that the temporal coherence is an 

important physical parameter related to various interferometric systems and reflects the 

spectral spread of the light source. According to this theory, if the source used is ideally a 

single frequency, it will produce an infinite coherence length or coherence time, in contrast to 

the situation of a white light source when the coherence length drops dramatically.

However, from Figure 4.9, it is shown that the visibility function of a single-mode diode 

laser in the presence of the feedback is not like that of a conventional laser source in which 

the visibility decays exponentially with the OPD, AL, but it displays a more complicated 

behaviour when either the feedback level or the external cavity length is increased. For small 

feedback levels of C, the function, V(AL), can be used approximately to describe the coherent 

characteristics of the self-mixing interference, but for larger levels of C, the visibility function 

is dramatically different from that in the absence of the feedback, and this is mainly due to the 

spectral variations produced by the feedback. In particular, for C > 1, corresponding to either 

strong feedback or a longer external cavity length(greater than the coherence length of the 

laser) or both, multiple external cavity modes may start lasing(Cohen et al 1990). In this case 

the lasing spectrum becomes multi-mode which is almost unavoidable with a distant 

reflector(such as that from the far optical fibre end). For simplicity, it may be assumed that 

the external cavity laser is operated in a multiple external cavity mode state, as shown in 

Figure 4-13(a), and the mode spacing of the spectrum is given by

Av = (4-41)
AL 2n2d2

The corresponding visibility function of this spectrum is depicted in Figure 4-13(b), 

where the visibility function has several discrete coherence regions, the envelope of the 

coherence regions being determined by the spectral linewidth of the individual single modes 

of the spectrum, which are narrowed significantly by the larger feedback coefficient, C. It
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Figure 4.13(a) Schematic of a multi-mode laser spectrum

may be considered that the coherence of the laser is enhanced by the feedback. The central 

peak represents the zero-order coherence region corresponding to a value of OPD=0 between 

the two interfering beams. The sub-peaks from the centre represents the lst-order coherence 

regions, and the distance of a sub-peak from the centre is just equal to the optical length n2d2 

of the external cavity. From this point of view, it can be said that no matter how far away the 

external reflector is, the reflection field is always coherent with the laser field if the lst-order 

coherence region is detectable, and therefore the interference fringes produced by self-mixing 

can be always observed. In contrast, when the spacings beween the multi-mode spectrum are 

not distingushed, that is the spectrum evolves into a very broad single spectrum due to the

Figure 4.13(b) Visibility function of a multi-mode laser
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feedback, the lst-order and above coherence regions will thus disappear, and only the central 

coherence region will exist with a very small coherence length compared with that of the 

solitary laser. This is the "coherence collapse" phenomenon as mentioned in Chapter 1. It is 

obvious that the coherence of the solitary laser is not a determining factor for observing the 

self-mixing interference because of the changing spectral distribution of the laser, which is 

dependent on the feedback level and the phase of external feedback field.

§4.3.4. Modulation coefficient dependence on injection current

The modulation coefficient, m, represents the available signal strength in the laser

optical intensity with the self-mixing interference. The larger the modulation coefficient, the 

higher the signal-to-noise ratio. It is known, from the Eqn.(4-34), that the modulation 

coefficient in the self-mixing interference is not a constant but varies inversely with the 

optical intensity, I0. Above threshold, I0, or the output power, P0, is proportional to the 

injection current, J, which is given by:

Po = W - J t h ) (4-42)

where  ̂ is the incremental quantum efficiency and Jth is the threshold current. This 

relationship implies that m will vary with the injection current. The larger the current, ./, the

Figure 4.14 Modulation coefficient versus injection current
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smaller the coefficient, m. Figure 4.14 shows the modulation coefficient variation with the 

injection current, which is approximately inversely proportional to the laser output power. 

Near the threshold the coefficient reaches its maximum value. With increasing current, the 

coefficient is decreased and approaches a stable value.

§4.4 Summary

A theory of self-mixing interference, inside a single-longitudinal-mode diode laser, has 

been established, for applications to practical optical sensing. Theoretical models, including 

the variations of the emission frequency, lasing spectral linewidth, threshold gain and output 

power(intensity), are developed based on the assumptions that the power spectrum of a 

single-mode diode laser is Lorentzian in shape and the laser structure is a Fabry-Perot 

resonator.

The characteristics of self-mixing interference have been presented in Section 4.3. In the 

case of weak feedback(C<i), the power modulation by self-mixing is similar to that of a 

conventional two-beam interferometer and the lasing spectrum indicates a single-mode 

operation. For very weak feedback(C<</), the output waveform of the self-mixing 

interference is sinusoidal, and the increase of the feedback level for a given external cavity 

length will result in sawtooth-like waveforms and the inclination of the fringe patterns when 

the reflecting target moves. The larger the value of C, the more sawtooth-like the modulation 

waveforms become. For longer cavity lengths(e.g. greater than the coherence length of the 

laser used), the lasing spectrum will become much more complicated and may result in a 

multiple external cavity mode operation. The changes of the lasing spectral distribution thus 

produce a number of discrete coherence regions, in which the self-mixing intensity 

modulation may be always observed. This shows that the occurance of the self-mixing 

interference is not dependent on the initial coherence length of the laser used.
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The asymmetry of the sawtooth-like fringes and the waveform sign inversion have been 

explained, from the theoretical models, to be due to the emission frequency shifts and the 

relative direction change of the external reflector movement. The self-mixing modulation 

depth has also been found to be inversely proportional to the laser output intensity.

The self-mixing interference in a single-mode diode laser results from the variations of 

the lasing spectral distribution and the threshold gain, which is, in principle, different from 

that of a conventional interference mechanism. The periodic displacement of the external 

feedback phase changes the stablized laser oscillation conditions and thus the laser output 

power. A detailed experimental analysis of self-mixing interference will be presented in the 

next Chapter, which will give support to the theoretical analysis and show clearly the 

similarities and the differences of self-mixing interference with conventional interference.
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Chapter 5

Experimental study of self-mixing 
interference in semiconductor lasers

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ i

§5.1 Introduction

In order to confirm the theoretical predictions discussed, a number of experiments have 

been performed. The purpose of these experiments has been twofold: first, to verify the 

theoretical results in light of the experimental observations, and secondly, to use the 

self-mixing interference technique for optical sensing applications. In this Chapter, initial 

experiments for a study of self-mixing interference were carried out in free-space, which may 

be considered theoretically in terms of a three-mirror Fabry-Perot external cavity laser. A 

more practical arrangement for sensing applications is then configured by using fibre optics. 

In this configuration, an optical fibre is used: (i) to transmit the laser output light to a diffused 

target represented as the external reflector; (ii) to collect the reflected light from the reflector 

and (iii) to deliver the reflected light back into the laser cavity. The use of fibre optics makes 

the self-mixing system simple, compact and easy to align.

In this Chapter, a report of the experiments performed is presented and the variations of 

the laser output power, caused by the feedback light, are monitored by either the use of the 

internal photodetector accommodated at the rear facet of the laser package used, or by an 

external photodetector in the front of the laser package. The aim of the work is to observe the 

power modulation of the laser used subject to the self-mixing effect. The intensity modulation 

characteristics are found to have some interesting features, which are then compared with the
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theoretical simulation presented in the previous Chapter. In addition, the modulation 

amplitude of the self-mixing interference is examined experimentally by means of changes of 

the laser injection current. Furthermore, the coherence properties of self-mixing interference 

is studied, from the conventional point of view, by using a two-beam Michelson 

interferometer. Finally the characteristics of self-mixing interference are compared with those 

of a conventional interferometer, which highlights the advantages of the self-mixing 

interferometer in terms of its simplicity, compactness and robustness.

§5.2 Configurations of self-mixing system

Two types of experimental configuration are presented in this Section. The first one is a 

basic arrangement in free space for observing self-mixing interference, and the second is more 

practical, using the fibre optics, and it may easily be used in optical sensing applications.

§5.2.1 Self-mixing interference in free-space

The basic experimental arrangement for self-mixing interference experiment is shown in 

Figure 5.1. This system basically comprises of a single mode laser(Sharp VSIS-type AlGaAs 

laser LT024) and an external reflecting surface. The light emitted from the laser, LD, is 

collimated by a microscope objective Iens(xl0/NA=0.17), Li, and propagated through a 

half-wave length plate, HW, and then it falls onto a polarising beam splitter, PBS. One beam 

is detected by a photodetector, PD i, so that the output signals from the front and back facets 

of the laser diode could be compared, and the other beam is focused by a further microscope 

objective Iens(xl0/NA=0.25), L2, onto a diffused target, M, represented by a vibrating 

loudspeaker cone. In this arrangement, the light reflected from the laser front facet and from 

the external target are mixed to produce an intensity modulation in the laser output. The 

output signal is also detected by the internal photodetector, PD, accommodated in the rear 

facet of the laser package. It can be seen that the light inside the laser cavity and the light 

reflected from the external target actually constitute two interfering optical beams of this
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D IO D E  L A S E R

Figure 5.1 Experimental arrangement for self-mixing 

interference in free space

PD—internal photodiode, LD—diode laser, A—amplifier,

Li, l_2—lenses, PM—power meter, HW—half waveplate,

PBS—polarising beam splitter, PDi—external photodiode.

self-mixing interferometer, which causes an intensity modulation of the laser output when the 

target is moved longitudinally.

It should be mentioned here that before performing the self-mixing experiments, the 

laser output power and the reflection from the diffused target were measured respectively by 

using a power meter via an ordinary beam splitter. The level of the reflection from the 

reflecting paper used was measured to be about 4%.

In the experimental arrangment with self-mixing as shown in Figure 5.1, the degree of 

reflection level back into the laser cavity could be adjusted by changing the ratio of the two 

split beams by rotating the waveplate, HW. The amount of reflected light back onto the laser
V

front facet was not measured directly, but estimated by knowing the total incident light to the 

beam splitter and by measuring the other portion of the output light monitored by the PDi, via 

the beam splitter, PBS. When the self-mixing interference was observed, the reflection level
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back onto the laser front surface was estimated to be about 1%. The actual feedback strength 

depends on the coupling from the external feedback into the laser cavity, so it is difficult to 

give an absolute value of the feedback level. However, it may be estimated by using the 

following formula[Lenstra 1985], which gives the feedback coupling coefficient, as

where R2 and R3 are the power reflection coefficients of the laser facet(/?2 ~ 0.32, for 

diode lasers) and the external target reflector respectively; /  is the fraction of the reflected 

field which couples back into the laser mode due to diffraction limited imaging, for diode 

lasers with mirror reflection, f  was given to be about 0.16[Lenstra 1985], with a diffused 

target in our experiments, /  may be much smaller, but an accuarate value is difficult to
__Q

estimate. Using /  = 0.02, £, can be calculated to be about 2.5x10 and the feedback strength 

back into the laser cavity is about 4.6x10-5, If the feedback level is too large, it can lead to an 

unstable output of the laser.

It has been shown, in Section 4.2.2, that the feedback coefficient, C, is a very important 

factor describing the feedback strength back into the laser cavity. It can be rewritten as

where Lext and Ld represent respectively the external cavity length and the diode laser 

cavity length. For a  = 4.6[Schunk & Petermann 1988], =0.02, and assuming Ld= 1 mm,

and Lext = 10 mm, the value of the feedback coefficient C is then given to be about 1.

In the experiments performed, all optical components were aligned carefully and in 

particular the waveplate and the beam splitter were tilted so that there was no reflection from 

their surfaces back into the laser cavity. The only reflection back into the cavity was from the 

target, M. The use of focusing lens, L2, is to make the feedback less sensitive to misalignment 

of the self-mixing system, and the lens, L2, together with the target, M, can be moved along

(5-1)

(5-2)
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the optical axis so that the distance between the target and the laser could be adjusted. In this 

system the external reflector can be positioned only between ~40 mm and ~60 mm from the 

laser front surface, and this distance, of course, corresponds to a larger value of the feedback 

coefficient C from Equation(5-2). The diode laser was operated at room temperature and 

above threshold (generally the driving current was -10% above threshold current).

The intensity modulation signals monitored by both photodetectors, PD, and, PDi, were 

amplified separately when the target reflector was vibrated longitudinally, and these two 

signals were sent to a spectrum analyzer and an oscilloscope, via a Digital Storage Adapter 

(DSA), for signal analysis.

§5.2.2 Self-mixing arrangement with optical fibres

Optical fibres have been widely used in various optical sensors. The fibres provide 

flexibility for various optical configurations and ease of alignment. In the configuration for

D IO D E  L A S E R

Figure 5.2 Experimental arrangement for self-mixing 

interference with fibre optics

PD—photodiode, LD—laser diode, A—amplifier,L-i, l_2—lenses,

MM—multi-mode fibre, SM—single-mode fibre, PM—polarisation maintaining fibre.
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self-mixing interference studies, as shown in Figure 5.2, the experiments to investigate the 

phenomenon were carried out with different lengths and different types of optical fibres. The 

fibres used were a single-mode fibre (SM -core diameter 5 pin and fibre length of 1.3 m), a 

polarisation maintaining fibre (PM -core diameter of 4 pm at wavelength of 780 nm and fibre 

length of 0.9 m) and a multi-mode fibre (MM -core diameter of 50 pm and fibre length of 

3.48 m). The light source used was a 780 nm VSIS-type AlGaAs semiconductor laser package 

(Sharp LT022MC) giving an output power of 3 mW when the driving current was 1.3 times 

the threshold current. In the arrangement, as illustrated in Figure 5.2, the light from the laser 

was collimated by a microscope objective lens (xl0/NA=0.17), Li, and then focused by 

another lens (xl0/NA=0.17), L2, into a length of optical fibre (MM or SM or PM) as 

appropriate. This light travelled along the fibre and was reflected by an external target 

reflector. The reflected light was then guided by the same fibre and re-entered the laser cavity, 

and the resultant laser intensity modulation was detected, in this case, by the internal 

photodetector, PD. The reflection strength back onto the laser front facet was different, 

corresponding to different types of fibres used. The levels for all fibres were estimated to be 

less than l%(they are given later in Table 5.1). When the fibre used was a multi-mode optical 

fibre, the self-mixing signal was very easy to observe from the laser output. This is because 

the multi-mode fibre has a large core diameter so that much of the laser output light could be 

coupled into the fibre and thus the degree of external reflection is large. However, for the 

polarization maintaining fibre used, with very small core diameter, it was difficult to obtain 

the self-mixing signal. It obviously correponded to a small degree of external feedback.

It can be seen that this configuration is different from the free space arrangement 

described in the previous Section(5.2.1), where there is only one reflection considered to arise 

from the target, but here the reflections from the fibre entry facet and exit facet(~10 for 

angle-cut fibre ends)[Ulrich & Rashleigh 1980] are difficult to avoid, and those reflections
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and that from the target back into the laser cavity will all cause intensity variations in the laser 

output.

To simplify the analysis, the feedback effect from the fibre entry facet may be neglected 

because this reflection level and also the external cavity formed between the laser front facet 

and this fibre facet were very small. It has been shown, from Equation(5-2), that the value of 

the feedback coefficient, C, is linearly proportional to the product of the magnitude of the 

reflection and the length of the cavity. For a given small reflectivity of the fibre end, the 

shorter the external cavity length, the smaller the reflection coefficient, C, and the less 

influence on the laser output intensity. In this case the value of C is about 0.1. The cavities of 

importance therefore are those formed between the laser and the exit fibre facet and between 

the laser and the target reflector. The equivalent model of this fibre self-mixing system 

therefore may be represented by a four-mirror Fabry-Perot external cavity laser.

The reflections from the entry facet and the exit facet of the fibre will influence the 

oscillation conditions of the laser (the output power and the laser spectrum). However, 

because the fibre facets were in fixed planes, they only change the dc level of the laser ouput 

intensity. It is only the movement of the target surface which results in the signal modulation 

of the laser output intensity.

§5.3 Characteristics of self-mixing intensity modulation

In the configurations descibed above, a portion of the emitted laser light was reflected 

back into the laser cavity from the external reflecting surfaces. If all these reflecting surfaces 

remain constant, there will be no intensity modulation in the output power of the laser, any 

change in the longitudinal motion of the surfaces or the refractive index inside the external 

cavity will result in an intensity variation. For optical sensing applications, the external cavity 

is used as a measurement "probe" and any changes in the environmental conditions caused by 

the external target movement or by changing the refractive index of the cavity will cause an
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intensity modulation which represents the measurand. Therefore a demodulation, by means of 

some suitable signal processing method, will need to be used for physical parameter 

measurements, such as displacement, velocity measurement, refractive index monitoring and 

ranging, which are important meaurands.

§5.3.1 Sawtooth-like waveform and sinusoidal waveform

A typical self-mixing interference signal is shown in Figure 5.3, where the upper trace 

represents the voltage signal directly driving the target mirror which is vibrating 

longitudinally and the resultant intensity modulation of the self-mixing laser diodeflower 

trace) shows a 27t periodical feature, with respect to the mirror movement. The signals 

observed in the self-mixing experiments are similar to the interference fringe signals produced 

by a conventional interferometer, with one fringe corresponding to a half wavelength of the 

lasing wavelength. Thus most of the methods used for fringe signal processing in 

conventional interferometers can be adopted for self-mixing interference. However, the signal 

obtained shows, instead of the sinusoidal output of a conventional interferometer, a

Figure 5.3 A typical self-mixing interference signal 

Upper trace—Voltage signal of external target mirror vibration, 

Lower trace—intensity modulation detected from laser output, 

(vertical axis, arbitrary units; horizontal axis 0.2 ms/division).
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sawtooth-like output waveform at strong levels of feedback. Table 5.1 below gives an 

estimation of the feedback coeffient C based on the Equation(5-2) for both the free space 

situation and the particular fibres used in the experiments. The corresponding path lengths and 

the fibre lengths are tabulated and the linewidth enhancement factor,a, is assumed to be 5, R2 

=0.32, and the laser diode cavity length to be ~1 mm.

Table 5.1 Estimation of feedback coefficients

C Lextimm) 4 R3

0.45 40 2.3xl0~3 lxlO-2

0.68 60 2.3xl0-3

CN1OX

3.22 900 7.6xl0“4 lxlO-3

10.4 1300 1.8xlO-3 5xlO-3

38.9 3480 2.3xl0-3 lxlO-2

These particular sawtooth-like fringes were obtained using both the free space 

arrangement and the arrangements employing the fibres. This important feature will be 

discussed further in the next Section. By decreasing the level of the reflections back into the 

diode laser, resulting in values of C below those tabulated in Table 5.1, the self-mixing 

interference fringes become sinusoidal and the sawtooth-like features disappeared, as shown 

in Figure 5.4. These experimental waveforms observed in the self-mixing interference are in 

agreement with the results of theoretical simulation previously discussed(Figures 4.11 and 

4.12), shown in the previous Chapter. However, it can be seen that, with distant external 

reflectors, the values of the feedback coefficient, C, calculated in Table 5.1 are much greater 

than those obtained from the theoretical analysis. This difference indicates two possibilities:

(i) these values of C obtained are much greater than those that actually are achieved for the 

laser cavity, since Eqn.(5.1) is only an esitmation and the fraction of the feedback light 

actually coupled into the cavity cannot be determined accurately; (ii) the self-mixing
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Figure 5.4 Self-mixing interference signal with weak 

feedback coefficient(upper trace—displacement of external 

mirror, lower trace—self-mixing interference signal)

Vertical axis, arbitrary units; horizontal axis, 0.5 ms/division.

waveforms obtained for larger values of C(>1) display similar characteristics to those 

obtained when the value of C is less than 1. It may be observed, from the theoretical 

analysis (Figure 4.5), that the laser oscillation will enter the multiple external cavity mode 

region if C>1. In this case it is impossible to obtain simple descriptions of the intensity 

variations and the lasing spectrum distribution, but the laser intensity and the spectral 

distribution of each lasing mode may be considered to undergo the same process as that in a 

single mode case, described in Chapter 4.

§5.3.2 Asymmetry and waveform sign inversion

The asymmetric feature of self-mixing interference, which has both been observed and

predicted, is an important difference from the conventional interference phenomenon. This

has been shown, in Section 4.3.2, to be caused by the asymmetric change of the lasing
*

spectrum subjected to the external feedback effect. Figure 5.5 shows an experimental 

observation of the difference in the output of a two-beam Michelson interferometer and that 

of a self-mixing interferometer under similar conditions of mirror displacement. It can be seen
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Figure 5.5 Asymmetric feature of Self-mixing interference 

Upper trace—self-mixing interference,

Lower trace—two-beam conventional interference,

Vertical axis, arbitrary units, Horizontal axis, 0.2 ms/division

that the two waveforms have the same number of the fringes when the external reflector is 

displaced an equal distance but the observed waveforms show a noticable difference in shape, 

in which the lower trace(Michelson) is a sinusoidal waveform whilst the upper

Figure 5.6 Sign inversion of self-mixing interference signal 

Upper trace—signla detected in the front of the laser, 

Lower trace—signal detected in the rear of the laser. 

Vertical axis, arbitrary units, horizontal axis, 0.2 ms/division.
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trace(self-mixing) is sawtooth-like and the fringe patterns observed are asymmetric relative to 

the movement direction of the external reflector. This feature of the fringe inclination, with 

respect to the movement directions has significant implications for directional 

discrimination(Simizu 1987 and Wang et al 1992a).

The optical intensity modulation caused by the self-mixing interference is also observed 

from both emission directions of the laser outputs, the signals obtained having no difference 

in shape but with a phase difference of n radians between these two signals, which indicates a 

sign inversion in both directions of the laser output, as shown in Figure 5.6. This feature is in 

agreement with the prediction of the theory in Section 4.3.2.

§5.3.3 Dependence of intensity modulation on injection current

The modulation depth of the intensity output is an important factor, which relates to the 

signal-to-noise ratio observed from the interference phenomenon. Since the intensity variation 

reflects changes of external cavity conditions, the sensitivity of these changes is related to 

physical parameters to be measured and determines the signal-to-noise ratio of the self-mixing 

measurement system. In other studies of the self-mixing interference[Shinohana et al 1986, 

Jentink et al 1988, de Groot et al 1988, and Koelink et al 1992], the modulation coefficient, 

m, of the self-mixing interference was not measured and considered generally to be constant 

with the injection current, but in the experiments undertaken in this work it has been found 

that the modulation coefficient, m, varies with the injection current, 7. To investigate the 

relationship between the modulation coefficient, m, and the injection current, J, the laser 

current was varied from 0.8 to 1.6 times the threshold current. The experimental arrangement 

to achieve that was the same as that shown in Figure 5.1, where the external reflector was 

vibrated and the intensity modulation of the laser output was monitored by a digital storage 

oscilloscope, via the amplifier, A. The light reflected back onto the front facet of the laser was 

estimated to be ~1%, as mentioned in Section 5.2.1. When the driving current was gradually 

increased from threshold, the modulation amplitude of the self-mixing interference was found

Chapter V Experimental study of self-mixing interference
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Figure 5.7 Dependence of modulation coefficient 

on laser injection current

to decrease and approach a stable value. Close to threshold, the modulation amplitude reached 

its maximum value; unfortunately, around threshold the intensity modulation was found to be 

unstable, whilst the modulation amplitude was very small when the laser is operated well 

above threshold(>1.4Jth). The relationship between the modulation depth and the injection 

current is depicted as in Figure 5.7, where the modulation coefficient, m, represents a 

normalised modulation amplitude of the self-mixing signal. When the injection current was 

under the value of 48 mA, the value of m was observed to be very small. Above this value, 

the modulation signal increased sharply and reached its maximum at the threshold and then 

the signal amplitude decreased with increasing the current. In the experiments on the 

self-mixing interference, the laser current was chosen to be 1.1 to 1.2 times the threshold 

current. At this level the output modulation signal was stable and had a considerable 

signal-to-noise ratio. This corresponds to the region of the current from 55 mA to 60 mA in 

Fig.5.7.
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The modulation coefficient m, defined in Section 4.2.4, represents the modulation signal 

amplitude in the laser output intensity when the self-mixing interference occurs. The larger 

the modulation coefficient, the higher the signal-to-noise ratio. Both the experimental result 

(Fig.5.7) and the theoretical prediction(Fig.4.14) have shown that the modulation coefficients 

reached their maximum and gradually decreased with increasing injection current and finally 

approched a stable value. These results show reasonable agreement, although in the 

theoretical value of the modulation coefficient at the threshold was infinite. In practice the 

modulation amplitude cannot achieve this value due to the non-linear effect of the self-mixing 

interference.

§5.4 Coherence properties of self-mixing interference

It has been stated previously that the interference pattern is unobservable if the optical 

path difference among the interfering beams is greater than the coherence length of the source 

used. However with the self-mixing interference, the external optical feedback constitutes a 

part of the laser source, and its presence changes not only the laser intensity but also the laser 

spectrum. The variations of the spectral distribution produced thus change the coherence 

length or coherence time of the laser source. The coherence of the radiation in the presence of 

an external feedback field is therefore determined by the actual lasing spectrum of this 

external cavity laser.

