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Preface

This thesis has been realized in the scope of the Global Thesis project. A project

of the University of Bari "Aldo Moro" aimed to encourage students at interna-

tional experiences during their work of thesis.

The work presented has been conducted at LAAS-CNR laboratory in the

Optoélectronique pour les Systèmes embarquès (OSE) team [46] whose aim is the

realization of embedded and real time optoelectronic devices according to both

the new scienti�c challenges and the industrial requirements.

One of their work activity is focused on the optical feedback interferometry

(OFI), a relatively recent interferometric technique (1962) [1] that uses the laser

both as source and detector. The basic idea is to re-inject the laser light scattered

by an external object into the laser itself. The non linear interference, in the laser

cavity, between the re-injected �eld and the �eld already present induces a laser

power or laser junction voltage modulation; that carries on information about the

external object which has scattered the light.

The OSE interest about OFI is essentially directed in two directions: vibrom-

etry and velocimetry. In particular, a branch of their velocimetry researches is

focused on the biomedical application of OFI sensors for tissue perfusion measure-

ments. Their collaboration in the European "Diagnoptics" project [45] has shown

the feasibility of these measurements demonstrating the possibility to use an em-

bedded OFI sensor to discriminate an higher perfused tissue from a lower perfused

one; results which seem promising in order to an easier and faster detection of

skin cancer. The main idea is the possibility to study the blood vascularization

using OFI, in order to have low cost and embedded sensors as a support for the

medical analyses.

In this prospective is inserted this work of thesis, whose aim has been the

application of the OFI to sub-cutaneous vein blood �ow in-vivo detection. The

possibility to realize a pro�le of the blood �own into the vein has been investi-

gated. The principal results and issues have been discussed.
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Introduction

Interferometry is a well-established and powerful technique used both in research

laboratories and in industrial applications to measure distance, velocity, refractive

index, etc...

One of the most classical interferometric set-up is the Michelson Interferometer

(Fig.1a). It consists, in its simplest con�guration, of a light source, a beam splitter

and two mirrors. The beam, generated by the source, is splitted by the beam

splitter and the two beams produced experience two di�erent optical paths in the

two arms of the interferometer. The linear superimposition of the two coherent

�elds on the detector originates an interferometric patterns which depends on the

optical paths experienced by the two beams.

Other interferometers with di�erent set-up exist: Mach-Zehnder interferome-

ter, Sagnac interferometer, Fabry-Perrot interferometer... In all of these set-ups

one of the most critical operation is, of course, the alignment procedure of the

optical elements.

Optical feedback interferometry (OFI) or Self-mixing (SM) Fig.1b is a well

established technique to achieve an interferometric pattern with a di�erent ap-

proach from the 'classical' one ( Chapter1). It consists in re-injecting the laser

light re�ected by an external object into the laser cavity where it interferes, non

linearly, with the light already present inside the cavity.

The interference is due to the non linear superposition of the �eld into the

cavity and the �eld backscattered into the laser by an external object. This

interference a�ects the behaviour of the laser: detecting the emitted power or the

laser junction voltage information about the optical path experienced by the light

can be achieved. In this way the laser is, at the same time, the source and the

detector of the optical system, and so no external detector are needed: the only

alignment procedure, not always necessary, is between the laser and the external

re�ector. Interference is achieved for ratio of the feedback to the emitted power of

the order of 10−8. In this way measurements on extremely low re�ective materials

or rough surfaces can be made.
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(a) Michelson interferometer (b) Optical feedback interferometer

Fig. 1: Comparison between the Michelson interferometer (a) and the optical
feedback set-up (b). In the former the source and the detector are two distin-
guished objects and a �ne alignment procedure of the two arms is required; in the
latter there is only one arm and the detector is the source itself: the alignment
procedure is simpler.

Therefore, the most interesting advantages of an optical feedback set-up are:

• compactness

• robustness

• self-alignment

• high sensitivity

• possibility to use with rough surface or low re�ective target

The �rst demonstration of optical feedback by Kleinman and Kisliuk [1] dates

1962. They succeeded in an arti�cial selection of Maser1 emitting modes adding

a re�ective plate outside the Maser. Lots of successive experiments showed the

change of the laser proprieties due to the re-injection of light, but that was es-

sentially considered as a disturb in the laser activity to avoid. In 1980 Lang and

Kobayashi [3] published a model to mathematically explain the phenomenon and

how it depends on the feedback parameters. From then, self mixing has became

a new interesting technique to exploit. Di�erent application has been explored

[16]: distance and displacement measurements, vibrometry, laser cavity parame-

ters measurements (linewidth enhancement factor, laser linewidth, phase noise),

velocimetry...

The technique has also been applied in the biomedical �eld, where the use

of the laser was well established. An interesting domain regards the biomedical

application of laser doppler velocimetry (LDV).