§5.4.1 Visibility function of the diode laser used

In order to analyze the coherence of self-mixing interference, the coherence length of 

the diode laser used is measured by using a two-beam Michelson interferometer. The diode 

laser used is a Sharp type LT022. This laser displays different output modes corresponding to 

different values of laser injection current. The spectrum of the laser shows characteristics of a 

multi-mode laser output just above the threshold current and a single-mode spectral 

distribution above its operating power(~1.25Jth) of laser output[Sharp 1992], For the

Chapter V Experimental study of self-mixing interference
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Figure 5.8 Visibility function of the diode laser used 

Diode laser—Sharp LT022, Output power—3 mW.

self-mixing interference, the laser driving current is adjusted to be just above the threshold, 

and the basic coherence characteristics of this laser used are measured at the injection current 

of 1.2Jth, as shown in Figure 5.8. In summary these are:

1) The optical spacing between the adjacent coherent regions is 1.05 mm, which is 

equal to the optical length of the laser cavity;

2) The FWHM of each coherent region is 0.11 mm;

3) The FWHM of the envelope of all the coherent regions is ~3 mm and the interference 

pattern rapidly decreases at the higher orders, over a value of ~10 mm.

It can be seen that the visibility function measured displays a multi-mode feature. It 

must be noted that for this type of diode laser the coherence length without optical feedback 

increases as the injection current is increased[Ning et al 1989]. Therefore the coherence 

measured at a higher injection current is greater than would be if measured at a lower 

injection current, but the lower current is usually chosen in practice as the self-mixing effect is 

more easy to observe around the threshold.
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Figure 5.9 The laser undulation dependence on the distance 

between laser used and external reflector.

Signals shown represents the amplitude variations of 

self-mixing interference corresponding to different distance.

§5.4.2 Coherence of self-mixing interference

To investigate the coherence of self-mixing interference, the experimental arrangement

used is the same as that shown in Figure 5.1. In experiments performed, the external target

was adjusted from an initial position of about 40 mm in front of the laser to a maximum

distance of 60 mm, and this is represented in Figure 5.9 as the X-axis from zero to 20 mm.

The output amplitude of the self-mixing signals was monitored against the distance betweem

the laser front facet and the target, M. The measured undulation output, Pm, corresponding to

a given distance, Do, is shown in Figure 5.9. Signals are still detected up to a maximum

position of about 1500mm from the laser. The modulation amplitude, as Figure 5.9 illustrates,

is a function of the target distance, D. The undulation signals display a period of about 1.0

mm. This distance corresponds to the optical length, nidi, of the laser cavity, where n; is the
*

effective refractive index of the laser medium and di is the physical length of the laser cavity. 

Further, when the laser is operated in the multi-mode regime, each lasing mode produces an 

individual optical intensity, the total of which is the direct superposition of the intensity of
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each of the different modes. This, of course, ignores the dispersion in the multi-mode laser 

cavity. Another feature of the multi-mode self-mixing is that the maximum amplitudes of the 

self-mixing interference signals do not show significant attenuation with distance.

The experimental results obtained above show that the self-mixing interference 

phenomenon can be observed even when the external reflector is placed at a distance which is 

beyond the coherence region of the original diode laser used. For conventional optical 

interference, there should be no interference signals observed in these places. This means that 

the interference effect in the self-mixing arrangement is not dependent completely on the 

coherence length of the laser used, a marked difference from what would be observed with the 

conventional optical interference.

§5.4.3 Coherence measured using the heterodyne technique

To measure the coherence length of the optical radiation resulting from the self-mixing 

interference, at a large distance from the diode laser, two long multi-mode fibres, one about 

3.48 m, the other about 10.10 m in length, with core diameter 50 |im were used to provide 

extended values of the OPD, well outside the coherence length of the source. The 

experimental scheme used is as shown in Figure 5.2. The light emitted from the fibre was 

reflected back into the cavity by a mirror. When the external mirror was displaced 

longitudinally, an intensity modulation caused by the self-mixing interference was observed, 

which was the same type of signal output as shown in Figure 5.3.

Further, to rule out the possibility of these self-mixing signals being caused by 

interference in the small cavity formed between the end of the fibre and the mirror, 

pseudo-hetrodyne interferometry[Jackson et al 1982] is employed. In this technique the laser 

is current-modulated by a triangular wave (500Hz) with a peak-to-peak modulation current 

amplitude of 0.1mA which produces a ’chirp’ frequency modulation of the optical frequency. 

Interference occurs therefore between two beams, one from the laser front facet and a second
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Figure 5.10 Block diagram of self-mixing ranging scheme 

The output of diode laser used is current-modulated and focused to external target, 

the backscattered light re-enters the laser cavity and results in the intensity modulation.

which is time delayed and reflected from the far end of the fibre used or from the mirror at the 

end of the fibre, at a beat frequency which is proportional to the optical path difference 

between the beams. With the small value of the modulation current used in this experiment, 

the optical path difference of the cavity formed by the end of the fibre and the target (typical 

OPD=l mm) or even possibly from the feedback of reflections from the end of the fibre 

nearest the laser (typical OPD=30 mm) are insufficient to produce a beat frequency signal as 

this frequency is linearly proportional to both the amplitude of the modulation current and the 

cavity length. This arrangement means that a beat frequency could only result from the 

feedback from the far end of the fibre, at a frequency proportional to the OPD between the 

laser and the target mirror.

The block diagram of the experimental setup used is shown in Figure 5.10. The beat 

frequency produced by the current modulation may be given as

f h = —  (df/dt) (5-3)c
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Figure 5.11(a) Beat frequency signal produced by the far end 

of fiber surface without incorparating external mirror

Figure 5.11(b) Beat signal incorporating external reflector 

Low frequency signals—current modulation of laser,

Higher frequency signals—beat signals corresponding to distance, D

where D is the distance to be measured between the laser and the target, c is the speed 

of light, /  is the optical frequency of the laser radiation and t is time. If the functional 

dependence of the optical frequency /  with respect to time t is linear, df/dt is a constant. 

Therefore the beat frequency is linearly proportional to the distance D to be measured.
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Figure 5.11 shows the beat frequencies observed in these experiments, when the fibre 

used is the multi-mode fibre at the length of -3.48 m. In Figure 5.11(a) the beat signal is 

produced by reflection from the far end of fibre, incorporating with the reflection from the 

laser front facet, without an external mirror. In Figure 5.11(b) the beat signal results from 

reflection from the external mirror, which is buttered against the end of the 3.48 m fibre. In 

both cases the lower frequency signals displayed in Figures 5.11(a) and (b) are the driving 

signals of the current modulation, and the beat frequencies of higher frequency are 

superimposed on this current modulation signals.

It can be seen that the two signals have the same beat frequency but have different 

amplitudes, which are proportional to the different reflectivities of the fibre end and the 

mirror. The frequency from the 3.48 m long fibre is measured to be 5.0 kHz and calculated, 

using Eqn.(5-3), to be 5.14 kHz (with a frequency modulation coefficient 2.6 GHz/mA). The 

experiment was repeated with a 10.10 m fibre and the beat frequency from this fibre was 

measured as 15.0 kHz and calculated to be 14.64 kHz. The experimental results are in good 

agreement with the theoretical calculations and for practical use an improvement of the 

frequency detecting technique and the more accurate measurement of the frequency 

modulation coefficient could also be performed. In this work, the frequencies were simply 

interpreted manually from the oscilloscope trace, to investigate the level of agreement.

In the experiment using the 10.10 m fibre, when the light from the exit facet of the fibre 

was reflected back into the laser cavity, no beat signal could be detected. This means that the 

distance between the laser and the external reflector was in the minimum region between the 

different orders of the self-mixing interference, as shown in Figure 5.9. Alternatively, when 

an external mirror is used as the reflector, the beat signal can be obtained when the mirror is 

adjusted away from the fibre end face, it shows the signal amplitude of the self-mixing 

modulation is away from the minimum region into maximum region. When the mirror is

99



Chapter V Experimental study of self-mixing interference

Figure 5.12 experimental arrangement for comparison 

between self-mixing interference and conventional interference 

L1, L2—lenses, M1, M2, M3—mirrors, PD—photodetector, LD—laser diode, BS—beam splitter, 

DSA—digital storage adaptor, OS—oscilloscope, SA—spectrum analyzer

again adjusted to a position further from the end face, the signal returned to a minimum. This 

indicates the multi-mode property of the diode laser used for the self-mixing interference.

§5.5 Comparison with conventional interferometric method

A experimental comparison of self-mixing interferometry with conventional two-beam 

Michelson interferometry has been carried out, where a diode laser was coupled to a 

multi-mode optical fibre coupler, with one output of the coupler used as a source for a two 

beam Michelson interferometer, the other being used as the sensing probe of the „self-mixing
V

interferometer. The experimental arrangement is schematically depicted in Figure 5.12 and 

the intensity modulation signals from both interferometers are shown in Figure 5.13 with the 

same frequency of the driven signal simultaneously applied to both mirrors Mi and M3. It has
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Figure 5.13 Conventional interference pattem(upper trace) 

compared with self-mixing interference pattem(lower trace)

Vertical axis, arbitrary units, horizontal axis, 0.2 ms/division.

been stated in Section 5.3.2 that the two signals have a similar intensity modulation with 

respect to the phase variation at the interferometers, which means that their periodicity is 

equal to a half of the laser wavelength. However, the self-mixing interference observed shows 

two significant differences with that of the Michelson interferometer. First, it is sawtooth-like, 

not sinusoidal, and secondly it is asymmetric relative to the external phase movement, from 

which the direction of the phase movement can be discriminated.

§5.6. DISCUSSION

The main results obtained may be summarized in that (a) self-mixing interference can 

occur from targets well outside the coherence length of the laser source, (b) the ’appearance’ 

of this interference signal is an harmonic function of the laser cavity length as shown in 

Figure 5.9, (c) the effect appears to be independent of whether the source is operating in 

single-mode or multi-mode manner; (d) the effect appears not to depend on whether the fibre 

used to couple the source to the target is single-mode or multi-mode. Since these significant 

differences between the self-mixing interference and conventional interference exist, the
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potential applications of using the self-mixing techniques in optical fibre sensing could be 

very attractive. Thus:

(i) The self-mixing interference has the same phase sensitivity as that of a conventional 

interferometer, but its significant advantages may lead to some conventional interferometers 

being replaced by the self-mixing type interferometer, for example, for techniques such as 

Doppler velocity measurement, and vibration measurement.

(ii) The occurance of self-mixing interference is not dependent on the initial coherence 

length of the solitary source in the absence of external feedback, which is a great advantage 

when compared to conventional interference. This makes it very attractive for various 

applications, such as coherent ranging which is largely limited by the coherence length of the 

source. Using the self-mixing technique, very large OPDs can be measured provided that 

sufficient optical feedback is redirected into the laser cavity, in the experiments it was shown 

that the beat frequency which was proportional to the distance was easily obtained by 

modulating the diode laser, even over a distance of 10 m, which shows the possibility of the 

self-mixing ranging in longer distance measurement.

(iii) Self-mixing enables the discrimination of the direction of motion of the target. One 

of the features of self-mixing interference signal is that it is asymmetric, provided that the 

reflectivity from the target is sufficiently large. Such an asymmetry is directly related to the 

direction of the sensing parameter and may be used to discriminate the direction of the target 

in the laser Doppler velocimeter. This is a very important factor as it minimises the need for 

alternative, more expensive and complex system.

(iv) A suggested disadvantage of the self-mixing interference is the potential difficulty 

of coupling the optical feedback into the cavity, but in a fibre coupled system, it was found to 

be quite easy to reflect the light back into the cavity. This implies that a fibre-coupled 

self-mixing system will be more attractive for this reason, particularly due to the fact that
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multi-mode fibre may be easily used in self-mixing systems, which makes such systems easy 

to align with a higher signal-to-noise ratio and thus lower costs. In this work, both single 

mode and multi-mode fibres are used in the above experiments, and the results showing 

comparatively few differences. The multi-mode fibre is easier to align and has a higher 

coupling efficiency. However, in the experiments performed it was found that more random 

noise was generated on the signal with the multi-mode fibre than in the case of the 

single-mode fibre. It is suggested in the final Chapter that signal analysis is a subject that 

needs further development and investigation.

(v) Since the self-mixing interference is not dependent on the type of laser used, the 

inexpensive low coherence solid state type of laser may be used to achieve it in actual sensor 

systems. For example, the main disadvantage of the conventional fibre optic velocimeter is 

that the fluid flow is perturbed by the presence of a sensing fibre in the flow itself [Tanaka & 

Benedek 1975]. Signals from this disturbed region broaden the Doppler spectrum because the 

fibre lowers the fluid velocity in the "stagnation region" in the close vicinity of the fibre tip. 

This problem may be overcome by using a multi-mode laser with self-mixing, (as discussed 

in the experiment with the 10 m fibre) in which an insensitive region (at a distance <n]d]) is 

formed in front of the fibre as the intensity superimposition of each mode, but a thin region of 

sensitivity may be profiled through and beyond the extent of the "stagnation region". This 

could of course means that the length of the coupling fibre itself would have to be very 

carefully defined.

Self-mixing interference in a diode laser results from both a threshold variation and a 

spectral variation of the laser and this type of interference is not dependent on the 

conventional coherence length of the laser. The experiments undertaken have shown that the 

interference by the self-mixing shows some significant differences when compared to 

conventional optical interference. Applications of these differences have been discussed and 

the use of the self-mixing technique will be presented in the next chapter.
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Chapter 6
i------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -

Use of self-mixing interferometry for optical 
sensing applications

L _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ i

§6.1 Introduction

Self-mixing techniques inside lasers have been extensively studied for use in laser 

Doppler velocimeter and other applications in optical sensors[Dandridge et al 1980, Sinohara 

et al 1986, de Groot et al 1988, 1989, 1990, Shimizu 1987, Yoshino et al 1987,Jentink et al 

1988, and Koelink et al 1992]. In an interferometric configuration, the laser used functions 

not only as a light source, but also, from the optical point of view as part of an interferometer 

as well as incorporating a self-aligning detector, which greatly simplifies the system 

configuration. Particularly, when configured with fibre optics, it makes a dual(or multiple) 

diode laser self-mixing interferometer very simple and easy to implement. Since the diode 

laser itself can be considered as a very narrow-band filter, the cross-talk among the different 

lasers used has been found to be minimal [Wang et al 1992c, 1993b].

For velocity measurement, the optical fibre is used only as the transmission medium by 

which the interference signals from the fibre end and from the flow particles in such an 

application are delivered back into the laser cavity, and the fibre length can thus be very 

long[Wang et al 1992b], In conventional optical ranging methods, the measurement range 

cannot exceed the coherence length of the light source. However for a self-mixing system, the 

interference is not dependent on the coherence length of the laser, it is therefore possible to 

apply this method for longer distance measurement(greater than the coherence length of the
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laser) [Wang et al 1992a]. For vibrational and displacement sensing, one of the problems of

using the conventional interferometric method is that the measurement range is usually

limited to within half of the oscillation wavelength because of the periodic feature of the

interference signals i.e. the 2n unambiguity. To overcome this problem, a two-wavelength

interferometer has been configured to achieve two output signals with a phase difference so

that a synthetic wavelength could be obtained, which is much greater than that of an

individual wavelength. If the two output signals are adjusted to be orthogonal, i.e the phase
Kdifference between them is —, direction discrimination from the object movement could be 

achieved[Wang et al 1993b].

§6.2 Laser Doppler velocity measurement

A fibre-optic Doppler velocimeter that incorporates the effect of self-mixing in a diode 

laser is described. The results of the experimental research are found to be in good agreement 

with the theoretical analysis. A Doppler velocity of as much as 3 m/s is measured directly, 

and a good linear relationship between the Doppler velocity and the Doppler-shifted 

frequency is obtained, which can be used to determine the velocity of a moving object.

§6.2.1 Introduction

The Doppler effect describes the phenomenon experienced by an observer whereby the 

frequency of light waves emitted from a source that is travelling away from or toward the 

observer will be shifted from its original value. This effect was recognised and modelled by 

Johann Doppler( 1803-1853), and so is named the Doppler effect[Watrasiewcz et al 1976, and 

Figliola et al 1991]. The observed shift in frequency, called the Doppler shift, is directly 

related to the speed of the emitter relative to the observer. The Doppler effect has been used to 

measure the velocity of moving objects by monitoring the frequency shift of a laser beam 

which is monochromatic and remains coherent over a long distance. To measure local 

velocity in a moving fluid, the emission source and the observer remain stationary. However,
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small scattering particles suspended in the moving fluid can be used to generate a Doppler 

shifted signal from the moving particles.

As a moving particle suspended in the fluid passes through the laser beam it scatters 

light in all directions. An observer viewing this encounter between the particle and the beam 

will perceive the scattered light at a frequency, f s, given by:

fs= fi+ fd  (6-1)

where fi is the frequency of the incident laser beam and fd is the Doppler shift, which is 

proportional to the velocity of the moving target, V, by:

. 2ncos0 T,
fd = —,j---- V/V? (6-2)

where n is the refractive index of the target medium, 0 is an angle between the velocity 

vector and the optical axis, and 'kQ is the wavelength of laser emission.

In this section, self-mixing interferometry is exploited for velocity measurement using 

Doppler techniques, with the use of a 6 m single-mode optical fibre(core diameter of ~5 pm) 

and a cheap CD-type diode laser(Sharp LT022MD) operated above its threshold. A Doppler 

velocity simulation is provided by a rotating disc coated with a white paper and its rotation 

speed could be adjusted by changing the voltage of a Voltage-Controlled-Motor (VCM). The 

velocity is varied from 20 mms"1 upwards and is measured by using the self- mixing 

interferometry method. It is compared to that obtained by direct measurement using a 

opto-electronic pulse counting method. A linear relationship between the velocity of the 

rotating disc and the Doppler frequency produced is obtained with a minimum resolution of 

~3 mms"1. A simple theoretical model is presented together with a description of the 

experimental arrangement, experimental results and discussion.
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§6.2.2 Experimental setup for self-mixing LDV

The self-mixing LDV study reported herein is carried out with a 780 nm diode 

laser(Sharp LT022MD) and a ~6 m single-mode optical fibre(-core diameter of ~5 pm) as 

shown in Figure 6.1. The light emerging from the diode laser is collimated, passes via a beam 

splitter, BS, and then is focused into the fibre. The light emitted from the fibre end is then 

aimed at a diffused target, which is represented by a white paper attached to a rotating disc, 

with an angle about 68 degrees to the rotation direction. The disc is driven by the VCM and 

its velocity could be varied from 20 mms"1 to 5000 mms'1. The scattered light from the 

rotating target re-enters the fibre and is superimposed with the light reflected from the fibre

Figure 6.1 Experimental arrangement for self-mixing LDV

LD, laser diode; BS, beam splitter; Li, l_2 , lenses; OS, oscilloscope; SA, spectrum 

analyzer; A, amplifier; PM, power meter; SM, single mode; RD, rotating disk.

end. Both beams are guided via the same optical path back into the laser cavity and the 

amount of optical feedback is monitored through a beam splitter, BS, by a powermeter, PM. 

The diode laser package incorporated a photodiode accommodated in its rear facet, this is 

employed to monitor the laser intensity variations, which are used in this experiment to 

observe the self-mixing effect produced by external optical feedback. The laser is operated at
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an output power of 2.5 mW(J=1.2Jth, Jth being the threshold current) which has been found to 

be the optimal output for the Doppler velocity measurement [this is in agreement with the 

result in Section 5.3.3], whilst the signal-to-noise ratio(SNR) is found to decrease with 

increasing diode injection current, i.e. increasing the output power of the laser, but there still 

remains a good SNR at J=2Jth. The reflected light from the target is measured by the power 

meter, PM to be 0.01 mW, which is approximately -25 dB of the original output laser power. 

However, to achieve self-mixing interference, the optical feedback strength can be up to about 

-10 dB and as small as about -60 dB. The output signal from the laser photodiode is 

ac-amplified via a wide-band amplifier A and then fed to an oscilloscope and a spectrum 

analyser for direct Doppler frequency studies.

§6.2.3 Theoretical analysis

The experimental self-mixing LDV scheme using fibre optics(Figure 6.1) may be 

simplified, in optical terms, to a four-mirror FP cavity structure, as depicted schematically in 

Figure 6.2[Section 5.2.2]. A portion of light emitted from a diode laser is fed back into the 

laser cavity after it is reflected from the fibre end and scattered from a diffused target which is

d 1
d 2 d 3

E . ! Fc 2

r i I  n r 2 r 3 r 4

3 ------ Z

Figure 6.2 Schematic of self-mixing LDV system

n , r2 , laser facet amplitude reflectivities; r3 , r4 , reflectivities from far fibre end 

and external target; n, effective index of laser material; di, d2 , d3 , respective 

cavity lengths; Ei, E2 , laser output waves in two emission directions.
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moving, to produce a Doppler shifted frequency superimposed on the original optical 

frequency of the laser light. According to the theory given in Chapter 4, the effective 

reflection coefficient n.' may be expressed as:

n !  = n  + (1 -  /?2)r3exp[-y'(j)3] + (1 -  R l){\ -  /?3)r4exp[-/04] (6-3)

= r2 | 1 + C3exph/(t)3] + Ç4cxp[-/(J)4]| (6-4)

2 2where R2(=lr2l ), R.3(=lr3l ) are the power reflection coefficients of the fibre end and the 

target respectively; ^3, Ç4 are the feedback coefficients from external reflection surfaces 

respectively, and given by

rx rd
&  =  (1 -  R i) — , &  =  (1 -  *2)(1 -  ^ 3 )-, n. n

and <()3, (¡>4 represent the corresponding phases from the external reflections respectively, 

and given by

. d2 , „ d2 + d3 .  „<j)3 = 4ïïv — 64 = 47üv---------+ 2nfdt.
c c

Since the reflections from the fibre end and from the target are much less than that from 

the laser facet, the coupling coefficients £3 and ^4 satisfy the following condition:

^3 «  1 and ^4 1 «  1

The excess gain Ag and the additional phase 02 may be expressed approximately as:

A g ~ -  2 -[^3  cos(03) + ^4 cos(04)] (6-4)

02 » ^3 sin(03) + ^4 sin(04) (6-5)

The resultant optical intensity modulation I is therefore given by:

/  ~ I0[ 1 + m3 cos(03) + m4 cos(04)] (6 -6)

where m3 and m4 are the self-mixing modulation coefficients.

The lasing frequency of the self-mixing system must satisfy the lasing phase conditions, 

and this leads to:
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2jr(v -  Vth)xi + 1+a2 sin[(|)3 + arctan(a)] + 1 + a 2 sin[(j)4 + arctan(a)] = 0

For very weak feedback level, the lasing frequency may be assumed to be 

unaltered[Shinohara et al 1986], i.e. v~Vth, and under this assumption, the intensity 

modulation produced by self-mixing effect may be expressed as:

lac «= COS(A())4 + m t) (6-7)

where Iac accounts for the ac component of the self-mixing intensity modulation; 
dl + ds

A(}>4 = 4izVth---------is an initial phase determined by the positions of the fibre end and the

target and oy/ is the angular frequency produced by the Doppler effect. It is clear that the 

presence of fibre end reflection does not contribute to the Doppler frequency modulation, but 

influences the dc component of the output intensity of the laser used.

In this case, the intensity modulation is similar to that seen in conventional LDV, and 

the Doppler velocity, V, of the target movement may then be expressed directly as

V= 2n cos0

= kfd (6-8)

where Xo is the lasing wavelength of the self-mixing system, n is the refractive index of 

the scattering medium and 0 is an angle between the velocity vector and the optical axis, and k 

is a proportionality constant. For example, k=1.04 when the related parameters are chosen to 

be ’ko=780 run, n-1  and 0=68 degrees and the velocity V is presented in mms"1 and fd in kHz.

§6.2.4 Experimental results

A typical Doppler spectrum produced by the target rotation is shown in Figure 6.3(b). 

This spectrum may be compared with the output spectrum without the external optical 

feedback shown in Figure 6.3(a). When the external signal, shifted by the Doppler velocity, is
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Figure 6.3 Signal spectra of self-mixing LDV system

(a) background spectrum without rotation of the target;

(b) Doppler frequency spectrum produced by rotation of the target. 

Vertical logarithmic scale, arbitrary units[same for (a) and (b)]; central 

peak, f0, zero frequency(dc); side peaks, fd,Doppler shift frequency(b).

fed back into the cavity, two side peaks are seen in the spectrum, and the spacing from the 

central peak(zero frequency) represents the Doppler-shifted frequency, which is directly 

proportional to the speed of the rotating disc. The broadening in the Doppler-shifted spectrum 

represents the low frequency rotation of the disc used, and the equal-spaced peaks around the 

zero frequency, f 0, and the Doppler frequency,/^, are separated by the disc rotation frequency.

In the experiments performed, the velocity of the rotation disc could not be given 

directly so that the Doppler frequency measured from the spectrum analyzer was against the 

voltage applied to the VCM as shown in Fig.6.4(a). In addition, the Doppler velocity of the 

rotating disc was also measured against the Motor Voltage applied, as shown in Fig.6.4(b), 

which shows a linear relationship between the velocity and the motor voltage, i.e. the rotation 

velocity is proportional directly to the motor voltage. Therefore the Doppler frequency
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Figure 6.4(a) Doppler frequency dependence on motor voltage 

(where the motor voltage is proportional to the rotation speed)
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Figure 6.4(b) Doppler velocity vs. Motor voltage
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measured could be linked with the rotation velocity. It can be seen that the two curves have a 

good linear relationship with the voltage applied, the saturation at higher voltage shown in 

Fig.6.4(a) being due to the bandwidth limitation of the amplifier used. In order to obtain an 

explicit relationship between the Doppler velocity and the Doppler frequency, adequate data 

processing has been performed to combine these two curves together and find out a direct 

relationship between the Doppler velocity, V, and the Doppler-shifted frequency, fd, which 

can be expressed as

V {mm/s) = 1.05 fd {kHz) ±7.80 (mmA) (6-9)

The offset of 7.8 mm/s is the error limit, which indicates the combined effect of the 

velocity measurement and the direct frequency measurement against the control voltage, an 

improvement of the frequency detecting technique and the accurate measurement of the 

rotation speed would absolutely reduce this limit.

§6.2.5 Discussion

The utility of the self-mixing technique for LDV indicates its significant advantages. 

These are simplicity, the fact that the self-mixing configuration requires only one optical axis, 

which simplifies the design and alignment of the optical system; its compactness, and the use 

of the internal photodiode in the laser package to detect the intensity modulation produced by 

self- mixing. No external detector is needed, and this detector provides a high detection 

efficiency for the self-mixing interference. Since the measurement method is not dependent 

on the coherence length of the laser used, various fibres and low-coherence sources may be 

exploited in this application.

With strong feedback, the higher harmonics of the measured Doppler-shifted frequency 

are presented in the output spectrum as shown in Figure 6.5, these higher harmonics indicate 

the asymmetric feature observed in the self-mixing interference and include the directional
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fo

Figure 6.5 Signal spectrum with strong feedback level

Vertical logarithmic scale, arbitrary units; horizontal scale, 0.1 MHz/division 

and with video filter of 10 Hz; central peak, zero frequency(dc).

information of the Doppler velocity [Section 5.3.2]. This may be useful for discrimination of 

the target movement and has been discussed in by Shimizu[1987].

The principle of an optical-fibre laser Doppler velocimeter was demonstrated in this 

Section, based on self-mixing interference, which is realised with a long optical fibre 

combining a cheap CD-type diode laser source. The experimental arrangement highlights the 

simplicity, compactness and suitability of this self-mixing LDV scheme over conventional 

LDV.

§6.3. Ranging using self-mixing technique

Distance measurement, beyond the coherence length of a diode laser used, is
*

investigated in this section by using the self-mixing interference scheme in a diode laser. 

Experiments with different length multi-mode optical fibres demonstrate the feasibility and 

simplicity of the method.
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§6.3.1 Introduction

Coherent detection techniques have been exploited in conventional optical 

interferometers to provide the advantages both of absolute parameter measurement and a large 

dynamic range [Hymans & lait 1960, Jackson et al 1982]. The coherent detection method is 

realised by first splitting the light from the source into two beams. One of the beams, termed 

the reference beam, is maintained at a known optical length to provide a reference for sensing 

beam. The other beam, termed the signal beam, is subjected to an unknown time delay on 

reflection from a distant external target. The signal and reference beams are then mixed 

coherently to produce an intensity variation which can be detected by using a photodetector. 

When the light source is frequency modulated, a beat frequency occurs from the output of the 

detector, which is directly proportional to the optical path difference between the signal and 

reference beams and can be demodulated from the detected optical intensity modulation. This 

observed beat frequency can represent the target distance from the reference [Dandridge & 

Goldberg 1982, and Tatsuno &Tsunoda 1987],

Since most coherent detection systems involve some variation of unequal-path 

interferometry, the measurement range is completely dependent on the coherence length of 

the source, which limits its application for larger ranges i.e. those beyond the source 

coherence length. Coherent ranging using the self-mixing effect has been reported by several 

researchers[Beheim & Fritsch 1986, de Groot et al 1988, 1990], which presents significant 

advantages in compactness, simplicity and robustness. However, it has been confined only for 

use within the coherence length of the laser, as the self-mixing interference has been 

considered to be a form of conventional interference.

In this section, coherent ranging for larger distances(up to 10 m, using fibre optics) is 

investigated, based on the use of self-mixing interference method, with the measurement 

range being in excess of the coherence length of the laser used. The experiments performed

115



Chapter VI Use of self-mixing interferometry

demonstrate that self-mixing interference is not dependent on the coherence length of the 

laser, which provides the possibility of using coherent detection methods for range finding for 

much longer distances, that provides an advantage over conventional coherent detection 

method.

§6.3.2. Self-mixing coherent ranging

Self-mixing interference has been observed even with the external reflector well beyond 

the coherence length of the laser used. The resultant intensity modulation reflects the 

variations of both threshold gain and spectral distribution of the laser self-mixing effect, 

which provides two significant differences over conventional interference as mentioned in the 

previous chapters, i.e. (1) it is non-dependent on the coherence length of the laser; (2) it is 

asymmetric with respect to the phase change of the target movement. When the external 

optical feedback is very weak, the intensity modulation for a three-mirror self-mixing system 

may be expressed approximately[Eqn.(4-33)] as

I = I0[ \+m  cos(27tVrt— )] (6-10)c
where m has been termed as the modulation coefficient, Vth is the lasing frequency of 

the external cavity laser under weak feedback; and AL is the optical path difference(OPD) 

between the laser front facet and the target. It is easy to see that the eqn.(6-10) has the same 

form as that for a conventional two beam interferometer.

When a direct current modulation is applied to the diode laser, the resultant intensity 

modulation will include an FM modulation and an AM modulation [Imai & Kawakita 1990], 

If the amplitude and the frequency of the current modulation are very small, a beat frequency 

fb, produced by the self-mixing can be observed and may be given by

fb = -^ D { d J /dt) (6-11)
x l

where [i is the wavelength modulation coeffieient("'%i/0, is the lasing wave length of 

the diode laser, dJ/dt is the rate of the current change rate, and D is the target distance from the
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Figure 6.6 Experimental arrangement for self-mixing ranging 

PD, photodiode(integral), LD, laser diode; Li, L2 , lenses; A, amplifier.

laser. It is obvious that if dJ/dt is a constant, a fixed beat frequency//? can be detected from the 

intensity modulation of the laser output, and then the distance D to be measured could be 

calculated directly from the equation (6- 11).

§6.3.3. Ranging experiments

These experiments are performed by using a diode laser package(Sharp LT022MC) and 

different lengths of multi-mode optical fibres, all with a core diameter of ~50 Jim. The 

experimental arrangement using the self-mixing coherent ranging is shown in Figure 6.6. The 

light from the laser is collimated by a lens, Li, and then focused by another lens, L2, into a 

multi- mode fibre. The light travelling through the fibre is reflected by the fibre end facet or 

by a mirror M. The reflected light is guided by the same fibre and re-enters the laser cavity. 

The light beams from one of the laser facets and from the target are mixed inside the laser 

cavity, and the resultant intensity modulation is detected by a photodiode accommodated at 

the rear facet, inside the laser package.
*■

When the laser is current-modulated, the interference due to the self-mixing occurs at a 

beat frequency which is proportional to the distance between the self-mixing beams. The beat 

frequency may result from the reflection from the fibre end nearest the laser or from the far
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end of the fibre. In the work herein, the laser is dc biased, with a driving current J above its 

threshold Jth (J=1.2Jth ) and in addition current-modulated by a sinusoidal wave at 500 Hz 

with a peak-to-peak value of 0.1 mA. The small current modulation provides two advantages, 

which are (1) the feedback from the near end of the fibre is insufficient to produce a 

significant beat frequency due to the short distance; (2) the mode hopping produced by large 

current modulation can be avoided. By substituting the experimental data above, the distance 

D may be expressed as

D = 0.69 fb (6-12)

where the wavelength modulation coefficient in the above Equation(6-l 1) is estimated
_3

to be about 5.6x10 nm/mA for the diode laser used, and the lasing wavelength of the laser 

used is 780 nm.

The resultant intensity modulation was ac-coupled via an amplifier A(Figure 6.6) to an 

oscilloscope for waveform analysis. Figure 6.7 shows the observed waveforms in the

Figure 6.7 Beat frequency(lower trace) produced by current

modulation o f diode laser against upper trace(current modulation signal applied to FD). 

Vertical axis, arbitrary units; horizontal axis, 0.2 ms/division.
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experiment with a 1.51 m long multi-mode fibre, where the upper trace is the ac-current 

modulation, and the lower waveform is the output modulation signal, produced from the 

reflection of the external mirror, M, incorporating the reflection from the front facet of the 

laser. The frequency of the signal represents the beat frequency from the current modulation. 

It is clear that the self-mixing beat signal(lower trace) has a periodical modulation waveform, 

the frequency of which is proportional to the distance to be measured. The following, Table 

6.1, shows the fibre lengths, L0, measured against the distance, D0, calculated using 

Equation(6-12), from the directly measured beat frequency on the oscilloscope, E represents 

the error between the fibre lengths and the distances. It is clear that the measured results are in 

considerable agreement with the theoretical calculations. Improvement in the accuracy of 

distance measurement requires a more accurate measurement of the beat frequency, which 

may be improved by using more accurate frequency detection techniques rather than direct 

measurement from the oscilloscope.

Table 6.1 Estimation of distances measured

fb(kHz) 2.0 5.0 15.0

Lo(m) 1.51 3.48 10.10

Do(m) 1.38 3.45 10.35

E(cm) 13 3 -25

§6.3.4. Discussion

The laser diode used in the ranging studies displays a multi-mode nature, the coherent 

characteristics of which have been measured using a two beam Michelson interferometer in 

Chapter 5, as shown in Figure 5.8. The interference was not detectable when the distance 

difference between the two arms of the interferometer was greater than 11.65 mm, which 

means that this type of laser cannot be used in a conventional coherent ranging system where
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the distance to be measured is greater than 11.65 mm. However, with the self- mixing 

coherent ranging arrangement, the measurable distance could reach as far as a distance of 10 

m, with suitable detector circuitry. This represents a considerable improvement, using a cheap 

and readily available laser source.

The experiments undertaken have demonstrated that the coherent detection method 

using the self-mixing interference can incorporate a larger optical path difference than using 

conventional techniques and the self-mixing arrangement shows the simplicity of operation in 

terms of self-alignment and self-detection.

§6.4 Vibrational Measurement

Vibration measurement using self-mixing interference is studied in this section, where 

the vibrational direction of the target movement may be determined if there is enough 

feedback strength.

§6.4.1 .Introduction

Laser interferometry offers a number of desirable features in the measurements of small 

vibrations [Bruce & Fitzpatick 1975, Nokes et al 1978], In this work, a self-mixing 

interferometer with a diode laser is proposed based on "self-mixing interference" where a 

portion of emitted light from the laser is reflected back into the laser cavity from a vibrating 

surface, and the resulting intensity modulation is extracted to determine the vibration 

parameters which are causing the resultant phase change in this interferometer. A simple 

arrangement with a multi-mode optical fibre is used to measure the vibration with its 

directional information. Due to the asymmetric nature of the self-mixing interference 

mentioned in the previous chapters the vibrational direction is discriminated from the 

resulting intensity output signals which offers an advantage compared to the use of 

conventional interference techniques.
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§6.4.2.Experimental arrangement

The experiment reported was carried out with a 780 nm VSIS-type AlGaAs diode laser 

and a multi-mode fibre coupler(50 pm core diameter) as shown in Figure 6.8. The light from 

the diode laser is collimated and then focused into the fibre coupler. The light emitted from 

one of the fibre arms is pointed at a reflecting surface, which is represented by a small mirror 

attached to a loudspeaker cone, driven by a signal generator to provide a vibration signal. The 

reflected light from the mirror is guided by the same path back into the laser cavity and the 

amount of optical feedback is monitored by a photodetector PDi. The diode laser package 

incorporates a photodiode accommodated in its rear facet to monitor the laser power, which is 

used in this experiment to observe the intensity variations produced by the external optical 

feedback. The other optical fibre for transmission of light is angle-ended to reduce the 

reflection from this fibre end. When the mirror Mi is vibrated, the intensity modulation

Figure 6.8 Experimental arrangement for vibrational

measurement using self-mixing technique 

PD, photodiode; LD, laser diode; Li, l_2 , lenses; A, amplifier;

DC, directional coupler; DSA, digital storage adoptor; OS, oscilloscope; 

SA, spectrum analyzer; M, target mirror.
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Figure 6.9 Self-mixing signal produced by mirror vibration

Upper trace—electric signal of external vibration applied,

Lower trace—self-mixing interference signal detected from LD.

Vertical axis, arbitrary units; horizontal axis, 0.5 ms/division.

signals are observed from both photodetectors, PD, and PDi, which represent the self-mixing 

interference fringes as observed in Section 5.3.

A typical output signal produced by the longitudinal vibration is shown in Figure 6.9.

The upper trace is the driving signal applied to vibrating speaker, while the lower trace is the

self-mixing interference signal caused by the vibration. As has already been discussed in

Chapter 5, the interference signal shows a 271 periodicity with the phase change at the external

mirror M l, and the period of the variation is equal to a half of the wavelength of the laser. On

the other hand, it is easy to see that the significant differences between them, in that it is

sawtooth-like but not sinusoidal, and it is asymmetric relative to the external vibration. From

this, it is important to note that the inclination of the signal is dependent on the direction of

the "target" movement, and when the target changes its movement direction, the signal

changes its inclination. It is from such an asymmetry that the vibration direction can be
*

discriminated, which shows a major advantage over the conventional interferometric method.

To measure the nature of the vibration of a subject under consid eration, two factors 

must be determined, which are the amplitude and frequency of such a vibration. The
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amplitude can be determined by counting the fringe number of the interference in one 

direction. A good linear relationship between the fringe number and the vibrating amplitude is

X * i i i M ' i i I i i i i I i i i i I r-r v i I"i t i-i n - m r i  i i i i | i i i i p  ' i t  r -p - |-  
0  1 2 3 4 5 6 7 8 9  10  11

V i b r a t i o n  A m p l i t u d e ( a . u . )

Figure 6.10 Fringe number dependence on vibrational amplitue

shown in Figure 6.10. Thus the amplitude may be expressed as

A = NxX (6-13)

where N  is the fringe number, and X is the oscillating wavelength of the laser. Again it 

has been seen that this self-mixing interference signal changes its inclination as the target 

changes its direction, which implies that the period(the reciprocal of the frequency) can be 

determined by recording the time between directional change of the target. If the vibration is 

symmetrical, its frequency may then be given by

<6-14)

where x is the time for one directional change.
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§6.4.3. Theoretical analysis

The self-mixing effect may be considered as a kind of optical interference, ("self-mixing 

interference") and the resulting intensity variation is found to be due to the threshold gain and 

spectral linewidth change produced by the externally reflected light. Thus the intensity, I, has 

been expressed as in Eqn.(4-33). The intensity modulation dependence on the external 

displacement has been shown in Figure 4.8, corresponding to different external reflection 

coefficients, where the larger the reflectivity, the more sawtooth-like the intensity modulation. 

For a very small reflection coefficient(C«l), the modulation becomes sinusoidal, and the 

intensity may be expressed approximately as:

7 = /0[l+m cos(27t=1)] (6-13)
hh

where I0 is the laser output intensity in absence of external feedback, m is the 

modulation coefficient or visibility function, and .̂th is the lasing frequency at threshold; AL is 

the OPD between the laser front facet and the vibrating mirror. When the target is vibrated 

with a sinusoidal movement, the OPD, AL, may be written as:

AL -  AL0 + A sin(2nfdf) (6-14)

where AF0 is an initial position of the vibrator, and the amplitude A and the frequency 

fd may be determined from the resulting intensity modulation.

It is worth noting that when the reflected light signal is too weak, i.e. the feedback 

coefficient C is much less than unity in theory, the useful asymmetry of the intensity output 

will disappear(as the function approximates closely to a sinusoidal) and it is therefore 

necessary to keep sufficient light fed back into the laser cavity.

§6.4.4. Discussion

In this Section, a "self-mixing interferometer" with a semiconductor laser was described 

and preliminary experimental results presented, which show some significant comparative
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advantages over the use of a conventional interferometer. For a vibration measurement, the 

self-mixing method combines simplicity of operation with the ability of discriminating the 

vibration direction.

§6.5 Displacement measurement with a wide dynamic range

The principles, experimental apparatus and advantages of using the self-mixing 

technique for extended displacement measurement are described, based on the use of a dual 

diode laser configuration. This device is capable of creating a synthetic wavelength 

simultaneously by using the frequency selectivity of the individual laser which responds only 

to its own wavelength. Theoretical analysis and experimental evidence are presented to show 

the feasibility of the measurement method, and the simplicity of its operation.

§6.5.1 Introduction

Optical interferometric methods for measurement of displacement and if required, 

vibration have been widely developed. Such methods are non-contact, are immune to 

electrical interference and can offer potentially higher resolution than conventional methods 

in many instrumentational applications.

In recent years, amongst these novel interferometric methods, self-mixing interference

in a diode laser has been increasingly of interest because of the inherent simplicity,

compactness and robustness of the method. Unfortunately, the measurement range of the

self-mixing technique is also limited by the familiar "2k  phase ambiguity" in its output due to

the periodic nature of the observed transfer function. For displacement measurement, this

technique is capable of detecting movements as small as -9 x 10 5nm[Dandridge 1980], but
—7the maximum displacement to be measured is limited to only ~2 x 10 m for a typical 

solid-state laser source, operating at a wavelength of -800 nm. This leads to an uncertainty in 

the observation of the direction of movement and the determination of the true displacement 

is hence only possible to within V4[Jackson 1987], Optical methods of measurement can
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further be required, with extended range, for machine vision, robotic positioning and 

automatic inspection. Conventional measurement methods to overcome these limitations of 

range are based on two or multiple wavelength interferometers [Cheng & Wyant 1984, Kersey 

& Dandridge 1987, den Boef 1988, and Williams & Wickramasinghe 1986]. Of these, such 

interferometers that are based on optical fibres enable the optical systems to be simple and 

insensitive to environmental vibrations[de Groot 1991]. However, to measure the phases of 

the different wavelengths used, the interferometric systems require some type of temporal, 

spatial or polarization multiplexing components to separate the individual interferometric 

phases corresponding to each wavelength. This makes the interferomethric systems 

complicated and difficult to align. Another technique using "white light" 

interferometry[Gerges et al 1990, Ning et al 1990] has been also developed for extended 

displacement measurement, but such schemes require relatively complicated optical 

configurations and often bulky interferometric components[Smith & Dobson 1989, and Jones 

1992],

In this Section, a dual diode laser-based self-mixing interferometer is described for 

extended displacement measurement with a wide dynamic range. The optical reflection from 

the target surface is fed back into both diode laser cavities, each laser operating at a distinct 

wavelength and acting as its own "frequency filter", only responding to the feedback of its 

own light, and thus allowing the creation of a "synthetic wavelength" by monitoring the two 

output signals of two diode lasers used. This wavelength is much larger than either of the 

individual wavelengths corresponding to each laser alone and the method can be used for 

extended displacement measurement or absolute ranging with a wide dynamic range. Section 

6.5.2 presents the theoretical background for the dual diode laser-based self-mixing 

interferometer, relating to the work undertaken. The experimental apparatus, using fibre 

optics, is described in Section 6.5.3, and experimental results and conclusions are presented 

respectively in Sections 6.5.4 and 6.5.5.
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§6.5.2 Theoretical background

A free-space version of the dual diode laser-based self-mixing interferometer is 

illustrated in Figure 6.11. The outputs of the two diode lasers are combined via a mirror, M, 

and beam splitter, BS, into one light beam. A part of the light is first reflected by the reference 

mirror, R, and the rest of light propagates to an external target, T, and is then reflected by that 

target surface. Both of these reflections are fed back, via their original optical paths, into the 

laser cavities. The self-mixing process inside each laser cavity results in the variation of the 

laser output power which is monitored by detecting the output light at the rear facet of the 

laser cavity.

To understand the mechanism of the self-mixing modulation, the dual diode laser 

self-mixing system may be considered to consist of two Fabry-Perot type external cavity 

lasers. They have the same structure and may be modelled as a four-mirror Fabry-Perot type 

cavity laser, as shown in Figure 6.12, where r; and r2 denote the amplitude reflection 

coefficients of the laser facets respectively, rj and r4 represent the amplitude reflection

Figure 6.11 Schematic of two diode laser self-mixing system

LD-i, LD2, diode laser packages; LD, laser diode; PD, photodiode;

BS, beam splitter; M, R, mirrors; D, distance between reference plane 

and the target surface; A, amplifier; T, target; Yi, Y2, intensity modulations.
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d L n

ri rz'(y)

Figure 6.12 Geometry of a four-mirror Fabry-Perot type

cavity laser and its two-mirror Fabry-Perot equivalent 

r i , r2 — amplitude reflection coefficients of laser facets 

n , r4 — amplitude reflection coefficients 

of reference mirror and target 

d — solitary diode laser cavity length
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coefficients of the external reflection surfaces, R and T, and n represents the effective 

refractive index of the laser cavity material. Eo and Ei represent an initial electric field vector 

and the output electric field vector of the laser respectively, d is the diode laser cavity length, 

L  is the length between the laser front facet and the reference mirror, and D  represents the 

length between the reference plane and the target reflector.

For simplicity, the case of a single-mode laser only is considered in the following 

theoretical analysis, and the external feedback is assumed to be very weak, thus the multiple 

reflections within the external cavities may be neglected[Petermann 1991b], From Figure 

6.12, an effective reflection coefficient n! accounting for the external optical feedback at 

frequency, v, may be expressed as

rz'{v) = rz + (1 -  Ir2l2)r3exp{-j2rrv— } + (1 -  Ir2l2)( l -  Ir312)/~4ex pj-/'27tv ~ ̂  + (6-15)

2 2The terms (1 -  \n) ) and (1 -  \n,\ ) account for the light transmission through the laser 

front facet and through the mirror, Mr. The above expression is a complex function and may 

be re-written with respect to amplitude and phase, O2, as

n.'(v) = \n.'\ exp{-y'd>2} (6-16)

In the case of the weak feedback with Irjl, Ir^l«lr2l, the amplitude \ri'\ may be 

expressed as

\n,'\ = ri{l +  ^3cos(27tV“ ) + ^4cos [27W ̂ +^  ] }(6-17)

where the coupling coefficients are

^3 = —(1 -  lr2l2) (6-18)
r2

and

^4 = —(1 -  lr2l2)(l -  lr3l2) (6-19)
r~2

and c is the speed of light.
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In general, for weak feedback, £3, ^4«  1 and the phase <I>2 may be expressed as

02 = £3sin(27CV— ) + cisin[27TV2 ( / ' / ) ) l (6-20)c c
It is known that for a stationary laser oscillation, the initial electric field vector Eo inside 

the laser cavity, which undergoes a complete roundtrip within the cavity, will meet the 

following laser oscillation condition

r i r 2,(v)exp{(g -  y ) d  - j 2 n v ^ }  = 1 (6-21)

where g and y represent the optical gain and loss per unit length(cm_1) inside the solitary 

laser cavity respectively, and d is the solitary laser cavity length. This lasing condition 

requires the threshold gain, gth, for laser oscillation to be

gth = go -  ™cos(47iV“ ) -  ~cos(47W~~~~j (6-22)d c d c
and the lasing frequency, v, to satisfy

47t(v -  v o )~ - + (yWl + a 2sin(47tv—) + c^Vl + a 2sin(47tv '̂+^ ) = 0 (6-23)c c c

where go and vo are the threshold gain and the lasing frequency in the absence of 

external feedback, ne is the effective group refractive index of the laser cavity material, and a  

is a constant termed the linewidth enhancement factor.

Equations(6-22) and (6-23) may be considered as theoretical models to explain the 

self-mixing interference inside the laser cavity. Since the laser intensity is proportional to the 

laser threshold gain, Equation(6-22) accounts for the intensity modulation produced by the 

change of the external cavity conditions. This expression shows that the intensity modulation 

of the self-mixing interferometer is similar to that of conventional optical interference. 

However, Equation(6-23) illustrates the determination of the lasing frequency and only those 

frequencies satisfying this equation can produce the laser output light. This implies that the 

laser cavity is acting as a frequency filter which passes the light within the frequency band for 

amplification and rejects the other light outside the frequency band. Because this frequency
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band is usually very narrow for a semiconductor laser, each laser used in this two wavelength 

self-mixing interferometer can only response to its own feedback light, the light from the 

other laser being rejected due to its wavelength difference and it has no influence on the laser 

output signal. This nature greatly simplifies the configuration of the multiple wavelength 

interferometer as an optical or electronic multiplexing system is not needed.

The principle of the operation of the dual laser diode system is as described below. 

Firstly, each laser acts as its own "frequency filter", only responding to feedback of its own 

light. Secondly, the signal obtained from the pin photodetector located in each of the lasers 

results from the self-mixing interference with the external optical feedback. As the phase of 

the reflected signal is modulated by the movement of the target, this leads to a modulation of 

the intensity of the laser output power. Thirdly, as the source lasers are at different 

wavelengths, a phase difference will arise between the two electrical signals from the internal 

pin photodiodes. This phase difference will be proportional to the displacement between the 

reference plane and the target surface and the detection of this phase difference can be used to 

obtain the relatively large displacement measurement of the target from the reference position, 

Mr. As the reflection from the reference plane is in a stationary state, it determines the dc 

level of the laser output signals and the initial phase of the output signals, but has no influence 

to the ac modulation signals used for phase measurement.

From a theoretical viewpoint, the modulation of the laser output power under weak 

feedback can be represented by a sinusoidal output signal, Yi, and described simply as

D0Yi -  Ai[ 1 + F/cos((f>() + picos(47tr— + <j),)] (6-24)Ad
where ¿=1,2 and the subscript i is used to denote the two individual interference signals, 

represented by Y] and Y2 , obtained at the two pin diode detectors. A\ represents the laser 

output power without the feedback; [i; is the proportionality constant related to the reflection 

coefficient of the reference mirror; p; is the a.c. modulation coefficient induced by the
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feedback from the target; Xi is the corresponding laser wavelength, <f>i the initial phase of the 

two signals which is determined by the optical path difference(OPD) between the laser front 

facet and the reference mirror, Mr, and Do is the displacement involved. For simplicity, the 

a.c. amplitudes of the two output signals and the initial phases may be assumed to be the 

same. This can be achieved practically by using automatic gain control(AGC) in the signal 

processing circuit and by adjusting the position of one of the lasers to set the initial phase 

difference.

The phase difference, A < J > , between the two signals can then be measured and expressed

as

where X12 = A.lA.2
A<|> = 4n(J- -  J-)D0 = Da = 4tct^-D 0(6-25)

Al A-2 A1A2 A12

-, which is termed the "synthetic wavelength", will be much larger
' k i - ' K i

than that of the single lasers(^i and ^2), depending on the wavelength difference of the lasers 

used.(e.g. for the extreme case A.i=783 nm and A,2=785 nm and thus the synthetic 

wavelength, X\2 can be as large as ~0.3 mm). Hence the maximum range of the displacement

Figure 6.13 Experimental arrangement for the dual diode

laser-based self-mixing interferometer 
LD, laser diode; PD, photodiode; A, amplifier; D, displacement;

T, target; DC, directional coupler; Y1, Y2 , self-mixing signals detected.
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measurement involved could be up to -150 |im(±75[im), which is about 550 times the 

measurement range of a single laser interferometer, with the appropriate choice of diode 

lasers. The use of two laser wavelengths with a smaller separation would allows a greater 

range to be examined. If the phase difference A<j> can be accurately measured within the region 

of ±7t rad, a high measurement accuracy can be achieved.

§6.5.3 Experimental apparatus

To demonstrate the measurement of an extended displacement using the self-mixing 

technique, a practical scheme for the dual-diode laser-based fibre optic self-mixing 

interferometer was constructed, as shown in Figure 6.13. In this scheme the optical emission 

from each of these two diode lasers is coupled into an arm of the multi-mode fibre optical 

coupler(DC) with core diameter of 50 [im which is then used both as a sensing probe and as 

the reference. This reference reflection surface is achieved by mirror-cleaving the fibre 

end-face so that a part of the light is directly reflected back from the fibre end. The light 

emitted from this exit facet of the optical fibre is then positioned to illuminate an external 

target (a mirror is used here), the reflection from which is collected by the sensing fibre. The 

two reflected beams, one from the fibre end, and the other from the object are then delivered 

by the same fibre coupler back into both laser cavities. The other output arm of the coupler is 

angle-cut to avoid the reflection from this end facet into the lasers.

In the experiments, the external mirror target may be adjusted along the optical axis and 

is vibrated in a simulation by an electro-mechanical transducer. This results in a modulation 

of the output of the two lasers which is monitored by the internal pin photodiode detectors. 

The signal from these detectors is then ac-amplified and displayed on a dual-beam 

oscilloscope, via a digital storage adaptor, DSA. The output signals displayed represented the 

last term in Equation(6-24) as the signals are ac coupled. In this work, the phase difference 

between the two signals is measured by measuring the time difference between the two 

sample signals frozen by the DSA. In a practical instrument, dedicated circuitry could be
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Figure 6.14 Self-mixing signal from one diode laser

Upper trace—self-mixing interference patterns;

Lower trace—displacement of the target mirror, 

vertical axis, arbitrary units; horizontal axis, 1 ms/division.

developed to enable this measurement to be made to replace that used in this work. The use of 

a fibre optical coupler makes this dual diode laser-based self-mixing configuration relatively 

simple to implement.

Sharp LT022MD AlGaAs index-guided diode lasers were used as sources in the 

experiments. Their wavelengths(^1, Xri) were respectively 783 nm and 785 nm at a normal 

output of ~3 mW. With the above arrangement, laser interference signals resulting from the 

displacement of the external mirror were observed on the oscilloscope.

§6.5.4 Results

A typical self-mixing interference signal from one of diode lasers is shown in Figure 

6.14. In this figure each "fringe" corresponds to a half wavelength of the laser light of 

displacement at the reflector. The upper trace shows the interference signal where the reflector 

moved through five fringes, representing a displacement of 2.5Xi, and the lower trace denotes
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the displacement at the reflector (proportional to the current through the coil of the 

electromechanical transducer causing it). If the feedback into the laser cavity is strong 

enough, the interference signal may become sawtooth-like, but in practice, with a fibre optical 

system, the reflection from the object is quite weak, and so the interference signal can be 

considered as a sinusoidal signal.

In the experiment carried out, it was found that the intensity of the modulation in the 

output of the laser diodes was mainly determined by the strength of the feedback from the 

target and by the distance between the exit fibre end and the external mirror. The feedback 

level from the target was estimated to be -3% and the distance between the fibre end and the 

target can be adjusted up to ~0.5 mm without using a collimator, and it may be extended, if 

required, by using a GRIN lens to collimate the output light from the fibre end.

It was also found that there is no significant cross-talk between the two lasers due to the 

high wavelength selectivity of the laser devices used. To confirm this observation, one of the 

diode lasers was switched off and no significant change of the output signal from the other 

laser was observed.

This experimental finding is in agreement with theoretical prediction of the laser 

wavelength selectivity, presented in Section 6.5.2. Thus, the phase difference between the two 

intensity modulation signals was determined only by the synthetic wavelength of the two 

lasers and the displacement D0 to be measured. By detecting the corresponding phase 

difference, the value of D0 can thus be determined. Since the synthetic wavelength can be 

made much larger than that of the source lasers, for example up to -0.3 mm here and 

potentially greater, the dynamic range for displacement measurement or absolute ranging 

which can be achieved is very large, but at a low accuracy, depending on the phase 

measurement resolution. This is, in principle, similar to a conventional two-wavelength 

interferometer.
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Figure 6.15 Output signals from two diode lasers

The time difference shown between these two output 

signals gives the phase difference, A<J>.

Vertical axis, arbitray units; horizontal axis, 1 ms/division.

Figure 6.15 displays the two output signals observed from the diode lasers used, 

showing a phase difference between them when the reflector was displaced, with one leading 

the other in phase, and this phase difference is determined by the distance between the target 

mirror and the fibre exit end. By measuring this phase difference, for example from the 

separation of corresponding peaks of the two traces, related to the calibrated horizontal axiz, 

this displacement or distance from the fibre end could then be calculated. It can be seen from 

this figure that the phase difference is also determined by the direction of the external 

reflector movement within the synthetic wavelength, showing a relative lead and lag between 

the two output signals, and when the direction of displacement is reversed the phase 

relationship is reversed, indicating a direction change.

To measure the phase difference between the output signals in a two wavelength 

interferometer a phase modulation is required, and it is provided either by an accoustic-optic 

modulator[Tucker & Christenson 1990] or by a vibrating mirror[de Groot 1991]. In the setup 

here the phase modulation was achieved simply by vibrating the target mirror with a small
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Figure 6.16 Displacement of target mirror dependence on the 

phase difference, A(|>, of the two output signals of the lasers.

vibration amplitude. In practice, this phase modulation can be introduced by shifting the exit 

fibre end longitudinally with a piezo-electric transducer mounted at the end of fibre[Sasaki & 

Takahashi 1988], The two output signals from the lasers were displayed on the oscilloscope 

via the DSA when the target mirror was moved. When the two output signals were adjusted in 

phase, this position was marked as the initial point. Then the target was moved away from this 

point, the signal from the shorter wavength laser leads that of the longer one and the phase 

difference was measured by using the DSA. Several displacement measurements were 

recorded using a micrometer. When the two signals were seen to be out of phase, the phase 

difference between them was measured to be 7t radians, and the displacement, D0, from the 

initial point was read to be ~78 pm, this value is in agreement with our calculation of 75 pm, 

based on the diode lasers used. Further movement of the target changes the sign of the phase 

difference, i.e. the signal from the shorter wavelength laser lags that of the longer one. After 

experiencing a 7t radians phase difference, the two signals will be in phase again. Figure 6.16 

shows the displacement, D0, as a function of the phase difference, A(j), up to n radians and a 

linear relationship between them is presented.
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§6.5.5 Summary

The feasibility of the dual diode laser-based feedback interferometer has been 

demonstrated and preliminary experimental results are presented. The method used highlights 

the simplicity of the operation, and this is seen particularly with a fibre optical scheme where 

the system has a much simpler configuration and a higher signal-to-noise ratio than that of 

conventional systems. It has been also shown that the system used is capable of achieving 

extended displacement measurements with a larger relative dynamic range and potential high 

accuracy, provided that the system can make successive measurements with single 

wavelength interferometry.

138



Chapter VII Overall Summary and Suggestions

Chapter 7
i---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 1
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Self-mixing interferometry with laser sources is a relatively new division of optical 

interferometric methods. This method is based essentially on the use of optical feedback 

technique of lasers, and is a very promising research direction for optical sensors. For 

multiple wavelength interferometry, the self-mixing technique can be used to create synthetic 

wavelengths simultaneously without using any temporal, spatial or polarisation multiplexing 

component as needed in conventional multiple wavelength interferometers, this greatly 

simplifies the configuration of the multiple wavelength interferometer. In this Chapter, the 

results obtained from the self-mixing interference are listed as an overall summary, and some 

suggestions for further studies are presented.

§7.1 Summaries

Self-mixing interference based on diode lasers can be considered to be a natural 

extension of conventional optical interference because of the similarity of the output signals 

from these two interference methods. However, in this work both theoretical analysis and 

experimental investigations performed have shown the advantages of using the self-mixing 

techniques in optical sensing applications(particularly for two wavelength self-mixing 

interferometry) and also shown the complication of the self-mixing process inside the laser 

cavity and the differences of the self-mixing interference from conventional optical 

interference, because of the non-linear effect of self-mixing process. The main features of 

self-mixing interference can be summarised as the following:
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(1) The self-mixing interference is not produced simply by the linear superimposition of 

two or more light beams as in conventional interference, but is due to the variations of the 

lasing threshold gain and spectrum, which are produced by the external feedback light.

(2) The change of the laser output power reflects the variation of the lasing threshold 

gain, which is very similar to that of conventional optical interference under weak feedback 

conditions. This change can be easily monitored by uses of the internal photodetector or an 

external photodetector.

(3) The output signal of the self-mixing interference, which shows the sawtooth-like 

waveform in the case of larger feedback levels, represents the spectral shifts of the lasing 

spectrum subject to the condition of external optical feedback.

(4) Coherence is an interesting subject in the self-mixing interference as it has been 

found that the interference signals can be observed even if the external feedback light is from 

a distant reflector which is placed well beyond the coherence length of the solitary diode 

laser. From the conventional point of view, if the feedback light from the external reflector is 

outside the coherence length of the laser used, there should be no interference phenomenon 

between the light inside the cavity and the light returned. Obviously this assumption is valid 

under the condition that the light source remains unchanged, but it is not the case in the 

self-mixing process where both the threshold gain and the spectrum of the diode laser are 

altered by the feedback light. The variation of the spectrum of the laser source thus changes 

the coherence properties of the laser source.

From another point of view, it can be seen that the external reflector constitutes actually 

of an extended part of the laser source used. This part, in combination with the solitary laser, 

forms an external cavity laser structure. The oscillation condition of the solitary laser is thus 

changed because of the presence of this external reflector. The new laser oscillation can take 

place only if the light inside this extended cavity laser satisfy a new lasing condition and only 

if the lights participating in the lasing process can produce a stable output power. This output 

power of the laser thus corresponds to the new lasing condition. When the condition in the 

external cavity is changed, the laser changes its oscillation condition, and therefore the output
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power. This implies that the self-mixing interference occured due to the change in the lasing 

condition; it is not dependent on the coherence of the solitary laser used.

(5) Laser oscillation is a non-linear process and it takes place if the light inside the laser 

cavity meets the amplitude and phase conditions of the oscillation. The laser output power 

produced is determined finally by the available photon numbers inside the cavity, while the 

output spectrum is dependent on the laser cavity structure which functions as a "frequency 

filter" and determines the oscillation frequency. In this case, the laser can therefore be 

considered as a very narrow-band amplifier and only the photons within the frequency band 

can produce output light, while others are rejected. This function has implications for 

simplifying multiple wavelength interferometric systems.

(6) The self-mixing interference is a very complicated process, especially with 

multi-mode diode lasers. In this case there is not an appropriate theoretical model to describe 

it. Thus, in this work only the theory of the single-mode diode laser has been discussed, for 

the multi-mode laser the output power in the presence of the feedback has been considered to 

be due to the direct superposition of the individual lasing mode intensity, this leads to the 

undulation of the interference signals as a function of the external reflector distance(Section 

5.4.2).

(7) The theory presented in Chapter 4 can be used to analyze the self-mixing 

interference in the case of weak feedback levels (C < 1), for larger feedback the lasing 

spectrum becomes multi-mode due to external cavity operation. It is thus impossible to give 

analytical expressions for this self-mixing process.

(8) It is known that external optical feedback causes a serious problem on conventional 

optical interferometric systems, and it should be avoided as much as possible. However, in the 

self-mixing interferometry, the external feedback plays a positive and important part of the 

self-mixing interference process, and it cannot be excluded from the system. Its use eliminates 

the need for optical isolators as used in conventional interferometric systems.
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§7.2 Suggestions for further studies

As mentioned in the beginning of this chapter, the self-mixing technique based on 

semiconductor lasers is very promising research direction for optical sensing applications, 

particularly in applications for machine vision, robotic positioning and automatic inspection. 

This enables the high precision measurement of optical interferometry widely used in 

experiments to be extended for practical use in industrial environments.

In this work, due to limitations of time and available equipment, some further 

interesting work relating to the self-mixing interference has not been able to be performed. 

Some suggestions for further studies are thus listed below:

(1) Spectrum analysis. As the optical feedback into the laser cavity changes not only the 

output power of the laser but also the lasing spectrum, it would be better to monitor both the 

laser spectral changes and the laser output power by using an optical spectrum analyser. This 

would enable a comparison of the theoretical predictions with the experimental findings in 

more detail.

(2) Theoretical analysis for the self-mixing interference under the strong feedback level 

i.e. the value of the feedback coefficient C being greater than unity. The diode laser in this 

condition will become multi-mode in operation and a numerical method could be used to 

describe the self-mixing process.

(3) The theory of a single mode diode laser has been developed in this work. The 

further work should include an extension of this theory covering multi-mode diode lasers.

(4) Multiple wavelength interferometers have been an interesting subject for 

interferometric measurements with extended range. Although the work undertaken has first 

demonstrated the feasibility using the dual diode laser self-mixing interferometer, further 

work should be done to develop a practical system of fibre optical sensor, as this has potential 

as a simpler configuration at lower cost.
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Abstract

In this work, a new kind of classification for optical fibre sensors is introduced. Optical fibre sensors 
are classified according to the type of fibre, the light source and the modulation scheme on which 
they are based. Each of these categories is further subdivided and illustrations from systems developed 
and reported in the literature are given, with various sensor designs represented according to these 
criteria.

1. Introduction

Various optical fibre sensor techniques have 
been discussed and reviewed by a number of 
authors [1-5] over the last ten years, during 
which an explosive growth in the number o f  
papers published in the field has been o b -
served. A  general framework for the classi-
fication and categorization o f  such sensor 
techniques can be seen from a number of 
different points o f  view. However, the clas-
sification rules used to frame the various 
optical fibre sensor techniques differ sub-
stantially from one author to another. Tfiis 
is largely due to their different fields o f  in-
terest, the nature of the grouping o f  sensors 
that they use, and indeed the intended read-
ership o f  the paper. For instance, Jackson et 
al. [1] and Jones [2] have classified sensors 
according to whether a coherent or incoherent 
optical measurement technique is used. O ther 
reviews have been made on the basis o f  
different measurands [3] or the use o f  m od-
ulation techniques, such as the use of the 
optical fibre sensor (O F S )  for temperature 
measurement by Glenn [4], for chemical m ea-
surement by Harmer [5], for biomedical ap-
plications by Katzir [6] and on the basis of 
intensity modulation by M edlock [7]; in ad-
dition, for example, one o f  the authors has 
focused upon new developments and trends 
[8].

A lthough a basic classification o f  optical 
fibre sensors, as being merely ‘ intrinsic’ or 
‘extrinsic’ , has been introduced in a number 
o f  publications [1-3], this is somewhat over-
simplified for O F S  techniques, because such 
a classification neither gives an overview o f  
the sensor itself nor detailed information 
about the range o f  activity in the O F S  tech-
niques area.

In order to develop a fuller overview of 
the variety o f  O F S  devices under study today, 
it is worthwhile to introduce a new classifi-
cation o f  these techniques. By examining the 
structure o f  a typical O FS, it may be seen 
as logical to classify the techniques according 
to three basic and separate criteria:

(a) source o f  illumination used;
(b)  type o f  fibre employed;
(c) optical modulation/sensor techniques. 

Such a classification springs almost instinc-
tively from the nature o f  the term optical 
fibre sensor: the optical source, coupled to 
a transmitting fibre to allow the light to 
undergo transduction or modulation in the 
sensor process.

2. Classification in Cartesian geometry 
representation

If a Cartesian coordinate representation is 
used to group these three ‘variables’, a spatial

0924-4247/91 /Î3.50 © 1991 — Elsevier Sequoia, Lausanne
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framework for the classification process can 
be em ployed and different types of sensor 
can then be fitted into such a representation 
to illustrate their comparative features.

Such a classification for generalized sensors, 
w hether electrical, mechanical or otherwise, 
has been discussed by M iddelhoek [9] and 
Finkelstein [10], but here it is applied in a 
rather different way to one specific class of 
sensor rather than to the general family of 
all sensors.

2.7. Source of illumination used
T h e  x-axis of the geometrical space is used 

to represent light sources which may then be 
characterized by their spectral distribution, 
as shown in Fig. 1. There are at least five 
common and convenient classifications o f  light 
sources that have been reported for use in 
various types o f  OFS:

(i) single-mode laser source (e.g., single-
m ode H e - N e  laser, single-mode laser diode);

(ii) two-mode or ‘ few-mode’ light sources 
(e.g., lasers with various cavity configurations);

(iii) TV-mode light source (TV> 2) (e.g., m ul-
timode laser, such as an A r  ion lascr/laser 
diode);

(iv) narrow-band continuous spectrum light 
source (e.g., light-emitting diode (L E D )  or 
superluminescent L E D );

Fig. 1. The systematic classification in a 3-D Cartesian 
coordinate scheme.

(v) broad-band continuous spectrum light 
source (e.g., tungsten lamp, mercury lamp, 
continuous output xenon lamp).

2.2. Type of fibre employed
On the y-axis o f  the geometrical space, the 

various fibres that may be employed are class-
ified by their mode-propagation character-
istics. The number of modes transmitted and 
the polarization-related characteristics can be 
used on the basis of a division of fibre types 
into at least five groups, as shown in Fig. 1:

(i) mono-mode fibre;
(ii) polarization-maintaining fibre;
(iii) two-mode fibre;
(iv) multi-mode fibre;
(v) specialized fibres, e.g.. doped fibres, 
liquid-core fibres etc.

2.3. Optical modulation /sensor techniques 
On the z-axis o f  the space, as shown in

Fig. 1, is a characteristic of the O F S  based 
on the parameters o f  the interaction electric 
field, E, given by E = E0 exp(j(«/ + 2vnE/\)), 
where E 0 is the amplitude, w the optical 
frequency, n the refractive index o f  the m e -
dium, L  is the optical path, A the wavelength 
and a  the wave number (1/A). The modulation 
o f  the field can be categorized into at least 
seven groups:

(i) intensity modulation (I-E.E);
(ii) polarization modulation (7-E);
(iii) wavelength/frequency modulation 
(7-A/w);
(iv) path modulation (7-L);
(v) refractive index modulation (/-«);
(vi) time modulation (7-r);
(vii) coherence length modulation (I-k), 
where k is the fringe visibility.

The modulation types (iii) to (vi) are termed 
‘phase modulations’ because their variation 
will cause a change of the phase o f  the light 
propagating in the optical fibre. It should be 
pointed out that the phase o f  an optical wave 
is defined with respect to a particular ref-
erence and thus a useful phase modulation 
for sensing can only be achieved, in practice, 
for a light source with fixed and known initial 
phase conditions. The random variation in 
the initial phase over a period o f  time (the 
detector response time) will result in a d eg-
radation of, for example, the fringe visibility, 
k (as discussed later) in an interferometer
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used to detect the phase condition or its 
change, and will make the detection of the 
phase modulation particularly difficult. In 
other words, a phase-modulation sensor can 
only effectively be operated with the two 
optical path differences inside the coherence 
length o f  the optical source.

By using this classification system, as il-
lustrated in Fig. 1, the many O FS techniques 
described can more readily be surveyed and 
examined, and their relationship to one an-
other be seen. W hat is more, such a rep-
resentation can more clearly indicate those 
areas where sensor schemes have already been 
proposed and/or exploited and its examination 
may show both areas o f  inactivity or those 
that are underdeveloped and point to new 
techniques which could be further exploited 
as the technology to achieve them matures.

It should be noticed that an O F S  can employ 
more than one type o f  light source, modulation 
technique or fibre at any one time. Such types 
o f  O F S  can then be represented by more 
than one ‘cubic unit ’ in the geometrical space 
in Fig. 1. If an O F S  ‘family’ is represented 
by a number o f  different ‘cubic units’ , such 
a family may be o f  a multiplexed type [II], 
while if the same cubic unit represents a 
number o f  types o f  O F S, this may be a 
distributed type o f  O F S  [12].

3. Light sources: optical characteristics of 
the OFS family

Light sources can be classified, for example, 
according to their spectral or coherence char-
acteristics into at least five groups. Table 1 
shows the spectral distribution, coherence 
length and intensity/wavelength relationship 
for a number o f  such sources. The coherence 
characteristic o f  a light source is a measure 
of the extent to which a phase relationship 
is maintained both across the beam (spatial 
coherence) and along the beam (temporal 
coherence). In an O F S , the spatial coherence 
o f  the light wave is often not particularly 
important because o f  the small cross-sectional 
area of the fibre core, but in contrast, the 
temporal coherence o f  the optical radiation 
is often extensively considered in selecting 
the appropriate light source for a particular 
sensor. In a multi-mode fibre, the spatial

coherence o f  the modes is lost, whilst in a 
single-mode fibre it is, by definition, preserved. 
A  useful indicator of the temporal coherence 
is the coherence length of the source or the 
resulting fringe visibility o f  the interference 
fringe in a detection interferometer, the re-
lationship between the coherence length and 
the spectral width of the light source being 
written as [13]

L c = l/Ao>= A2/AA

where L c is the coherence length, A is the 
wavelength o f  light and AA (or Aw) is the 
spectral width o f  the light source.

3.1. Mono-mode light sources
Many types o f  single-mode laser or laser 

diode belong to this group of sources. Because 
their bandwidth is very narrow, their coher-
ence lengths are usually very long compared 
to the optical path inside the O F S  itself. For 
a suitably chosen H e - N e  gas laser, the co-
herence length is o f  the order of a few hundred 
meters, for example, and a typical spectral 
width for a single longitudinal mode in such 
a laser is about 1 M H z, which corresponds 
to a coherence length of the order o f  300 m 
[13], For a typical laser diode such as that 
used in a compact disc player, a very short 
coherence length is desired and used, to avoid 
phase-sensitive effects in the reading o f  data 
from the optical disc. T h e  spectral width can 
be adjusted to = 100 MHz, resulting in L c 
having a value up to a few metres [14],

3.2. Two-mode light sources
Such light sources can be produced rela-

tively easily for use in an O F S  by, for example, 
‘ ramping’ a single-mode laser diode at two 
different values of drive current [15], by com -
bining two or m ore single-mode lasers which 
have different wavelengths [16] or by the use 
o f  band-pass filters to obtain several wave-
lengths from an L E D  [17], The coherence 
length obtained in each of these cases is, in 
general, much less than that of a single-mode 
laser. Obviously, in the latter two cases, the 
coherence lengths o f  the wavelengths gen-
erated will be independent of each other, 
and may be equivalent to those obtained from 
separate sources. However, when observing 
fringes in a detection interferometer, the 
fringe visibility changes periodically with the
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TABLE 1. The spectral distribution (/(A)), coherence length representation (K ~ L C) and intensity expression for five 
groups of light sources (/: intensity, A: wavelength, k: fringe visibility, AL: optical path difference)

change o f  the optical path difference, as shown 
in Table 1.

3.3. N-mode (multi-mode) light sources
This group o f  light sources covers a wide 

range o f  multi-mode solid-state (doped in-
sulator), liquid or gas lasers or the semicon-
ductor laser diode. For instance, the H e -N e  
gas laser with a cavity length o f  0.5 m has 
a mode separation of 300 M H z and the width 
o f  the lasing m ode at 633 nm is typically

about 1.5 G H z, with the number o f  longi-
tudinal modes in the laser output being o f  
the order o f  four or five [13],

By operating a single-mode laser diode with 
a drive current under the threshold for laser 
action, it may conveniently be used as an N- 
m ode light source as well [18], as the co-
herence characteristics deteriorate severely 
under these circumstances. The coherence 
characteristics o f  this type o f  light source are 
not easily described because the interference
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effects o f  multi-mode light are much more 
complex than those of light from a m ono-
mode laser. Thus interference fringes will 
appear in some spatial regions but not in 
others. This is due to the superposition of 
the fringes which are generated by each lon-
gitudinal mode o f  the device [19]. A s  a result 
o f  this superposition, those interference re-
gions will occur periodically along the optical 
path difference. The concept of a ‘coherence 
region’ has been introduced in some papers 
to explain this and the coherence character-
istics of these sources have been discussed 
in greater detail [19, 20].

T h e  laser diode is revolutionizing the po-
tential for O F S  devices and in summary the 
devices range from low coherence length, 
simple structures with a wavelength F W H M  
o f  2-5 nm, available at prices from a few 
tens o f  dollars (depending upon the power 
delivered), through distributed feedback las-
ers with sub-nanometer linewidths and at a 
price that rules them out for most O F S  ap-
plications, to quantum-well devices with the 
linewidth performance o f  a H e -N e  laser. The 
convenience o f  this semiconductor laser pack-
age is mitigated by the high cost (in the region 
of thousands o f  dollars per item).

O ther laser devices may be employed for 
O F S  use, e.g., the A r  ion laser or the H e -C d  
laser. Both these devices are expensive, phys-
ically quite large and require power supplies 
that use a considerable level o f  electrical 
input, but they do provide a continuous (and 
thus capable o f  modulation) output in the 
blue or ultraviolet part of the spectrum. This 
is a region w here L E D s  or laser diodes are 
very weak and for sensors such as those 
employing luminescence, where excitation at 
short wavelengths is preferable, they arc a 
useful source. In addition, early work on 
distributed sensors employed these sources, 
due to their high power (several watts being 
routinely available) and favourable non-linear 
scattering characteristics. T h e  coherence 
length of a typical A r  ion laser may be quite 
long, comparable to that o f  the H e -N e  laser.

3.4. Narrow-band continuous spectrum light 
source

This is another type o f  light source widely 
used for many different kinds o f  O FS. The 
ordinary L E D  or S R D  (super-radiant diode)

are examples of this group with importance 
for O F S  use. Illustrated schematically in Table 
1, the width o f  their output spectrum is about 
20-80 nm [21]. and as a consequence their 
coherence length is o f  the order o f  50 gam 
or less [22], In addition, discharge lamps can 
produce a series o f  spectral lines o f  varying 
widths, distributed across the spectrum ac-
cording to the energy levels present within 
the gas itself. The low-pressure mercury lamp, 
for example, gives a series of lines from U V  
into the visible spectrum, but there is some 
difficulty in coupling the divergent output 
from such a device into an optical fibre. This 
is a significant problem for all lamp sources, 
although output optical powers may be such 
that efficient coupling, whilst preferable, is 
not essential. A  range o f  low-pressure gas 
discharge lamps yields specific lines over a 
wide range o f  the spectrum. However, there 
are often problems with the bulk o f  the lamp 
and power supply in O F S  applications, and 
the need for lamp cooling. Invariably, in cases 
w here the lamp is inefficient or delivering 
low optical power at the wavelength o f  in-
terest, good optical coupling via a carefully 
chosen lens combination is required. This will 
usually increase the physical bulk o f  the source 
and may limit the application to O F S  devices.

3.5. Broad-band continuous spectrum light 
sources

This group of light sources is well suited 
to a number of O F S  applications, particularly 
those requiring excitation at wavelengths o f  
less than = 550  nm, and especially in the 
ultraviolet part of the spectrum (A <350 nm) 
where solid-state sources are largely unavail-
able and the use of lasers is uneconomic. 
Additionally, these sources can offer a wide 
wavelength spread which is useful for sensors 
using wavelength-encoding techniques. M o d -
ulation o f  the light can be achieved using 
simple ‘chopper’ techniques (limited to about 
a few kHz) or using an electro-optic approach, 
but these are usually very inefficient with such 
sources. A s  an example, a millimetre-sized 
tungsten-halogen incandescent lamp is avail-
able [23], the optical output being in the 
spectral range from wavelengths in the near 
U V  and in the visible from about 400 nm 
upwards, into the IR part o f  the spectrum, 
w here substantial power can be obtained.
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Discharge lamps such as the xenon lamp or 
mercury lamp (at low or high pressure) are 
widely employed for emission on either dis-
crete spectral lines or as a broad band over 
the region from the vacuum U V  to longer 
wavelengths.

T h e coherence characteristics o f  this group 
o f  light sources are usually very poor, e.g., 
the coherence length o f  a typical white light 
source is only three o f  four wavelengths. 
Details  o f  such sources are discussed in a 
number o f  familiar reference texts [14], as 
their use in conventional analytical instru-
mentation has been familiar for many years. 
However, their mechanical instability and 
physical bulk makes them unsuitable for many 
O F S  applications, in addition to which such 
lamps are often inexpensive but yield a sub-
stantial percentage o f  their power output as 
heat.

4. Fibre-structure characteristics of the 
O F S

Current O F S  technology has arisen largely 
on the basis o f  optical components and es-
pecially optical fibres made available as a 
result o f  the explosive growth in their use 
for communications purposes. Whilst the tech-
nology for producing ultra-low-loss m ono-
mode fibres has been developed in recent 
years to a highly sophisticated level, this same 
technology is also applicable to the production 
o f  fibres for sensor purposes, where, however, 
other fibre characteristics are needed. Thus 
the O F S  development market is fortunate in 
being able to call upon relatively cheap and 
readily available technology to produce fibres 
with specific characteristics to suit sensing 
purposes. Whilst fibres produced for com -
munications purposes are preferred to have 
as low a sensitivity as possible to external 
effects, even ordinary silica fibres are used 
in many distributed sensor applications, due 
to their sensitivity to temperature, for ex-
ample, through changes in non-linear scat-
tering processes. A s  these O F S  techniques 
have developed rapidly, different types of fibre 
have been m anufactured and the number of 
these types will continue to increase to meet 
new and special applications. The fibres con-
sidered here are characterized by the nature

Fig. 2. Propagation of light beams in fibre.

of their structure (such as the core radius, 
numerical aperture (N A ),  polarization per-
formance), and other considerations.

The N A  is given by 

N A  = sin 0m =  (/J12- / t 22) ,/2

where /?,, n2 are the refractive indices o f  the 
core and cladding respectively, and 6m is the 
maximum angle o f  incidence to retain guiding 
of light, as shown in Fig. 2.

4.1. Mono-mode fibre
M ono-m ode optical fibre with a V ebert (V)  

number <2.405 (defined as U = (2 ra / A )-  
(u ,2 ~n22) ' 72 w here a is the fibre core diameter, 
A is the wavelength o f  light guided in the 
fibre and /i, and n2 are the refractive indices 
o f  fibre core and the outer cladding respec-
tively) is widely used in optical fibre sensors 
based on phase modulation, to encode the 
measurand. T h e main characteristic o f  this 
is the maintenance of the optical phase re-
lationship along the guided beam in the fibre. 
A  typical m ono-mode fibre designed to o p -
erate at a wavelength o f  633 nm has an N A  
value o f  about 0.25 [24], a core radius of a 
few micrometers, with a cladding radius o f  
between 40 and 50 p.m [21], In an ideal fibre 
which is perfectly circular, two orthogonal 
polarization states are generated and the state 
o f  polarization o f  the guided wave (the H E n 
mode) propagates along the fibre unchanged. 
Unfortunately, in the practical fibre, such ideal 
conditions do not exist. A s  a result o f  its 
dominant intrinsic and any additional extrinsic 
birefringence, the two guided waves at two 
orthogonal polarization states will develop a 
phase difference betw een them after prop-
agating a certain distance along the fibre. 
T h e  distance over which a phase difference 
o f  2t t  occurs is called the beat length (Lb), 
which can be written as
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where nx, ny are the effective refractive indices 
w ith x  a n d y  being the axes o f  a non-circularly 
symmetric fibre core, and A is the free-space 
wavelength. Typical single-mode fibres have 
L b in the centimetre region, dependent upon 
their physical characteristics [13]. Thus this 
kind o f  fibre can only be used where the 
polarization state can be neglected in the 
sensing operation.

4.2. Polarization-maintaining fibre
Many optical fibre sensors rely upon the 

use of polarization effects, and the mainte-
nance o f  the state o f  polarization o f  light 
propagating in fibre is important. In order 
to overcome the problem o f  a variable state 
of polarization in a mono-mode fibre, con-
siderable effort has been expended to develop 
polarization-maintaining fibre. This charac-
teristic is achieved during the manufacturing 
process by inducing stresses in the material 
itself.

There are two categories of polarization- 
maintaining fibre (PM F) available, linear p o -
larization-maintaining fibre (L P M F ) and cir-
cular polarization-maintaining fibre (C P M F ). 
In the former category, only one o f  two 
orthogonal polarizations states (H E , or HE,.) 
can be maintained at the output o f  the fibre, 
whilst in the C P M F  a round fibre is twisted 
to produce a difference between the prop-
agation constants o f  the clockwise and 
counter-clockwise circularly polarized H E ,,  
modes. Table 2 shows in m ore detail the 
classification of P M F  and the subject is dis-
cussed in greater detail by, for example, Oko- 
shi [25].

4.3. Two-mode fibre
Fibre allowing the propagation o f  only a 

few modes represents a new type, recently 
developed, which can provide a number of 
independent transmission channels in a single-
strand fibre. A  number o f  investigations have 
been carried out to understand better the 
modal and polarization characteristics o f  these 
fibres [26, 27]. Although the multichannel 
capacity o f  few-mode fibre has not yet been 
fully exploited due to mode-control problems, 
two-mode fibre has been used in several types 
of O F S  [28, 29]. It is usual to derive the two 
excited modes from a single source to ensure 
a known coherence relationship between

them. It is very difficult to excite and maintain 
two modes independently. A  two-mode fibre 
with a V number between 2.4 and 3.8 can 
guide two spatial modes, the L P ,0 and L P ,,  
modes [30]. T h e  polarization and intensity 
distribution for a highly elliptical core, two-
mode fibre (operated with L P ,() and L P , ,)  
can be kept unchanged for wavelengths b e -
tween 488 and 633 nm [31].

4.4. Multi-mode fibre
M ulti-mode optical fibre, with a V number 

significantly greater than 2.4. has a much 
larger core size and sometimes also much 
larger refractive index differences between 
core and cladding. The number of m odes (Ai) 
guided by the fibre is determined from the 
V number and is given by 4K2/ t7. T h e core 
diameter o f  a multi-mode fibre is usually larger 
than 50 /Lim, which means it has more than 
100 times the core cross-sectional area o f  a 
mono-mode fibre. This factor is also reflected 
in the materia] costs and thus in the price 
of the fibre itself. This is essentially significant 
for long lengths or specialized fibres. A  large 
index difference between core and cladding 
yields a large numerical aperture, but may 
be difficult to fabricate. A s  a result o f  the 
larger core area and a large value o f  N A ,  
multi-mode fibre presents a greater launching 
efficiency from an optical source.

Multi-mode fibres are often used in an O F S  
in applications where high light intensities 
are required, particularly in those that em ploy 
intensity-modulation techniques. T h e re  is 
flexibility to use a wide variety o f  optical 
sources, with suitable coupling optics. In many 
cases, light signals can be launched into fibres 
with reasonable efficiency and often inco-
herent sources show a high degree o f  optical 
power over a usable spectral band, so inef-
ficient coupling still results in adequate light 
levels in the optical fibre for many sensor 
purposes. Multi-mode optical fibre sensors 
based on coherence modulation have been 
produced [22, 32].

4.5. Specialized fibres
A  number o f  types of special fibres have 

been m ade for particular use in the field o f  
optical fibre sensors, and are designed with 
only limited applicability in optical fibre co m -
munications systems. However, the use of 
fibre lasers as optical sources and subsequent
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TABLE 2. Classification of various polarization-maintaining optical fibres [25]

Linear 
polarization 
maintaining 
(LPM) fibres

“ Geometry type

(Truly) single
polarization fibres Stress type
(differentia!
attenuation
fibres)

Geometry

Linearly
biréfringent fibres

.Stress type

Circular 
polarization- 
maintaining 
(CPM) fibres

Circularly
birefringent
fibres

Stress type

(1) Side-pit
(2) Side-tunnel

(1) Bow-tie
(2) Flattened 

depressed cladding
(3) Stress-guiding

(1) Elliptical core
(2) Dumb-bell
(3) Side-pit
(4) Side-tunnel

(1) Elliptical cladding
(2) Elliptical jacket
(3) PANDA
(4) Four-section
(5) Bow-tie

Twisted 
round fibre 
fibre

laser amplifiers as part o f  an optical com -
munications system may bring some specialist 
fibres into the communications field. The 
difference between these and other kinds of 
fibre lies mainly in the modified shape o f  the 
fibre core or the material from which it is 
made. A s  the varied techniques used in O F S  
are developing steadily, the number o f  special 
fibres in use continues to increase. However, 
only a few o f  the wide variety o f  specialist 
fibres are considered below to illustrate the 
broad nature o f  the field.

4.5.1. D-shaped fibre
W hen light is guided along a fibre with D- 

shaped core, the result is the exposure of 
the evanescent field near the core of fibre. 
A s  most o f  the cladding on one side o f  the 
fibre is removed, the thickness o f  the material 
that is left is very small (as shown in Fig. 
3), and light modulation can be achieved in 
the evanescent field near the core. T h e  tech-
niques for manufacturing D-shaped fibre are 
described by Millar et al. [33] and Dyott et 
al. [34], O ne o f  the main potential uses of 
single-mode D-shaped fibre is for polariza-
tion-holding directional couplers, where the 
process o f  coupling the guiding region, cither 
through etching or by fusion, should be greatly 
simplified [35],

Fig. 3. The cross section of a D-shaped fibre.

Fig. 4. Schematic diagram of a composite metal-glass 
polarizer.

4.5.2. Hollow-section fibre
Hollow-section fibres are a further devel-

opment o f  the D-shaped fibre. They  m ay be 
produced by having a single longitudinal ap -
erture at a fixed distance from the fibre core. 
Figure 4 shows such an acrylate-coated 
m etal-glass fibre, with a numerical aperture
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o f  about 0.16, a cut-off wavelength for trans-
mission o f  about 1.25 pm and a distance 
between the core and hollow section o f  about 
3 /xm. It can give a high performance in 
optical polarization, e.g., for a 5 cm length 
o f  such polarizing fibre, the extinction ratio 
is about 40 dB over the spectral region 1300 
to 1600 nm [36], which is useful in sensor 
applications.

4.5.3. Fibre doped with rare earths
A s  an alternative to modifying the shape 

o f  the optical fibre, new kinds of specialized 
fibre have been developed by modifying the 
materials from which the fibre is normally 
fabricated (pure silica) or by adding additional 
materials. Fibres doped with rare earths have 
a number o f  special properties, due to the 
introduction o f  ions such as Nd, Eu or Dy 
into the light-guiding regions of the fibre. 
Those properties are exploited to construct 
different ‘ in-fibre’ sensor devices, to improve 
the m easurement region of the OFS, or even 
to form new kinds o f  devices such as fibre 
lasers, fibre amplifiers, a fibre with an in-
creased V erdet number or a fibre showing 
an increased Kerr efTect and non-linear optical 
coefficients [37], A n  important application 
has been the distributed temperature sensor 
with a rare-earth-doped fibre which has been 
developed recently. The sensitivity reported 
for it is better than 1 °C over the temperature 
region — 200 to + 10 0 °C and higher, with 
a spatial resolution o f  3.5 m [38].

4.5.4. Liquid-core fibre
Liquids have been used as core materials 

for fibres w here the special characteristics of 
the liquid have been required for a specific 
sensor purpose. Thus the refractive index or 
scattering properties o f  the core material may 
be tailored to a particular application through 
the use o f  a specially chosen liquid. A n  im-
portant early example is in the work o f  Hartog 
[39], where a fibre filled with an organic liquid 
with significant scattering properties was used 
as the basis o f  an early distributed tem per-
ature sensor. However, problems exist in the 
fabrication o f  long lengths o f  such fibre and 
the possible hazards from spillage o f  the core 
material. Additionally, such fibres are ex-
pensive to fabricate, and are not widely ac-
ceptable in industrial installations.

5. Sensor modulation techniques

The modulation techniques employed in 
optical fibre sensors vary widely in their mea- 
surand function, performance and position 
in the sensor system itself. The basic tech-
niques considered here, however, are those 
in which the light itself is modulated. This 
process may be categorized into several 
groups, according to the parameters of the 
electric field or the optical radiation varied. 
M ore than one type o f  modulation technique 
may be employed in one sensor; for example, 
path-length modulation is often associated 
with refractive-index modulation, and this is 
still a dominant mechanism in many optical 
fibre sensors.

5.1. Intensity modulation
Intensity-modulation techniques, employed

widely in the earliest types of O FS, show the 
virtues o f  simplicity, reliability and achieva- 
bility at low cost. The variation o f  the light 
intensity at the probe itself indicates the 
encoded change of an applied measurand, 
such as temperature, pressure [40], accel-
eration [41 ], or ‘on/ofF state in a simple switch 
[42]. Various schemes to produce this type 
o f  intensity modulation have been produced, 
for example [7] fibre displacement, shutter 
modulation, reflective schemes, fibre loss, in-
tensity o f  coupling via the evanescent field, 
absorption, light scattering, digital encoding 
and electro-optic modulation, amongst others. 
However, a basic drawback is the lack of an 
accurate reference signal in many cases, al-
though several internal referencing schemes 
[43, 44] have been proposed. This intensity- 
based approach is not widely used in modern 
types o f  O F S , except for simple switches, 
although such devices tend to be com para-
tively inexpensive.

5.2. Polarization modulation
Polarization modulation is another inter-

esting and very valuable technique for m ea-
surand encoding and signal recovery in many 
types o f  O F S . T h e  basic principle o f  operation 
is that the relevant physical quantity to be 
measured is transduced into a polarization 
change through an appropriate interactive 
effect, e.g., the electro- or elasto-optic effect. 
T h e  measured field can be inside the fibre
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(intrinsic sensor) or outside the fibre (extrinsic 
sensor), or even both situations may apply 
in one system. Historically, these were some 
o f  the first modulation schemes to be de-
veloped and many new sensors based on 
polarization modulation have been developed 
in the last few years. These are, in particular, 
sensors for measuring temperature, stress, 
current and magnetic field, amongst others, 
which have been reported in detail in the 
literature [45].

5.3. Wavelength modulation ¡encoding
W avelength modulation/encoding tech-

niques are very valuable as a means by which 
a non-intensity-dependent measurement may 
be m ade using optical fibres. W avelength 
division multiplexing (W D M ) has been dis-
cussed by a number o f  authors [46, 47] and 
relies on the encoding o f  the measured in-
formation in terms o f  a specific wavelength 
o f  light received from the transducer. This 
frequently means, in a real sensor, the use 
o f  a wide-band optical source with the trans-
ducer acting as a wavelength-encoder, de-
pending on its perturbation by an external 
parameter. Several displacement/rotation 
transducers have recently been developed [48, 
49], primarily for testing in the aerospace 
environment, using gratings or filters which 
are mechanically rotated or moved in a linear 
fashion to yield the appropriate output.

Th ere  are two further kinds o f  wavelength 
modulation in common use in interferometric 
sensors. The first is the so-called ‘frequency 
modulated continuous wave’ (F M C W ) tech-
nique [50-52]. In this case a mono-mode laser 
diode is driven by a linear current ramp, and 
the wavelength (frequency) of the output is 
varied as the change of the drive current in 
an unbalanced interferometer. The variation 
o f  wavelength o f  the diode output causes a 
phase change, and therefore the intensity 
received from the interferometer will change 
and yield information on the optical path 
difference in the interferometer and thus 
information on the measurand. A  second 
example is modulation either by the D oppler  
shift from a moving body or a frequency 
modulator such as a Bragg cell in the ex-
perimental optical arrangement [53], A  co n -
siderable amount o f  effort has been expended 
in recent years in the development o f  such

systems, using fibres where appropriate 
[54-56], and it has become established as an 
important technique for the measurement o f  
fluid flow and surface velocity [57, 58], often 
with medical measurement applications, e.g., 
blood flow [59].

5.4. Optical-path-difference modulation
This modulation is one of the most com -

monly used modulation schemes in optical 
fibre sensors, usually o f  the interferometric 
type. T h e  change of optical path difference 
is caused by a physical displacement in an 
interferometer, operated in a ‘zero path length 
difference’ mode, and the linear displacement 
range is less than A/4, corresponding to a 
value of <200 nm for a typical laser light 
source. However, when the displacement is 
greater than A/2, the fringes will appear p e -
riodically, each fringe representing a A/2 
change in optical path difference, correspond-
ing to a change o f  27V rad. By counting the 
number o f  the fringes, the displacement 
change can be calculated from the simple 
equation

AL =N\/2

where AL is the change o f  optical path dif-
ference, TV is the number of fringes counted 
and A is the wavelength o f  the light source. 
A  very wide range of sensors based on optical 
path modulation has been developed. T h e  
measurands vary from distance [60], to vi-
bration [61], to those associated with a change 
o f  displacement, such as pressure [62]. A  
number o f  parameters can be configured so 
as to produce a displacement and thus be 
amenable to measurement by this sensitive 
technique.

5.5. Index modulation
M odulation o f  the material refractive index 

and its use for measurement purposes can 
be achieved both inside and outside the optical 
fibre in sensor use. In the first case, m ea-
surands such as temperature or pressure may 
be used to vary the index difference between 
the core and the cladding o f  a fibre, and thus 
the amount o f  light ‘ leaking’ from core to 
cladding causes a change in the output light 
intensity observed. In the second case, an 
external sensor element may be employed, 
for instance, by using a lithium niobate
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( L i N b 0 3) crystal as a temperature sensor. 
T h e  refractive index of such a sensor element 
is modulated by the measurand, and therefore 
the optical path within the material is changed. 
W hen an interferometer with a mono-mode 
light source is employed to determine this in 
an optical fibre sensor, the change o f  optical 
path difference can be used to vary the phase 
difference of the radiation in the interfero-
m eter and thus the output intensity observed. 
T h e fractional change in optical length in a 
silica fibre is given by d / i/ d T = 10 -5 K _1 [4] 
and the phase shift by 2-rmU\, which is ap-
proximately 1 rad K - 2 c m -1 for a wavelength 
o f  633 nm, the wavelength o f  the H e -N e  
laser. O ther glasses less commonly used for 
optical fibres will show different character-
istics. A n  approach using index modulation 
outside an optical fibre has been reported by 
Scheggi et al. [63] in a sensor application.

5.6. Time modulation
With the use o f  coherent light sources, a 

temporal modulation can be transduced into 
a path-length modulation through the use o f  
the relationship

A L =  c At

where AL  is the optical path length traversed 
by light during a period o f  time At and c is 
the speed o f  light. Therefore time modulation 
can be considered to be equivalent to path- 
length modulation under these circumstances. 
With the use of an incoherent light source, 
time modulation, also known as rate m od-
ulation, is the form of modulation achieved 
using a low frequency applied to the light 
intensity or to produce pulses o f  known tem-
poral duration. Information conveyed in the 
time domain can be highly dependent on the 
measurand using the correct sensor encoding. 
For example, the rate information from a 
rotating object such as a turbine, in a vortex- 
shedding flow meter or from a rotating shaft, 
can be delivered to an optical detector by 
optical fibre links to detect the optical ra-
diation containing the information signal. The 
detected signal can then be converted into 
a digital signal.

A  number o f  O F S  techniques based on 
time modulation have been developed, such 
as a quartz resonator hybrid O F S  for dis-
placement measurement [64] and pressure

[65] and temperature sensors [66] based on 
fluorescent time decay. By the use o f  cor-
relation techniques, the rotation of a shaft 
can be monitored directly from the light 
scattered by the shaft [61]. In such an a p -
plication the signal received due to the re-
flection from the shaft is subjected to au to -
correlation, and the rotation rate can be then 
calculated. A greem ent to within the few p er-
cent accuracy o f  a mechanical device was 
observed in recent work [61].

5.7. Coherence-length modulation
‘C oheren ce  length’ is a term used as a 

measure o f  the temporal coherence o f  a light 
source. T h e  ‘coherence region’ o f  an inter-
ferom eter output is the region w here phase 
modulation can be achieved, e.g., in a Mich- 
elson interferometer, this being less than twice 
the ‘coherence length’ . W hen the optical path 
difference (O P D )  in an interferometer is less 
than the coherence length of the light source 
employed, the fringe visibility [1] o f  the output 
obtained is in the region between 1 and 0, 
and phase modulation can be achieved. H o w -
ever, w hen the O P D  is greater than the 
coherence length, the fringe visibility is zero 
and the phase modulation becomes u n d e-
tectable. In this latter case, a coherence- 
length-modulation technique can be used to 
‘shift’ an unbalanced interferometer into a 
‘balanced’ or a ‘ near balanced’ region. T h e  
basic function of this modulation is to co m -
pensate the large O P D  which is observed in 
order to shift the coherence region from its 
original position to where phase modulation 
can be achieved.

W hen coherence-length modulation is in-
troduced, it is necessary that a second detector 
interferom eter is employed. The O P D s  o f  the 
two interferometers are set to be larger than 
the coherence length of the light source, with 
the difference between them being less than 
the coherence length. U nder this condition, 
two interferometers give out an interference 
intensity distribution which shows the so- 
called ‘ fringes o f  superposition’ [67]. T h e  
scheme used in this modulation is sometimes 
called ‘path-matched differential-interfero-
metry’ or ‘white-light interferometry’ and has 
recently been exploited in interferometric 
fibre optic sensors.
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TABLE 3

Examples of different ‘cubic units’ of the OFS space

Light source Intensity
modulation

Length
modulation

Wavelength/
frequency
modulation

Polarization Refraction Time Coherence 
modulation index modulation modulation 

modulation

M o n o -m o d e  fibre
Mono-mode 86 71 92 79 96 103 88
Two-mode 105 81
Multi-mode 89 102 58
Narrow band 85 95
Broad band 82

P olariza tion  m a in ta in in g  fibre
Mono-mode 87 101 84 83
Two-mode
Multi-mode 90
Narrow band
Broad band

T w o -m o d e  fibre
Mono-mode 78 100 106
Two-mode
Multi-mode
Narrow band
Broad band 107

M u lti-m o d e  fibre
Mono-mode 91 97
Two-mode 40
Multi-mode 76
Narrow band 72 99 77
Broad band 98 94 93

Specia l fibre
Mono-mode 104
Two-mode 74
Multi-mode 75
Narrow band 73
Broad band

T h e  most commonly used low-coherence corresponding examples given. Several points
light sources for such arrangements are the worthy o f  note emerge, and examples o f  the
L E D ,  superluminescent diode or multimode different schem es which have been discussed
laser diode, in addition to broad-band sources, in the literature are seen in the reference
and significant work has been done recently matrix, T a b le  3.
to develop optical fibre sensors operating by M ost w ork done in past years, in inter-
means o f  coherence-length modulation. A s ferometric-based sensors, for example, has
an example, sensors for pressure measure- concentrated on two major areas. T h e  first
ment [22], remote displacement [60, 68], ac-
celeration [69] and flow speed [70] have been 
reported recently.

6. Conclusions

In this paper a new kind o f  classification 
for optical fibre sensors has been introduced 
and discussed. The details o f  each ‘division’ 
o f  the classification have been reviewed and

is the ‘m ono-m ode light source, mono-mode 
fibre and phase modulation’ category, which 
is represented using all types o f  interfero-
meters. T h e  second is the ‘broad-band, con-
tinuous spectrum light source, multi-mode 
fibre, with intensity modulation’ type, which 
covers many o f  the incoherent types o f  O F S  
employed.

A  number o f  examples have been shown 
to reveal other applications, including the use 
of low-coherence light sources such as the
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L E D  or the multimode laser diode. Such 
work emphasizes the recent tendency towards 
the exploitation o f  these new light sources, 
which are both convenient and inexpensive, 
and operate at low voltages.

Few-mode optical fibres and specialized 
fibres show significant possibilities for the 
development of novel types o f  O F S. However, 
their full applications have not yet been seen 
due to their lack o f  availability at low cost; 
this is likely to remain a problem.

Light-modulation techniques have been in-
vestigated in different fields. T h e  tendency 
for the development o f  sensing techniques is 
towards a combination of different modulation 
schemes together with the mixing of, for 
example, optical modulation with electronic 
modulation, where appropriate.

It is clear that a considerable body o f  work 
has been undertaken to develop O F S  tech-
niques; however, there are still many ‘blank 
cubes’ which may be filled inside the O F S  
‘techniques space’, in other words, this O F S  
techniques space has not yet been fully ex-
ploited. It is not expected that this space will 
be filled immediately, if ever, but this may 
gradually change as new kinds o f  light source, 
optical fibre or sensor approach emerge. H ow -
ever, it is likely that due to the basic physical 
mechanism and for sound commercial rea-
sons, many cubes will remain ‘b lank’ and 
perhaps in only a few areas will there be real 
commercial success with O F S  techniques, 
w here their unique advantages are seen. H ow -
ever, the field is very much alive and an 
increasing number o f  commercial products 
are appearing. This categorization draws at-
tention to those areas w here devices do not 
exist and may be a stimulus to new devel-
opments with the em ergence o f  new tech-
nology.
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Abstract
A novel application of an interferometer is proposed based on the effect of "self-mixing interference" in a 
diode laser. Coherent ranging, beyond the coherence length of the laser used, and directional vibration 
measurement have been demonstrated with optical fibre schemes.
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I. introduction
Optical self-mixing effects or backscattered 
mtensity modulation in different lasers have been 
considerably exploited for various applications, 
such as Laser Doppler Velocimetry(LDV)[l-4], 
coherent ranging[5-6] and acoustic sensing[7], Tire 
modulation mechanism inside a laser cavity caused 
by external optical feedback, however, is not well 
understood, which confines its applications to 
limited areas. Recently a theory of the external 
optical feedback in a single-mode semiconductor 
laser has been developed and proposed, indicating 
that the intensity modulation by the external 
feedback results from the spectral linewidth 
variation of the laser used, which is due to a "phase 
interference" between the light from an external 
reflector and the light from one of laser mirror facets. 
A detailed study of self-mixing interference will be 
reported elsewhere[9].

In this work, a self-mixing interferometer 
incorporating a diode laser is proposed based on the 
effect of "self-mixing interference", where a portion 
of emitted light from the laser is reflected back into 
the laser cavity from a reflecting surface, and the 
resulting intensity modulation may be extracted to 
determine the parameter to be measured which is 
causing the phase change in the interferometer. A 
simple arrangement with different length 
multi-mode optical fibres is exploited for coherent 
ranging and vibration measurement. The 
experiments performed have demonstrated that 
self-mixing coherent ranging is not dependent on the

coherence length of the laser used, which provides 
the possibility of using coherent detection methods 
for range finding for much longer distances. In 
addition, for small vibrational measurements, the 
self-mixing interference method shows that the 
directional information of the vibration can be 
discriminated from the asymmetric nature of the 
resulting intensity output signal, which offers an 
advantage compared to use of conventional optical 
interference techniques.

II. Self-mixing interferometer
The experiments reported were earned out with a 
780 nm VSIS-type AlGaAs diode laser(Sharp 
LT022MC) and different length multi-mode optical 
fibres with core diameter of 50 |im, as shown in 
Figure 1. The light from the laser was collimated by 
a lens, Li, and then focused by another lens, L2, into 
a multi-mode fibre. This light travelled through the 
fibre and was reflected by an external mirror M. The 
reflected light was guided by the same fibre and 
re-entered the laser cavity, where the light from the 
laser front facet and from the target mirror, M, was 
mixed coherently inside the cavity, and the resultant 
laser intensity modulation was detected by a 
photodetector accommodated at the real' facet inside 
laser package. When the mirror M was vibrated 
periodically, an intensity modulation was observed 
from the laser photodiode,PD, which is very similar 
to conventional optical interference and termed 
"self-mixing interference"[9], The light inside the 
laser cavity and the light from the mirror M 
constitutes two interfering beams of the self-mixing
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inclination. It is from such an asymmetry that the 
vibrational direction can be discriminated, which 
shows a major advantage over conventional 
interferometric methods[8]. In experiments with 
different length optical fibres it was found that the 
interference pattern is not dependent on the 
coherence length of the laser used. These differences 
present some interesting features which could be 
utilised in various applications as discussed.

Fig.l Experimental arrangement 
for self-mixing interferometer

interferometer with self-aligning and self-detecting 
features and only one optical axis.

A typical self-mixing interference signal is shown 
in Figure 2(upper trace) with a comparison to that of 
a Michelson interferometerflower trace). 'Phe 
interference shows a 2n periodicity, with respect to 
the phase change at the external minor M, which is 
equal to a half of the wavelength of the laser.

i i i i i i n  t  i
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Fig.2 Self-mixing interferencefupper trace) with 
comparison to conventional interferenceflower trace).

Time axis-0.2 ms/Div, Intensity-arb. units.

However, the upper signal shows two significant 
differences with that of the Michelson 
interferometer. First, it is sawtoothlike but not 
sinusoidal, and secondly it is asymmetric relative to 
the external vibrational direction, from which it is 
important to note that the inclination of the signal is 
dependent on the direction of the "target" 
movement, and when the target changes its 
movement duection, the signal changes its

III. Self-mixing coherent ranging
The intensity modulation in self-mixing 
interference, with weak external optical feedback, 
may be expressed approximately as:

l=lo[l + m(E„x)cos(2n~G&L -HjiJ/ (1)

where is defined as the modulation
coefficient which is determined by the linewidth 
factor x of the source laser and the feedback factor 
^(the ratio of the external amplitude reflectivity to 
the laser facet reflectivity). X0 is the central 
wavelength of the laser, AL is the optical path 
difference(OPD) between the laser and the target, 
and <J>o an initial phase condition. When a direct 
current modulation is applied to the diode laser, the 
resultant intensity modulation will include an FM 
modulation and an AM modulation! 10], If the 
amplitude and the frequency of the current 
modulation are very small, a beat frequency Fb, 
produced by the coherent mixing, can be easily 
observed and is jpven by:

Fb=(2fi/\„)( dJ/dt)D (2)
where p is the wavelength modulation coefficient 
(nm/mA ),d.l/dt is the rate of the current change with 
time, and D is the target distance from the laser. If 
dJIdt remains a constant, a fixed beat frequency Fb 
can be detected from the laser intensity modulation, 
and the distance D, then, can be calculated directly 
from Equation(2).

In the work herein, the laser was dc-biased, with an 
output power of 3 mW, and current-modulated by a 
triangular wave at 500 Hz with a peak-to-peak 
modulation current of 0.1 mA. The small current 
modulation provides two advantages, which are: (1) 
the feedback from the near end of the fibre is 
insufficient to produce a significant beat frequency 
due to the short OPD; and(2) the mode hopping
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produced by a large current modulation can be 
avoided. By substituting the experimental data 
above, the required target distance may be expressed 
as:

D=0.69Fb (3)
where (3 is given to be 5.6x10 nm/mA, and X0 is 
780 nm.

The intensity modulation of the laser was ac-coupled 
via an amplifier A(Figure 1) to an oscilloscope for 
waveform analysis and to a spectrum analyser for 
frequency measurement. Figure 3 shows the 
observed waveform in the experiment performed 
with a long multi-mode fibre of 3.48 m, where the 
upper trace was produced due to reflection from the 
far end of fibre without the mirror M, whilst the 
lower waveform was produced incorporating the 
reflection from the mirror M. It is clear that the two

» V V V V S /V 1

Fig.3 Waveform observed with 3.48 m multi-mode 
fibre, (a) reflection from fibre end(upper trace)

(b) reflection from an external mirror(lower trace)
Time axis-1.0 ms/Div, Intensity-arb. units

signals have the same beat frequency but different 
amplitudes, which is due to the different 
reflectivities of the fibre end and the mirror. In the 
experiments carried out, three different length 
multi-mode optical fibres were used. Table 1 gives 
the measured fibre length, L0, the calculated 
distance, D0, using Equation(3), and the 
corresponding beat frequency, Fb. It is evident that 
the measured results are in good agreement with the 
theoretical calculations.

Table 1

Fb(kHz) 2.0 5.0 15.0
U(m) 1.51 3.48 10.10
D0(m) 1.38 3.45 10.35

IV. Vibrational Measurement
To measure the nature of the vibration of an object 
under consideration, two factors must be 
determined, these being the amplitude and the 
frequency of such a vibration. The amplitude can be 
determined by counting the fringe number of the 
interference in one direction. A linear relationship 
between the fringe number, N, and the vibrating 
amplitude, -4, was obtained, as depicted in Figure 4. 
Thus the amplitude may be expressed as:

Fig.4 Funge number dependence on 
vibration amplitude

A=N\„ (4)
where Xo is the central wavelength of the laser used.

It has been seen, from Figure 2, the interference 
signal changes its inclination as the target changes 
its direction, which implies that the period can be 
determined by measuring the time of one directional 
change of the target. If the vibration is symmetrical, 
the vibration frequency may be given by:

f=l/2x (5)
where t  is the time for one direction change.

V. Discussion
In the present study, a "self-mixing interferometer" 
incorporating a sem iconductor laser is described and
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preliminary experimental results presented, which 
show some significant comparative advantages over 
the use of a conventional interferometer.

For coherent ranging, the laser diode used displayed 
a multi-mode nature with a low output power, the 
coherence characteristics of which were measured 
using a two beam Michelson interferometer at an 
output of 3 mW, as shown in Figure 5. In summary 
these features are: (1) the full width at half 
maximum(FWHM) of each coherent region was 
0.11 mm; (2) the separation between the adjacent 
coherent regions was 1.05 mm; (3) the FWHM of 
the envelope of all thecoherent regions was 3.07 mm 
and the interference was not detectable when the 
OPD was greater than 11.65 mm. These data mean 
that this type of laser cannot be used in a 
conventional coherent ranging system where the 
distance to be measured is greater than 11.65 mm. 
However, in a self-mixing ranging scheme, the 
measurable distance could reach as far as a distance 
of 10 m, with the use of suitable circuitry. This

Fig.5 Visibility function of laser used 
for ranging experiments obtained from a 

two beam Michelson interferometer

represents a considerable improvement, using a 
cheap and readily available laser source.

For a vibration measurement, the self-mixing 
method combines simplicity of operation with 
ability of discriminating the vibration direction, as 
demonstrated.
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A fiber-optic Doppler velocimcter that incorporates the effect of self-mixing in a diode laser is described. A 
theoretical model, baaed on self-mixing interference theory, is presented, and a simple experimental arrange-
ment ¡B constructed. The results of the experimental research arc found to be in good agreement with the 
theoretical analysis. A Doppler velocity of ns much ns 3 m/s was measured directly, and a good linear relation-
ship between the Doppler velocity and the Doppler-shifted frequency was obtained, which can he used to deter-
mine the speed of a moving object.

The self-m ixing or optical feedback technique was 
first used by R udd1 to measure the Doppler velocity 
w ith a H e-N e laser. This approach has been of 
growing interest in recent years for laser Doppler 
ve lo cim etry  (LD V ) w ith  sem iconductor la se rs2' 6 
owing to its s ign ifica n t advantages in sim plicity, 
compactness, and robustness over conventional LDV 
methods. A  fiber-coupled LDV for in uivo blood 
flow measurem ent, which provided a simple optical 
arrangem ent w ith easily alignable components and a 
comparatively large signal-to-noise ratio, has been 
also reported by Koelink et al.*

It is well known that the output characteristics of 
semiconductor lasers are affected greatly by exter-
nal optical feedback, which has been commonly used 
to a lter the sp ectra l ch aracteristics, such as the 
spectral linewidth,7 and the mode patterns8 of con-
ventional lasers. A  common feature of external op-
tical feedback theories is the assumption that the 
external optical feedback is coherent with the light 
inside the laser cavity owing to the sim ilarity of the 
dynamic features of the optical feedback effects to 
features in conventional interference. However, re-
cent investigations have found that the output char-
acteristics could be altered by incoherent optical 
feedback,9,10 that the intensity modulation inside a 
laser cavity by the self-m ixing is due to the spectral 
mode modulation produced by the periodical modu-
lation of the external optical feedback, and that the 
modulation depth achieved is directly proportional 
to the strength o f optical feedback.11,12 Because the 
power modulation by self-m ixing has been assumed 
to result from the spectral variation rather than 
from a conventional interference effect, the modula-
tion signal is not dependent on the coherence length 
of the laser used. These features result in some dis-
tinct p eculiarities of the self-m ixing interference 
when com pared w ith  conventional in terferen ce, 
e.g., the asym m etrical nature of the intensity output 
and its independence of the coherence length of the 
laser used.

In this research, self-m ixing interferom etry is 
exploited for velocity measurement by using Doppler

014 6-9592/92/110000-03$5.00/0

techniques along w ith a 6-m single-mode optical 
fiber (~ 5 y x m  core diameter) and a compact-disc- 
type diode laser (Sharp LT022MD) operated with a 
multilongitudinal-mode output. A Doppler velocity 
simulation was provided by a rotating disk coated 
with a white paper, and its rotation speed could be 
adjusted by ch a n g in g  the voltage o f a vo ltage- 
controlled-m otor. The velocity was varied from 
20 mm/s upward and was measured by using the 
self-m ixing interferom etry method. It was com -
pared with that obtained by direct m easurem ent 
with the use o f an optoelectronic pulse-counting 
method. A linear relationship between the velocity 
of the ro tatin g  d isk  and the Doppler freq u en cy 
produced was obtained with a minimum resolution 
o f ~ 3 mm/s. A sim ple th eo retica l m odel, the 
experim ental arrangem ent with a presentation of 
experim ental resu lts, and a discussion are p re-
sented below.

In a se lf-m ix in g  LDV schem e, as depicted  in 
Fig. 1, a portion of light emitted from a diode laser 
is fed back into tbe laser cavity after it is scattered 
from a diffused target that is moving to produce a 
D oppler-shifted frequency superim posed on the 
original optical frequency of the laser light. The 
resultant optical intensity variation with time, /(<), 
owing to the weak optical feedback, thus may be ex-
pressed as

** [1 + (Dg/nl)cos <f>{t)]2
where = </>„ + 2-rrfdl, /„ is the laser output inten-
sity without the external optical feedback, D is the 
distance between the laser and the target, £ is the 
ratio of the external amplitude reflectivity  r 3 (in-
cluding geom etric e ffects  and coupling losses at 
laser facet) to the amplitude reflectivity r2 of the 
laser facet, fd is the Doppler frequency induced by 
the target m ovem ent, <f>0 is an a rb itra ry  in itia l 
phase, t is the time, n is the effective refractive in-
dex of the laser medium, and l is the laser cavity 
length. Relation (1) only holds under the condition 
of p(=D£/nl) < 1 ,  IF  p > 1, -then the variation

© 1992 Optical Society o f America
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J------------------ ~ Z
Fig. 1. Schem atic o f a diode laser with external optical 
feedback, r,, r2, laser facet amplitude reflectivities; r3; 
target am plitude reflectiv ity ; G, single-pass gain transfer 
fu n c tio n ; and n, e f fe c t iv e  r e fr a c t iv e  index o f gain  
medium. :

O S  S A

Fig. 2. Experim ental arrangem ent for self-m ixing LDV. 
LD, laser diode; BS, beam splitter; L ,, L 2, lenses; OS, os-
cilloscope; S A , sp ectru m  a n a lyze r; A, am plifier; PM, 
power meter; SM, single mode; RD, rotating disk.

o f the phase </>«) may lead to the occurrence of 
multimode lasing operation, the output power will 
increase sharply and become asym metric with re-
spect to the phase variation, and hence the larger 
the feedback coefficient £, the more sawtoothlike the 
intensity variation.6 When the external feedback is 
weak, i.e., £ «  1, relation (1) may be simplified to

/«) =  70[1 + v cos{2rrfdt + <£„)], (2)

where i{=  —(2D/nl) ]̂ is termed the visibility func-
tion in optical interference. In this case, the in-
te n s ity  m o d u la tio n  is s im ila r  to th at seen in 
conventional interference, and the Doppler velocity 
V of the target movement may then be expressed 
directly as

V = (A0/2n cos 0)fd = kfd, (3)

where A„ is the central wavelength of the laser, n is 
the refractive index of the target medium, and 0 is 
an angle between the velocity vector and the optical 
axis, k is a proportionality constant. For example, 
k — 1.041 when the related parameters are chosen 
to be A„ = 780 nm, n — 1, and 0 = 68 degrees, and 
the velocity V is given in millimeters per second and 
fd is given in kilohertz.

The proof-of-principle study reported was carried 
out with a 780-nm compact-disc-type diode laser 
(Sharp LT022MD) and an ~6-m single-mode optical 
nber (—5-jxm core diameter) as shown in Fig. 2. 
The light emerging from the diode laser was colli- 
mated by a beam splitter BS and then focused into 

6 t ifer’ ^he 1'ght em itting from the fiber end 
r^ B a ' mecl a diffused target, which was rep- 

Ben hy a w hile nnner attached to a rotating

disk, w ith an angle of ~68° to the rotation direction. 
The disk was driven by the voltage-controlled motor, 
an d  its  v e lo c it y  co u ld  be v a r ie d  from  20 to 
5000 mm/s. The scattered light from the target 
was guided through the same path back into the 
laser cavity, and the amount of optical feedback was 
monitored by the beam splitter by a photodetector 
D l. The diode-laser package incorporated a photo-
diode accom modated in its rear facet to monitor the 
laser power, which was used in this experim ent to 
observe the intensity variation produced by the ex-
ternal optical feedback. The iaser was operated at 
an output power of 2.5 mW (7 = 1.2/th, where Ilh is 
the threshold current), which was found to be the 
optim al output for the Doppler velocity m easure-
ment., whereas the signal-to*noise ratio was found to 
be decreased when increasing the, injection current, 
i.e., increasing the output power of the laser, but 
there is still a good signal-to-noise ratio at / =  2/lt,. 
The reflected  light from the target was measured by 
the power m eter PM to be 0.01 mW, which was ap-
proxim ately - 2 5  dB or the original output power at 
the experim ent. However, for self-m ixing interfer-
ence, the feedback strength can be as large as ap-
proxim ately - 1 0  dB and as small as approximately 
-6 0  dB. The output signal from the laser photodi-
ode was am plified by a wideband am plifier A  and 
then fed to an oscilloscope and a spectrum analyzer 
for d ire ct Doppler frequency studies. A typ ica l 
Doppler spectrum  produced by the target rotation is 
shown in Fig. 3(a) with a comparison to the noise

Fig. 3. O utput spectra: (a) Doppler spectrum  produced 
by Doppler-shifted frequency, (b) noise spectrum  without 
rotation o f the target. Vertical logarithmic scale, arbi-
tr a r y  u n its  [sam e for (a) and (b)]; h o rizo n ta l sca le , 
0.5 M Hz per division [same for (a) and (b)]; central peak, 
zero frequency (dc) [same for (a) and (b)].
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Fig. 4. Measured velocity of rotation disk dependence on 
the Doppler-shifted frequency.

Fig. 5. Higher harmonics of Doppler-shifted frequency in 
self-mixing spectrum. Vertical logarithmic scale, arbi-
trary units; horizontal scale, 0.1 MHz per division and 
with video filter of 10 Hz; central peak, zero fre-
quency (dc).

spectrum  without the external optical feedback in 
Fig. 3(b). W hen the external signal, shifted by the 
Doppler velocity, is fed back into the cavity, two side 
peaks are seen in the spectrum, and the spacing 
from the central peak (zero frequency) represents 
the Doppler-shifted frequency, which is directly pro-
portional to the speed of the rotating disk. The 
broadening in the Doppler-shifted spectrum  is as-
sumed to be due to the multimode operating prop-
erty of the laser used.

To obtain an explicit relationship betw een the 
Doppler velocity and the Doppler frequency, these 
two variables were measured independently against 
the control voltage. By adequate data processing, 
the ro tatio n  speed dependence on the Doppler- 
shifted frequency is depicted in Fig. 4. It can be 
seen that there is a good linear relationship between 
these two variables, the saturation at higher velocity 
being due to the bandwidth lim itation of the am- 
plifer used, and the relationship can be expressed as

V(mm/s) = 1.05/cf(kHz) ± 7.80 (mm/s). (4)

The offset of 7.8 mm/s indicates the combined accu-
racy from the velocity measurement and the direct 
frequency measurement against the control voltage, 
for practical use an improvement of the frequency-
detecting technique, and the accurate measurement 
of the rotation speed could be performed.

The utility o f the self-m ixing technique for LDV 
indicates its sign ifican t advantages. These are its 
simplicity (the fact that the self-m ixing configura-
tion requires only one optical axis, which sim plifies 
the design and alignm ent of optical systems), its 
compactness, and the use of the internal photodiode 
in the laser package to detect the intensity modula-
tion produced by self-m ixing. No external detector 
is needed, and this provides a high detection e ffi-
ciency for the self-m ixing interference. Because 
the self-m ixing interference is not dependent on the 
coherence length o f the laser used, various fibers 
and low-coherence sources may be exploited in the 
velocity m easurem ent. However, the presentation 
o f h igh er h a rm o n ics  o f the m easured  Doppler- 
sh ifte d  freq u en cy  in the output spectrum  w ith 
strong feedback, as shown in Fig. 5, makes it d iffi-
cult to use heterodyne techniques in LDV. The di-
rectional inform ation of the target movement may 
be obtained by m aking use of the asym m etry of the 
se lf-m ix in g  in te r fe re n c e ,13 but it is not easy to 
obtain  c le a r  d ire c tio n a l in fo rm atio n  for a d if-
fused target.

Thus an optical-fiber laser Doppler velocim eter 
has been dem onstrated based on the self-m ixing in-
terference that is realized with a long optical fiber 
greater than the coherence length of the laser used) 
combining a cheap low-coherence source. The ex-
perim ental arrangem ent highlights the simplicity, 
compactness, and suitability of a self-m ixing LDV 
scheme over a conventional LDV scheme.
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Austria. The modified QUANTEL laser as 
transmitter delivers 10 mJ/30 ps pulses in 
green. To collect the echo photons, we used the 
Contraves 0.5 m diameter tracking telescope. 
To detect the satellite laser echoes we used the 
UNITED OPTO Modular Streak Camera "' 
The reflected signal passing the receiver tele-
scope is focused on the Streak tube S25 photo-
cathode, the output image is intensified by a 
gateable microchannel plate intensifier and is 
read out by the SIT TV camera interfaced to the 
IBM PC image processing system. The modu-
lar Streak Camera system provides either linear 
or trigger free two-dimensional sweep, both 
with picosecond resolution.

From the analysis we estimated the echo 
energy to be 1,000 up to 10,000 photons, well 
corresponding to the energy balancy calcula-
tion. The temporal analysis of a typical echo 
from the satellite STARLETTE is on Fig. 1. 
The first peak corresponds to a strong return 
already saturating the photocathode of the 
streak camera. The second peak is within the 
linear range of the streak camera system. Con-
sidering 8 ps/pixel sweep velocity, the tem-
poral response coincides well to the 30 ps trans-
mitted pulse and the satellite retrorefiector 
geometry.

On the other hand, the analysis of the AJISAI 
echoes (Fig. 2) shows pronouced irregularities 
in time, due to the random contributions of 
several retro-reflectors. The simulations con-
firm this behavior with respect to the shape of 
this satellite, which is a sphere of 2.2 m in 
diameter, covered by retro cubes.

1. I. Prochazka, K. Hamal, M. Schelev, V. Post- 
ovalov, V. Lozovoi: Modular Streak Camera 
for Laser Ranging; published in SPIE 1385, 
55.

16:45 PM
MoQ3 Non-Mechanical Laser 
Beam Steering with an Experimental 
Optical Array Antenna
W. M. NEUBERT, W. R. LEEB, and A. L. 
SCHOLTZ, Institut für Nachrichtentechnik 
und Hochfrequenztechnik, Technische 
Universität Wien, Gusshausstrasse 25/389, 
A-1040 Wien, Austria

Transferring the principle of phased array 
antennas from the microwave regime into op-
tics is not straightforward due to the small 
wavelengths involved.'" Path differences be-
tween the wavefronts leaving the individual 
subantennas of an array have to be actively con-
trolled to within a fraction of the wavelength.'2' 
To this end we developed a phasing concept 
using a common reference wavefront of a so 
called pilot beam, which is slightly offset in 
frequency. By heterodyning the pilot beam 
with representative samples of the individual 
subwavefronts, the optical phases are trans-
formed into electrical phases at intermediate 
frequency signals. They permit phasing via het-
erodyne phase-locked loops.

To verify our concept we designed an optical 
antenna group consisting of three subapertures 
fed by a single diode-pumped Nd:YAG ring 
laser operating at X = I.06 pm. The pilot beam 
was generated by acousto-optically frequency 
shifting a small portion of the array feeding 
laser beam.

The phasing quality experimentally obtained 
was excellent. Figure 1(a) depicts the measured 
far-field intensity pattern. The corresponding 
calculated pattern assuming ideal phasing (see 
Fig. 1(b)) shows near-perfect agreement both 
qualitatively and quantitatively. By electroni-
cally setting the phase differences between the 
subantenna fields we demonstrated the ex-
pected beam steering effect. Figure 2 shows the 
measured far-field intensity pattern for the case 
that one subfield is phase shifted by I rad. For 
a steering angle of 10% of the diffraction 
limited divergence of a single subaperture, the 
antenna gain inherently decreases by 0.12 dB. 
The measured settling time of a commanded 
steering angle amounts to about 0.7 ms. It is 
mainly determined by the response of the phase 
actuators employed, i.e. by piezo electric fiber 
stretchers.

Optical array antennas may be applied, e. g., 
for optical space radar and communication sys-
tems. By coherently combining the power of 
several lasers, each feeding a subantenna, high 
optical transmit power can be achieved. Be-
sides the advantageous inertia-free and hence 
fast beam steering capability, optical array 
antennas have reduced size, mass, and cost as 
compared to a single large antenna.

1. J. S. Fender, Proc. SPIE 643, 122 (1986).
2. W.M.Neubert, Proc. SPIE 1417, 122(1991).

17:00 PM
MoQ4 A Metrology System for the 
Active Control of a Large Radio Tele-
scope
J. M. PAYNE, National Radio Astronomy 
Observatory, 949 N. Cherry Ave., Campus 
Bldg. 65, Tucson, Arizona 85721-0655, 
USA

The National Radio Astronomy Observatory 
(NRAO) is constructing a radio telescope of 
100-meter diameter clear aperture designed to 
operate at wavelengths as short as 3 mm.

The precision which may be maintained in a 
steel structure of this size in the open air is de-
termined by environmental changes, the most 
significant being wind and temperature. In fact 
it may be shown that, even in the absence of 
wind, unavoidable temperature differences re-
sult in an abort wavelength limit of approxi-
mately 8 mm for a steel structure of this size. 
The solution adopted is to construct the reflect-
ing parabolic surface from two thousand in-
dividual panels mounted to the back-up struc-
ture with adjustable linear actuators. A 
metrology system monitors the shape of the re-
flecting surface continuously and the necessary 
corrections to the surface are applied through 
the linear actuators.

The metrology system described in this 
paper uses three laser range measurement sys-
tems to measure 2,000 points on the reflector 
surface by trilateration. Consideration of the 
precision required together with the dynamics 
of the structure lead to the basic requirements 
of the rangefinder. The performance required 
is to measure five ranges per second to an ac-
curacy of better than 50 microns. These ranges 
may be from 20 meters to 120 meters.

The paper describes an instrument that satis-
fies these requirements. A series of tests over 
ranges up to 120 meters is described that de-
monstrates that neither atmospheric turbulence

nor bulk refractive index changes will impose 
unacceptable limits on the performance of the 
instrument. Tests made with three such instru-
ments used in the trilateration configuration de-
monstrate that the required precision in three 
dimensions may be achieved.

17:15 PM
MoQ5 Characteristics of a Dual 
Diode Laser-Based Feedback Inter-
ferometer with Appliactions for Ex-
tended Ranging and Directional Dis-
crimination
W. M. WANG, W. J. O. BOYLE, K. T. V. 
GRATTAN, and A. W. PALMER, Meas-
urement and Instrumentation Centre, De-
partment of Electrical, Electronic and 
Information Engineering, City University, 
Northampton Square, London EC1V 0HB, 
England

Self-mixing interference in a diode laser has 
been extensively studied for various applica-
tions including velocity measurement, ranging, 
acoustic sensing and displacement measure-
ment."“*' The self-mixing technique, based on 
the use of a diode laser shows some advantages 
in simplicity, compactness and robustness 
compared with conventional interferometric 
methods, and it also shows the ability to 
achieve directional discrimination of the phase 
movement, but, however, the useful directional 
information will disappear if the feedback 
strength from external reflector is weak. In ad-
dition, there is an increasing requirement for 
extended ranging with high accuracy. This can 
be achieved by using a multi-wavelength inter-
ferometer,'51 but the systems based on this are 
quite bulky and complicated.

In this work, the characteristics of a dual 
diode laser-based feedback interferometer are 
described, based on the self-mixing interfer-
ence in diode lasers. The lasers used were 
Sharp LT022MD AlGaAs index-guided diode 
lasers with wavelengths of 783 nm and 784 nm 
at a normal output of 3 mW. The optical emis-
sions from these two lasers were coupled with 
a single-mode fibre optical coupler, with one 
output arm of the coupler used as a sensing 
probe. The light reflected from the fibre end 
and from the external reflector interfered and 
was fed back via the original optical path into 
both laser cavities. The signal ouputs from the 
laser internal photo detectors were monitored 
with an oscilloscope. It has been found that the 
resultant intensity modulation of each laser is 
dependent on the feedback strength and the dis-
tance of external reflector, and the cross- inter-
ference between the two lasers has little in-
fluence on each signal output due to the 
wavelength selectivity of laser itself. Neverthe-
less, the phase of the intensity modulation is 
determined by its own lasing wavelength and 
the Common Optical Path Difference (COPD) 
between the fibre end and the external reflector. 
The phase difference between these two out-
puts is, therefore, determined by the COPD and 
the synthetic wavelength of two lasers. By 
measuring this phase difference, the distance D 
between the fibre end and the reflector can be 
determined. Since the synthetic wavelength 
can be made much larger than those of the 
source lasers, for example 0.6 mm here, the un-
ambiguous distance to be measured can be
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made very large. This is similar to a conven-
tional multi-wavelength interferometer. 
Furthermore, if D is adjusted to make the phase 
difference be tt/2 radians, the two output sig-
nals can readily be used for directional dis-
crimination in optical sensing, for example, 
laser Doppler velocimetry or small vibrational 
measurement.

In summary, the feasibility of the dual diode 
laser-based feedback interferometer has been 
demonstrated and the preliminary experimen-
tal results are presented. The method used 
highlights the simplicity of the operation with 
the ability of extended ranging and directional 
discrimination, particularly, with a fibre optical 
scheme where the system has simpler configu-
ration and higher signal-to-noise ratio than that 
of conventional systems.

1. S. Shinohara, A. Mochizuki, H. Yoshida. and 
M. Sumi “Laser Doppler velocimeter using 
the self-mixing effect of a semiconductor 
laser diode" Appl. Opt. 25, pp. 1417-1419, 
1986.

2. P. 1. de Groot, G. M. Gallatin, and S H Mac- 
ombcr “Ranging and velocimetry signal 
generation in a backscatter-modulated laser 
diode" Appl. Opt 27, pp. 4475 4̂480, 1988

3. A. Dandrige, R. O. Miles, and T. G. Gial- 
lorenzi "Diode laser sensor" Electron. Lett. 
16. pp. 948-949, 1980.

4. W. M. Wang, W J O. Boyle, K. T. V. Grattan, 
and A. W. Palmer "An interferometer incor-
porating active optical feedback from a diode 
laser with applications to coherent ranging 
and vibrational measurement" Paper pre-
sented at the 8th Optical Fiber Sensors con-
ference, Monterey. CA, USA, 29-31, Jan. 
1992.

5. P. de Groot "Three-color laser-diode inter-
ferometer" Appl. Opt. 30, pp. 3612-3616, 
1991.

17:30 PM Invited paper 
MoQ6 Application of High-Aver- 
age-Power, Visible Lasers at I^awrence 
Livermore National Laboratory to Com-
mercial and Scientific Problems 
B. E. WARNER, R. P. HACKEL. 
S. R. HARGROVE. H. W. FRIEDMAN, 
and J. A. PAISNER, University of Cal-
ifornia, Lawrence Livermore National 
Laboratory, P. O. Box 5508, L-464 Liver-
more, California 94550, USA 

The Lawrence Livermore National Labora-
tory’s (LLNL) Atomic Vapor Laser Isotope 
Separation (AVLIS) Program has developed a 
high-average-power, pulsed, tunable, visible 
laser system. Testing of this hardware is in pro-
gress at industrial scales. The laser demonstra-
tion facility (LDF) system consists of copper 
vapor lasers arranged in oscillator-amplifier 
chains providing optical pump power to dye- 
laser master-oscillator-powcr-amplifier chains. 
This system is capable of thousands of watts 
(average) tunable between 550 and 650 nm. In 
the last several years, a number of other appli-
cations of AVLIS laser technology have been 
recognized and pursued at LLNL. Two of these 
to be dicussed in this presentation are laser 
material processing and atmospheric correc-
tion of astronomical telescopes. This presenta-
tion is divided into three parts: laser system

summary, laser material processing with high 
brightness lasers, and sodium beacon genera-
tion for atmospheric correction.

The copper laser system at LLNL consists of 
12 chains operating continuously. The copper 
lasers operate at nominally 4.5 kHz, with 50 ns 
pulse widths and produce 20 W at near the dif-
fraction limit from oscillators and > 250 W 
from each amplifier. Chains consist of an oscil-
lator and three amplifiers and produce > 750 W 
average, with availablities > 90% (i. e., > 7900 
h/y). The total copper laser system power aver-
ages -  9000 W and has operated at over 
10,000 W for extended intervals. The 12 cop-
per laser beams are multiplexed and delivered 
to the dye laser system where they pump mul-
tiple dye laser chains. Each dye laser chain con-
sists of a master oscillator and three or four 
power amplifiers. The master oscillator oper-
ates at nominally 100 mW with a 50 MHz 
single mode bandwidth. Amplifiers are de-
signed to efficiently amplify the dye beam with 
low ASE content and high optical quality. 
Sustained dye chain powers are > 1000 W 
average with dye conversion efficiencies > 
50%, ASE content < 5%, and wave front quali-
ties correctable to < X7I0 RMS, using deform-
able mirrors. Since the timing of the copper 
laser chains can be offset, the dye laser system 
is capable of repetition rates which are 4.4 kHz, 
up to 26.4 kHz, limited by the dye pumping 
system.

Key laser material processing applications in 
industry include cutting, welding, drilling, sur-
face heat treatment, and marking of metals and 
nonmetals. At the present CO: lasers and solid- 
state (Nd: YAG) lasers dominate these applica-
tions in industry. Excimer lasers are finding a 
growing number of lower applications in mi-
crolithography, micromachining, and marking. 
Our copper and dye laser system are high radi-
ance laser sources because of their visible 
wavelength, near diffraction limited beam qu-
ality, and high-average power. They show pro-
mise in improving material throughput and in 
increasing precision, particularly with fine- 
hole drilling and cutting. We are currently 
using both high-power dye and copper laser 
beams to map out precision cutting and hole 
drilling operating regimes. In addition, we are 
developing diagnostics to better understand the 
high-radiance-laser/material interactions.

Over the last two years LLNL has started a 
research initiative into development of laser 
guide stars and adaptive optics to correct at-
mospheric distortion for large astronomical 
telescopes. The principles are well known: a 
laser creates a point source in the upper atmos-
phere and by observing the aberrated wave 
front from this “star,” a deformable mirror can 
be adjusted to cancel out the effects of atmos-
pheric turbulence. The unique capability that 
LLNL brings to this research is a reliable, high- 
power, near diffraction limited, tunable laser 
system. We plan in 1992 to propagate nomi-
nally 1 kW of 590 nm light into the atmosphere, 
creating a bright sodium-layer guide star. The 
first phase of this research investigates proper-
ties of sodium guide stars and identifies issues 
in adaptive optics. Our goal over the next 
several years, in cooperation with a broad re-
search community, is to develop an integrated 
laser/adaptive optics capability for large 
astronomical telescopes, including the Keck 10 
meter telescope.

This work was performed under the auspices 
of the U. S. Department of Energy by Lawrence 
Livermore National Laboratory under contract 
No. W-7405-Eng-48.
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CHARACTERISTICS OF A DIODE LASER-BASED SELF MIXING 
INTERFEROMETER

W M Wang, W J O Boyle, K T V Grattan, A W Palmer
City University, London
A diode laser-based interferometer, utilizing the self-mixing effect, has been 
described and a theoretical model, discussing intensity modulation by external 
optical feedback, is presented. The sensitivity of this intensity modulation to 
the laser injection current was measured, indicating that a relatively optimal 
operating current condition is about 1.21th for self-mixing interference.

The behaviour of a continuously operating semiconductor laser can be 
significantly affected by external optical feedback. For practical use, it has 
exploited for laser Doppler velocimetry (LDV) [1], ranging [2] and 
displacement measurement [31. Recently there is a growing interest in the 
applications in the interferometry of the self-mixing effect in diode lasers 
because of some significant advantages of such techniques, such as simplicity, 
compactness, and ease of alignment. In the self-mixing configuration a 
portion of the emitting light from a diode laser is intentionally reflected by an 
external reflecting surface, back into the laser cavity the reflected light then 
mixing coherently with the light inside the cavity and this modulates the laser 
output intensity, which may be monitored by photodetectors at either end of 
the laser or simply by the internal photodetector accommodated at the rear 
facet of a commercially available diode package. In the latter case the laser is 
used not only as a light source but also, from the optical point of view, as part 
of an interferometer as well as incorporating a self-aligning detector, which 
greatly simplifies the system configuration.
The self-mixing interferometer can be generally considered as equivalent to 
an external cavity laser. The output intensity, I, of the laser in the presence 
of weak external feedback may thus be expressed as [4]:

I = I0[l + mcosp(L)] (1)

With

P(L) = 4nv0^  —
Csin 47tvo ^ +(Po

1 + Ceos[47rv0 ^  +  (po

C = — ^ \  + a : 
nl

(3)

(2)

where IG is the laser output intensity in the absence of feedback; m  is termed 
the modulation coefficient related to the internal parameters of the diode laser 
and the feedback stregth; n is the effective refractive index of the laser cavity; 
/ is the laser cavity length; (po = tan_1(a) with a  the linewidth enhancement 
factor; £ is the ratio of the amplitudes between the laser facet reflection and

207



the feedback inluding coupling loss and geometry effect; C is termed the 
feedback coefficient. The condition of external feedback changes not only the 
lasing threshold but also the lasing spectral distribution. The threshold gain 
variation thus results in optical intensity modulation, while the actual lasing 
spectrum variations lead to a saw tooth-like modulation waveform and change 
the coherent properties of the feedback. When the external reflector is 
modulated periodically, the output, /, also shows a periodical characteristic 
with one period corresponding to an optical displacement of A/2 of the 
oscillation wavelength. For a small value of the feedback coefficient C ,  the 
intensity modulation is sinusoidal, but for the larger value of C  the output 
waveform becomes saw tooth-like. This relationship between I and the 
external phase is depicted in graphical form, as shown in Figure 1.

Figure 1 Intensity modulation by self-mixing 

interference

Figure 2 Experimental arrangement for self-mixing 

interference

A schematic diagram of the "self-mixing interferometer" is shown in Figure 
2, which consists basically of a single mode laser (Sharp LT024) and an 
external reflector, R j .  The light emitted from the laser, L D ,  was collimated 
by a lens and propogated through a half wave-length plate, H W ,  and then 
onto a polarizing beam splitter. P B S .  One beam was detected by a 
photodetector, P D j  , for comparison; the other focused by a further lens^2, 
onto a focused target M ,  represented by a white vibrating loud speaker cone. 
The light reflected from the laser front facet and from the external target 
mixed coherently to produce an intensity modulation in the laser output, 
which was detected by the internal photodiode,PD, accommodated in the rear 
facet of the laser. The light inside the laser cavity and that reflected from the 
taget actually constitute two interfering optical beams of the self-mixing 
interferometer with self-aligning, aelf-detecting features and only one optical 
axis.

The feedback strength could be adjusted by changing the ratio of two split 
beams by means of a rotation of the waveplate. The experiments were 
carried out under the condition of the feedback strength measured by P D ]  
being less than 4 %  (the feedback strength depends on the coupling from the 
external feedback into the laser cavity, so it is difficult to give as absolute 
value). If the feedback is too large, it may lead to an unstable output of the
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laser.

Figure 3: Experimental observation of self-mixing interference

A typical self-mixing interference signal is shown in Figure 3, where the 
lower trace is the signal with which the external mirror vibration is driven 
and the resultant intensity modulation (upper trace) shows a 2 n  periodicity, 
with respect to the phase change at the mirror. One fringe change 
corresponds to a half-wavelength displacement of the mirror, which is the 
same as that of a conventional interferometer. However, the signal obtained 
shows two significant differences from that of a conventional interferometer. 
First, it is saw tooth-like but not sinusoidal, and secondly it is asymmetric 
relative to the direction of the phase variation, from which it is important to 
note that the inclination of the signal is dependent on the direction of the 
mirror movement, and when the mirror changes its movement direction, the 
signal changes its inclination. The intensity modulation was also observed 
from two emission directions of the laser output, which indicates a sign 
inversion in both directions.
To investigate the relationship between the self-mixing interference and the 
injection current of the laser, the current was varied from 0.8Itp, to 1.61th, 
where Ith is the threshold current. The modulation amplitude was found to 
decrease with an increase in the injection current. Close to threshold, the 
modulation sensitivity reached its maximum value; unfortunately, the intensity 
modulation around threshold was unstable, whilst the sensitivity was very 
small when the laser was operated well above the threshold. In the 
experiments reported the laser current was chosen to be 1.2Ith where the 
output modulation signal was stable and had a good sensitivity related to 
variation of the external feedback strength.

In summary, a self-mixing interferometer using a single mode diode laser has 
been described. The device shows significant advantages in simplicity, 
compactness and robustness over conventional interferometric methods. It 
has been shown that simple theoretical analysis is in good agreement with the 
experimental results.
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Self-mixing interference in a diode 
laser: experimental observations 
and theoretical analysis

W. M. Wang, W. J. O. Boyle, K. T. V. Grattan, and A. W. Palmer

The experimental results of an investigation of self-mixing effects or backscatter modulation in diode 
lasers coupled with a simple theoretical analysis are presented. The laser is used to send light, either in 
free space or through an optical fiber, to a movable target from which the optical backscatter is detected 
and fed back into the laser. In the experiment three significant conclusions are drawn: (1) self-mixing 
interference is not dependent on the coherence length of the laser, (2) the interference is not dependent on 
the use of a single-mode or multimode laser as the source, and (3) the interference is independent of the 
type of fiber employed, i.e., whether it is single mode or multimode. A comparison of this kind of 
interference with that in a conventional interferometer shows that self-mixing interference has the same 
phase sensitivity as that of the conventional arrangement, the modulation depth of the interference is 
comparable with that of a conventional interferometer, and the direction of the phase movement can be 
obtained from the interference signal. The above factors have implications for the optical sensing of a 
wide range of physical parameters. Several applications of the method are discussed that highlight the 
significant advantages of simplicity, compactness, and robustness as well as the self-aligning and 
self-detecting abilities of fiber-based self-mixing interferometry when compared with the use of 
conventional interference methods.

1. Introduction
The output characteristics o f a single-mode semicon-
ductor laser are greatly affected by external optical 
feedback, as is discussed in the research o f a number 
or authors.1-15 In practical applications, the effects 
of external optical feedback lie in the following two 
areas: (1) spectral linewidth reduction,7' 9 whereby 
the spectral purity of a laser is enhanced by optical 
feedback from an external cavity and which is of 
relevance to coherent optical comm unications, high- 
density frequency-division m ultiplexing systems, and 
interferometric sensors; and (2) self-m ixing interfer-
om etry,1016-26 where external feedback is used to 
carry information from which data may be extracted.

External optical feedback is also of interest because 
of the deleterious effects in m any applications caused 
by reflections from various optical components into
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the laser cavity,11' 13 e.g., from fiber ends or in a major 
application from the surfaces in compact discs, which 
can increase intensity noise and modify the coherence 
properties of laser diodes.14 A  dram atic effect of this 
nature has been described by Lenstra et a/.,15 who 
termed it “ coherence collapse.’ ’ Here feedback in-
creases the spectral linewidth o f the laser to many 
times that of the solitary laser linewidth, with a 
consequential collapse in the coherent length of the 
laser from several meters to a few millimeters.

Since the approach of self-m ixing was first reported 
by Rudd16 by using the H e-N e laser to measure the 
Doppler velocity of scattering particles, the phenome-
non of self-mixing or backscatter modulation has 
been investigated by several researchers. A simple 
diode laser sensor was reported by Dandridge et at. 17 
for acoustic sensing. C hurnside1819 studied laser 
Doppler velocimetry by using a modulated C 0 2 laser 
in 1984. Later, a small laser Doppler velocimeter 
was reported by Shinohara et al.,20 who used the 
self-mixing effect in a semiconductor laser. Based 
on their experimental results Shim izu21 found that 
the direction of the Doppler velocity could be deter-
mined from the inclination of the sawtoothlike wave-
forms observed in the self-mixing signal, which re-
verses when the direction o f movement of the target
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is reversed. Jentink et al.22 simply explained self-
mixing in terms of the interference between the light 
inside the laser cavity and the light re-entering the 
laser cavity. This is an oversimplified assumption 
that leads to the misinterpretation that the spectral 
linewidth of the laser mode of the multimode laser 
diode used in the experiments was less than 2 x 10~3 
nm. This linewidth corresponds to an unusually 
long coherence length (160 mm) for a multimode 
laser, which conflicts with their own measurements 
for the linewidth, using conventional interferometry, 
of 4.6 nm.

A  theory of self-mixing has been developed by de 
Groot et al.23 that is based on the mode structure o f a 
three-mirror Fabry-Perot cavity. They applied this 
approach to the analysis of coherent ranging and 
velocimetry measurement with self-mixing.23 2'1 With 
the use of the multimode laser diode, de Groot25 
explained the self-mixing effect as a spectral mode 
modulation that was dependent on the phase of the 
returned light. Koelink et al.26 used the self-mixing 
effect in a fiber-coupled semiconductor laser for in 
vivo blood-flow measurement.26 They presented a 
theoretical model that was based on a series of 
internal laser-parameter variations produced by exter-
nal optical feedback to explain and thus calculate the 
nature o f the modulation signals in the self-mixing 
laser cavity.

To date, various theoretical models have been used 
to explain the observed phenomena in the self-mixing 
process, but the modulation mechanism of external 
optical feedback on the laser output is not well 
understood. For example, the main observed phe-
nomena lie in the production of direction-dependent 
sawtoothlike signals,21 the waveform-sign inversion 
between the two emission directions,23 the indepen-
dence o f the coherence length of the laser used, and 
particularly in self-mixing phenomena in a multi- 
mode laser.10 It is obvious that some phenomena 
observed with external optical feedback are dram ati-
cally different from those of conventional interferom -
etry, and they cannot be explained simply by using 
existing coherent interference theory.

It is well known that any laser oscillation is based 
on the principle of positive feedback and that the 
establishm ent of a stable laser oscillation must meet 
the amplitude and the phase conditions of the oscilla-
tion, which means that the amount of amplified light 
in a complete round trip inside the laser cavity 
becomes equal to the total light lost through the side 
o f the cavity, by the mirror facets and by absorption 
in the active medium.27 The presence of external 
optical feedback affects not only the laser threshold 
but also its spectral distribution.28 The intensity 
modulation produced by external feedback has conse-
quences in the variation of the threshold and the 
optical spectrum and is a fruitful area for study.

Here we present experimental results obtained on 
the use of optical feedback in optical sensing applica-
tions; we use a simple theoretical model to explain the 
experimental results observed. The aim has not

been to provide a full theoretical description but to 
give a simple and adequate analysis. Because self-
mixing interference requires the consideration of 
only one optical axis, in addition to the use o f fewer 
optical components (and is self-aligning as well as 
self-detecting), it presents significant advantages in 
compactness, simplicity, robustness, and ease of align-
ment in comparison with the conventional interferom-
eter. In particular, in fiber-coupled systems this 
method provides a simplier optical arrangem ent with 
easily alignable components and a comparatively 
large signal-to-noise ratio.

2. Experimental
The experimental scheme used to investigate the 
effects o f external feedback and self-mixing interfer-
ence is shown in Fig. 1. In this scheme light from a 
V-channel substrate inner-stripe-type AlGaAs laser 
diode (Sharp Model LT022MC) with a wavelength of 
780 nm was collimated by a lens L I and focused by a 
further lens L2 on the target T, which is represented 
by a white reflective surface attached to a loudspeaker 
cone driven by a signal generator, to provide a phase 
variation of external optical feedback. The diode 
laser incorporates a photodiode accommodated in the 
rear facet for monitoring for the laser power. This 
characteristic of the device is particularly well suited 
to observing the self-mixing interference and pro-
vides a convenient internal detector. A typical out-
put obtained from this photodiode is shown in Fig. 2. 
The feedback strength measured from the laser front 
facet was ~4% , and the maximum feedback strength 
observed was estimated to be less than ~ 10% in all 
experiments. The upper trace in Fig. 2 is the signal 
applied to achieve the periodic target movement, and 
the resultant intensity modulation (lower trace) is 
the self-mixing interference signal observed. To ob-
serve the self-mixing interference at different posi-
tions from the laser, we mount the lens L2 and the 
target T  on a movable table that is controlled by a 
stepper motor, which makes it possible for the dis-
tance from the laser to the target to be adjusted by the 
motor.

LASER PACKAGE

Fig. 1. Schematic experimental arrangement: PD, photodiode 
(integral); LD, laser diode, A, amplifier; D, distance; LI, L2, lenses.
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is reversed. Jentink et al.22 simply explained self-
mixing in terms of the interference between the light 
inside the laser cavity and the light re-entering the 
laser cavity. This is an oversimplified assumption 
that leads to the misinterpretation that the spectral 
linewidth of the laser mode of the multimode laser 
diode used in the experiments was less than 2 x 10 3 
nm. This linewidth corresponds to an unusually 
long coherence length (160 mm) for a multimode 
laser, which conflicts with their own measurements 
for the linewidth, using conventional interferometry, 
of 4.6 nm.

A theory o f self-mixing has been developed by de 
Groot et al.23 that is based on the mode structure of a 
three-m irror F abry-P erot cavity. They applied this 
approach to the analysis of coherent ranging and 
velocimetry measurement with self-mixing.23 24 With 
the use of the multimode laser diode, de Groot25 
explained the self-m ixing effect as a spectral mode 
modulation that was dependent on the phase of the 
returned light. Koelink et a l26 used the self-mixing 
effect in a fiber-coupled semiconductor laser for in 
vivo blood-flow m easurem ent.26 They presented a 
theoretical model that was based on a series of 
internal laser-parameter variations produced by exter-
nal optical feedback to explain and thus calculate the 
nature of the modulation signals in the self-mixing 
laser cavity.

To date, various theoretical models have been used 
to explain the observed phenomena in the self-mixing 
process, but the modulation mechanism of external 
optical feedback on the laser output is not well 
understood. For example, the main observed phe-
nomena lie in the production of direction-dependent 
sawtoothlike signals,21 the waveform-sign inversion 
between the two emission directions,23 the indepen-
dence o f the coherence length of the laser used, and 
particularly in self-m ixing phenomena in a multi- 
mode laser.10 It is obvious that some phenomena 
observed with external optical feedback are dram ati-
cally different from those o f conventional interferom -
etry, and they cannot be explained simply by using 
existing coherent interference theory.

It is well known that any laser oscillation is based 
on the principle o f positive feedback and that the 
establishm ent of a stable laser oscillation must meet 
the amplitude and the phase conditions of the oscilla-
tion, which means that the amount of amplified light 
in a complete round trip inside the laser cavity 
becomes equal to the total light lost through the side 
of the cavity, by the mirror facets and by absorption 
in the active medium.27 The presence of external 
optical feedback affects not only the laser threshold 
but also its spectral distribution.28 The intensity 
modulation produced by external feedback has conse-
quences in the variation of the threshold and the 
optical spectrum and is a fruitful area for study.

Here we present experimental results obtained on 
the use of optical feedback in optical sensing applica-
tions; we use a simple theoretical model to explain the 
experimental results observed. The aim has not

been to provide a full theoretical description but to 
give a simple and adequate analysis. Because self-
mixing interference requires the consideration of 
only one optical axis, in addition to the use of fewer 
optical components (and is self-aligning as well as 
self-detecting), it presents significant advantages in 
compactness, simplicity, robustness, and ease of align-
ment in comparison with the conventional interferom -
eter. In particular, in fiber-coupled systems this 
method provides a simplier optical arrangem ent with 
easily alignable components and a comparatively 
large signal-to-noise ratio.

2. Experimental
The experimental scheme used to investigate the 
effects of external feedback and self-mixing interfer-
ence is shown in Fig. 1. In this scheme light from a 
V-channel substrate inner-stripe-type AJGaAs laser 
diode (Sharp Model LT022MC) with a wavelength of 
780 nm was collimated by a lens L I and focused by a 
further lens L2 on the target T, which is represented 
by a white reflective surface attached to a loudspeaker 
cone driven by a signal generator, to provide a phase 
variation of external optical feedback. The diode 
laser incorporates a photodiode accommodated in the 
rear facet for m onitoring for the laser power. This 
characteristic o f the device is particularly well suited 
to observing the self-mixing interference and pro-
vides a convenient internal detector. A typical out-
put obtained from this photodiode is shown in Fig. 2. 
The feedback strength measured from the laser front 
facet was ~4% , and the maximum feedback strength 
observed was estimated to be less than ~ 10% in all 
experiments. The upper trace in Fig. 2 is the signal 
applied to achieve the periodic target movement, and 
the resultant intensity modulation (lower trace) is 
the self-mixing interference signal observed. To ob-
serve the self-mixing interference at different posi-
tions from the laser, we mount the lens L2 and the 
target T on a movable table that is controlled by a 
stepper motor, which makes it possible for the dis-
tance from the laser to the target to be adjusted by the 
motor.

LASER PACKAGE

Fig I Schematic experimental arrangement: PD, photodiode 
(integral); LD, laser diode, A, amplifier; D, distance; LI, L2, lenses.
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Fig. 2. Typical interference signals observed from self-mixing 
(vertical axis, arbitrary units; horizontal axis, 0.2 ms/division).

One of the useful characteristics o f the laser we 
used is that different output modes correspond to 
different values of diode forward current, giving a 
multimode laser output at ~ 1 mW and a single-mode 
output above ~ 3 mW of optical power. This output 
permits an investigation o f the self-m ixing interfer-
ence by using different laser modes but with no 
change of the experimental arrangem ent. The basic 
coherence characteristics of the laser used in the 
experiments were measured with a two-beam Michel- 
son interferometer at ~ 2.5  mW output power, as 
shown in Fig. 3. In sum mary these characteristics 
were; (1) the optical spacing between the adjacent 
coherent regions was 2.10 mm, which is equal to 
twice the optical length of the cavity; (2) FWHM of 
each coherent region was 0.22 mm; and (3) the 
FWHM of the envelope of all o f the coherent regions 
was 6.15 mm, and the interference was not detectable 
when the optical path difference (OPD) was greater 
than 9.30 mm.

In the self-mixing experiments carried out the 
target was adjusted from a initial position o f ~ 40 mm 
in front of the laser to a maximum distance o f 60 mm. 
The measured undulation output, corresponding 
to a given distance, D0, is shown in Fig. 4. Signals 
were detected up to a maximum position o f ~ 1000 
mm from the laser. The modulation am plitude 
shown in Fig. 4 is a function of the target distance D. 
The periodicity of the signals corresponds to a dis-
tance of ~ 1.0 mm, which corresponds to the optical 
length nl of the laser cavity, where n is the effective- 
refractive index of the laser medium and / is the 
physical length of the laser cavity. Further, when 
the laser is operated in the multimode regim e each 
lasing mode produces an optical intensity, the total of 
which is the direct superposition o f the intensity of 
each of the different modes without taking dispersion 
into account in the multimode laser cavity. Another 
feature of the multimode self-m ixing is that the 
maximum amplitudes do not show significant attenu-
ation with distance. This lack o f significant attenua-
tion shows that the interference effect in the self-
mixing arrangement is independent o f the OPD 
between the laser and the target.

To investigate this phenomenon further, we used 
two long multimode fibers, one ~3.48 m and the 
other ~ 10.10 m in length, with core diam eters o f 50 
pm to provide extended values o f the O PD  well 
outside the coherence length of the source. In the 
experimental scheme to analyze this phenomenon as 
shown in Fig. 5, the light emitted from the fiber is 
reflected back into the cavity by a mirror. The result 
of this experiment was that the same type of signal 
output as shown in Fig. 2 was observed.

To rule out the possibility o f these signals being 
caused by interference in the small cavity formed 
between the end of the fiber and the m irror, we 
employed pseudohetrodyne interferom etry.29 In this 
technique the laser is current modulated by a triangu-
lar wave (500 Hz) with a peak-to-peak modulation 
current amplitude of 0.1 mA, which produces a chirp 
frequency m odulation o f the optical frequency. 
Interference therefore occurs between two beams,

VISIBILITY FUNCTION

Fig. 3. Visibility function obtained from the multimode laser 
diode (with output power of 2.5 mW) and determined with a 
Michelson interferometer

SELF-MIXING MODULATION FUNCTION

Fig. 4 Dependence of a self-mixing interference profile (for a 
multimode laser diode) on the distance of the external reflector 
from the laser.
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LASER PACKAGE

Fig. 5. Schematic experimental arrangement with a long multimode fiber between a laser and target. PD, photodiode; LD, laser diode; 
LI, L2, lenses; A, amplifier.

one from the laser and a second that is time delayed 
and reflected from the mirror at the end of the fiber, 
at a beat frequency that is proportional to the OPD 
between the beams. W ith the small value o f the 
modulation current used in this experiment, the OPD 
of the cavity formed by the end of the fiber and the 
target (typical OPD = 1 mm), or even possibly from 
the feedback o f the reflections from the end of the 
fiber nearest the laser (typical OPD = 30 mm), is 
insufficient to produce a beat-frequency signal. A 
beat frequency could only result from the feedback 
from the far end o f the fiber, at a frequency propor-
tional to the OPD between the laser and the mirror. 
Figure 6 shows the beat frequencies observed in these 
experiments. In Fig. 6(a) the beat signal is produced 
by the reflection from the far end of the fiber without 
the mirror, whereas in Fig. 6(b) the beat signal 
results from the reflection from the mirror itself.

It is easy to see that the two signals have the same 
frequency (but a different amplitude), which is propor-
tional to the different reflectivities of the fiber end 
and the mirror. The frequency from the 3.48-m- 
long fiber is measured to be 5.0 kHz and is calculated 
to be 5.14 kHz (with a frequency-modulation coeffi-
cient of 2.6 GHz/mA). The frequency from the 
10.10-m-long fiber is measured at 15.0 kHz and is 
calculated to be 14.64 kHz. The experimental re-
sults are in good agreem ent with the theoretical 
calculations (as we discuss later), and for practical use 
an improvement of the frequency-detecting tech-
nique and the accurate measurement of the frequency- 
modulation coefficient could be performed. In this 
research the frequencies were simply interpreted 
from the oscilloscope trace.

In the experiment with the 10.10-m-long fiber the 
signal obtained from the reflections from the mirror 
was observed to increase when it was adjusted away 
from the fiber end face, as there was no signal from 
the reflection from the end face of the fiber. When

(b)
Fig. 6 Current modulation and beat signals (a) without and (b) 
with mirror reflection (Vertical scale, arbitrary units; horizontal 
axis, 1.0 ms/division).
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the mirror was adjusted to a position further from the 
end face the signal returned to a minimum. This 
phenomenon indicates that the OPD between the 
fiber end and the laser probably resulted in the signal 
having its minimum amplitude at this distance and 
that the signal was restored by an adjustment of the 
path difference with the m irror to an integer multiple 
o f the laser cavity length.

Figure 7 shows the sawtoothlike signal output and 
its dependence on the direction. To achieve this 
signal-output dependence we drove the mirror by a 
sinusoidal wave generator, and it can be seen that 
while the wave changes its direction the signal changes 
its inclination. The laser was operated in both the 
single-mode and multimode cases; in both instances 
the self-mixing interference is easily observed, with 
the results showing no significant differences. A 
experimental comparison o f self-mixing interferom e-
try with conventional two-beam Michelson interferom-
etry has been carried out. In this comparison a 
diode laser was coupled to a multimode optical fiber 
coupler, with one output of the coupler used as a 
source for a two-beam Michelson interferometer and 
the other used as the sensing probe of the self-mixing 
interferometer. The experimental arrangement is 
depicted schematically in Fig. 8, and the intensity- 
modulation signals from both interferometers are 
shown in Fig. 9 with the same driven signal sim ulta-
neously applied to both m irrors M l and M3. It can 
be seen that the two signals have a similar intensity 
modulation with respect to the phase variation at the 
interferometers, which means that their periodicity is 
equal to half of the laser wavelength. However, the 
self-mixing interference shows two significant differ-
ences from that of the Michelson interferometer. 
First, the self-mixing interference is sawtoothlike but 
not sinusoidal; second, it is asym m etric relative to the 
externa] phase movement from which the direction of 
the phase movement can be discriminated.

We also observed the self-mixing interference pat-

Fig. 7. Sawtoothlike signal-output dependence on direction of 
phase variation.

LD PACKAGE

Fig. 8. Schematic experimental arrangement for a comparison 
between self-mixing interference and conventional two-beam inter-
ference: LD, laser diode; Dl, D2, photodiodes, LI—L3, lenses; A, 
A 1, A2, amplifiers; M1-M3, mirrors; BS, beam splitter.

terns from two emission directions o f the laser, using 
photodetectors D l and D2 as shown in Fig. 8, and at 
this time we blocked one beam of the interferom eter 
to eliminate the conventional interference effect. 
The result observed is shown in Fig. 10, where the 
two signals have a phase difference of i t  rad.

3. Supporting Theoretical Analysis
Various theories based on the Lang and Kobayashi 
equations' have been developed and used, prim arily 
for explaining the spectral properties o f a single-mode 
semiconductor laser with external optical feed-
back.30-33 The power-modulation mechanism in self-
mixing has been assumed to be caused by the m odula-
tion of the threshold gain of the laser.25

In our study here a simple theory is developed to 
relate to the experimental results given in Section 2. 
The self-mixing interferometer can generally be con-
sidered to be a simplifed external cavity laser as 
shown schematically in Fig. 11, where the surface of

Fig. 9. Self-mixing interference patterns (upper trace) compared 
with conventional interference patterns lower trace) (vertical axis, 
arbitrary units, horizontal axis, 0.2 ms/division).
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Fig. 10. Self-mixing interference signals observed in two emission 
directions of a laser.

the external reflector, r3, and one o f the laser facets, 
r2, constitutes an effective laser mirror, r2', the 
power reflectivity of which may be expressed as

R2' = R2{\ + £2 + 2£ cos (2t tAL/\)], (1)

where R2 is the power reflectivity of the laser facet; 
5( = r3/r2) is the ratio of the amplitude reflectivity of 
the external reflector (including the geometric loss 
and the feedback-coupling efficiency) to the laser- 
facet amplitude reflectivity, here termed the feedback 
coefficient; AL is the OPD between the laser and the 
external reflector; and X is the lasing wavelength of 
the laser. When a single-mode laser is operated 
above its threshold, without considering the external 
feedback, the total emitted power P0 from the laser 
facets caused by stimulated emission may be given 
by32

P0 = {hv)(c/n)(S/2l)ln(l/RlR2), (2)

where h is Planck’s constant, u is the optical fre-
quency o f the laser, c is the velocity of light, n is the 
effective-refractive index of the laser cavity, S  repre-
sents the photon number in the laser cavity caused by 
stimulated emission, l is the cavity length, and 7?1 
and R2 are the power reflectivities of the laser facets, 
respectively. The presence o f the external cavity 
changes the effective reflectivity o f the laser mirror

Lc D

El E2

rl c, [ r2

J----------------- ~ z
Fig. 11. Schematic of a simple laser with external optical feedback: 
Lc, laser-cavity length; D, distance from laser-cavity front face to 
target; E l, electric field from back face; E2, combined electric field 
from front face and reflected from target; G l, G2, forward and 
backward gain coefficients in the laser cavity; r  l-r3, reflectivities of 
the laser-cavity ends and the target; Z, direction.

through Eq. (1) and therefore changes the em itting 
power of the laser.

The substitution of Eq. (1) into Eq. (2) under the 
assumption of weak optical feedback results in an 
emitting power from the laser of

P * P0\l + £  c o s ( 2 n A L / X ) ] ,  ( 3 )

where £[= 2(̂ /\n{R\R2)\ is related to the feedback 
coefficient £ and the power reflectivity of the laser 
facets, which is referred to here as the modulation 
coefficient. Figure 12 shows the dependence of the 
output power on the phase <)>(= 2-ttAL/X), which 
corresponds to different values of reflectivities of the 
external reflector. It is clear that the modulation 
term in relation (3) is dependent on the feedback 
strength and the distance of the external reflector; it 
is a repetitive function with a period of 2-rr rad 
(corresponding to a variation of the X/2 displacement 
at the external reflector). This simple model, based 
on the threshold modulation, can be used to explain 
most of the experimental results reported earlier.

A  common feature in the existing theories has been 
an assumption that the light fed back into the laser 
cavity is coherent with the light inside the laser cavity 
because of a similarity in the dynamic features of 
optical feedback to features in conventional interfer-
ence.1'33 However, similar behavior in the output 
was recently observed with incoherent optical feed-
back in semiconductor lasers,9'34 and the use of 
optical fibers with a reflector distance as long as 7 km 
has been seen to produce similar results.12 In the 
experiments reported here, the laser-power modula-
tion by the feedback could be observed even when the 
external reflector was well beyond the coherence 
length of the laser used. It is evident from the above 
investigations that the output characteristics of a 
semiconductor laser are altered by external feedback, 
w hether the feedback is fully coherent or incoherent 
with the cavity radiation. This result can be under-
stood in the following way. The conventional coher-
ence concept is based on a stabilized spectral output 
from the source used. The spectral linewidth deter-
mines the coherence length of the laser, but the

Fig 12. Power-modulation dependence on external phase and 
reflectivity in self-mixing interference obtained from a theoretical 
model.
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power modulation with the feedback was assumed to 
result from the spectral modulation rather than from 
a conventional interference effect.25 This assum p-
tion means that the laser’s modulation mechanism is 
dependent on the variations of the laser spectrum and 
its threshold and not on the coherence length itself.

The theoretical model illustrated by relation (3) 
describes self-mixing interference in diode lasers that 
is mainly due to the threshold variation produced by 
external optical feedback; however, the external opti-
cal feedback effect changes not only the threshold but 
also the laser spectrum. Therefore, a detailed theo-
retical analysis should consider both the variations of 
the threshold and the spectrum of the laser oscillation. 
In addition, because the laser used was operated in 
the multimode regime, its multimode output charac-
teristics should be also considered. All of these 
factors make the theoretical analysis complicated and 
difficult to express in simple analytical expressions. 
However, the theory employed has been sufficient to 
provide justification of the experimental results.

4. Discussion
The main result may be summarized as follows: (1) 
self-mixing interference can occur from targets well 
outside the coherence length of the laser source; (2) 
the appearance of this interference signal is a har-
monic function of the laser-cavity length; (3) the 
effect is independent of the operation of the source, 
whether single mode or multimode; and (4) the effect 
does not appear to depend on whether the fiber used 
to couple the source to the target is single mode or 
multimode. Because these significant differences be-
tween the self-mixing interference and conventional 
interference exist, the potential applications that use 
the self-mixing techniques in optical fiber sensing 
could be attractive. Thus we may reach the follow-
ing conclusions:

First, self-mixing interference has the same phase 
sensitivity as that of a conventional interferometer, 
but its significant advantages may lead to the conven-
tional interferometer being replaced by the self-
mixing interferometer for several applications, e.g., 
for techniques such as Doppler velocity m easure-
ment, vibration measurement, coherent detection, or 
the use of heterodyne methods.

Second, self-mixing interference is not dependent 
on the coherence length of the source, which is a great 
advantage when compared with conventional interfer-
ence. This makes self-mixing interference attractive 
for various applications such as coherent ranging, 
which is largely limited by the coherence length of the 
source. Using the self-mixing technique one can 
measure large O PD ’s, provided that sufficient optical 
feedback is redirected into the laser cavity. In our 
experiments it was shown that the beat frequency 
that is proportional to the distance was easily ob-
tained by modulating the diode laser, even over a 
distance of 10 m, which shows the possibility of the 
self-m ixing ranging in longer-distance m easure-
ments.

Third, self-mixing permits the discrimination of

the direction of the target. Figure 7 has shown how 
the self-mixing interference signal is asym m etric 
provided that the reflectivity from the target is 
sufficiently large. Such an asym m etry is directly 
related to the direction of the sensing parameter and 
was used by Shim izu21 to discriminate the direction of 
the target in the laser Doppler velocimeter.

Fourth, a possible disadvantage of the self-mixing 
interference is the potential difficulty o f coupling the 
optical feedback into the cavity, but in a fiber-coupled 
system it was found to be quite easy to reflect the 
light back into the cavity. This finding implies that 
a fiber-coupled self-mixing system will be more attrac-
tive, particularly because the multimode fiber may be 
easily used in self-mixing systems, which makes such 
systems easy to align with a higher signal-to-noise 
ratio and implies lower costs. In this study both 
single-mode and multimode fibers were used. The 
results of our experiments showed comparatively few 
differences between the fibers; the multimode fiber 
was easier to align and easier to obtain a higher 
coupling efficiency from. However, it was more sen-
sitive to the environmental change to be measured. 
The single-mode fiber showed the opposite character-
istics.

Fifth, because the self-mixing interference is not 
dependent on the type of laser used, the inexpensive 
low-coherence solid-state laser may be used to achieve 
it in the sensor systems. For example, the main 
disadvantage of the conventional fiber-optic velocime-
ter is that the fluid flow is perturbed by the presence 
of a sensing fiber in the flow itself. Signals from this 
disturbed region broaden the Doppler spectrum be-
cause the fiber lowers the fluid velocity in the stagna-
tion region in the close vicinity o f the fiber tip. This 
problem may be overcome by using a multimode laser 
with self-mixing, as discussed in the experim ent with 
the 10-m fiber. In this method an insensitive region 
(at a distance <nl) is formed in front of the fiber as 
the intensity superimposition o f each mode, but a 
thin region of sensitivity may be profiled through and 
beyond the extent of the stagnation region.

Self-mixing interference in a diode laser results 
from both a threshold variation and a spectral varia-
tion of the laser. This type o f interference is not 
dependent on the conventional coherence length of 
the laser. The experiments explained herein have 
shown that the interference by self-m ixing has some 
significant differences compared with conventional 
optical interference. Applications of these differ-
ences have been discussed and a further theoretical 
study is being undertaken.
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