1It is the acronimous of "microwave ampli�cation by stimulated emission of radiation". A
maser is a device which uses stimulated emission to generates microwaves.
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LDV is an interferometric technique which uses the Doppler e�ect2 to extrap-

olate velocity information of a moving object. Looking at this shift it is possible

to deduce the target or the source velocity.

The typical set-up consists in a laser whose beam impinging on a moving

object. The re�ected light (frequency shifted) is mixed with a reference beam

(non frequency shifted and coherent with the other beam) in order to achieve an

interference pattern. This is detected by a photodiode so that information about

the object which generates the Doppler shift can be deduced.

One of the LDV �rst application for �uids was realized by Y. Yeh and H.

Z. Cummins in 1964 [4]. They succeed in measuring the velocity distribution of

monodispersed polystyrene spheres of diameter 0.557µm placed in water to form

a dilute colloidal suspension. Before their set-up, �ow pattern in �uid was usually

measured observing and recording the streamlines produced by dyes injected into

the �uid.

In 1974 T. Tanaka, C. Riva and I. Ben-Sira realized in-vivo measurements

of the �ow velocity of blood in human retinal vessel [5]; measurements on skin

blood �ow were done by M. D. Stern [6] (1975), who observed the variation of

the Doppler signal induced by the re�ection of the �ngertip vessels before and

after the occlusion of the brachial artery; D. Watkins and G. A. Holloway,Jr.

[7] (1978), instead, developed a set-up to measure cutaneous blood �ow. After

this pioneering experiment, LDV has been di�usely studied and is now a well

established technique for medical applications. In this contest the possibility to

use the optical feedback interferometry was explored.

In 1991 Koeling et al. [8] [9] �rst applied self mixing for blood �ow measure-

ments. They succeeded in an in-vivo measurement of blood �ow velocity using a

�ber-coupled laser diode. The measurement, however, was invasive and disturbed

the �ow itself. Afterwards, the same team, removed the �ber to realize a sen-

sor which was able to measure the blood perfusion of tissues. The measurement

was performed on a �nger tip and it was shown the possibility to recognise the

heart beating and how the blood �ow changes in case of arm occlusion. In 2000

Ozdemir et al [10] uses the OFI to reveal the blood �ow in a super�cial wrist

vein.

On this scope is inserted this work of thesis which is essentially composed

by two part. In the �rst the possibility to detect the sub-cutaneous vein blood

�own using an hand-held sensor is investigated. The negative results achieved,

have conducted to use a new di�erent sensor. Using this, in the second part, the

2The Doppler e�ect consist in a frequency shift of the electromagnetic �eld due to the
relative motion of the source and the target (see Chapter3.1).
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feasibility of the in-vivo vein blood �ow scanning is presented.

The �rst hand-held sensor has been realized during the european "Diagnop-

tics" project whose goal has been the implementation of already well known tech-

niques (3D topography based on fringe projection, multispectral imaging, laser

imaging for blood �ow measurements) in a single diagnostic platform to discrim-

inate, in-vivo, a good tissue from a cancer suspected one. One of the skin-cancer

trace is the increased blood perfusion of the tissue near the lesion. This is why

a part of the project has been related to the realization and demonstration of an

OFI sensor able to reveal this increase [15]. In order to correlate the OFI sig-

nal with quantitative medical parameters (RBCs concentration, RBCs velocity,

...) more detailed study about the blood �own detection will be conducted. For

this reason it has been decided to analyse the blood �own into a super�cial vein.

So study the sensor for a con�guration less complex than the tissue perfusion

in order to better understand its behaviour. Di�erent experimental problems,

however, a�ect the measurements and let to conclude the impossibility to use the

hand-held sensor realized for "Diagnoptics" to the subcutaneous vein detection.

That is why a new set-up has been implemented to successfully scan the vein.

All of the issues linked with the possibility to conduct quantitative measurements

are discussed and the near and far future perspectives considered.

A resume of the topic discussed in each chapter will be now presented to give

a general idea of this work.

In the �rst chapter the mathematical aspects of the laser behaviour without

and with the optical feedback are presented. It does not have the claim to be a

mathematical rigorously chapter, but tries to explain the physics hidden behind

the equations in order to a more aware interpretation of the experimental results.

A summary of the principal applications of the OFI is also proposed.

In the second chapter the OFI is contextualized for the �uids velocimetry.

After an overview of the Doppler e�ect, the laser optical feedback generated by

di�erent moving target is analysed. Finally the model used for the in-vivo sub

cutaneous vein blood �ow detection is presented.

In the third chapter some in-vitro measurements realized to test the signal

processing are presented. The measurements are carried on with the hand-holder

sensor. The results give the possibility to understand the logic behind the analysis

technique and what should be expected from an in-vivo measurement.

In the forth chapter the results of the in-vivo measurements are shown. The

aim is the validation of the sub-cutaneous vein detection using an embedded OFI

con�guration and the signal processing proposed. Di�erent tests are presented

and the most important issues discussed in order to improve the results and open
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new doors at the OFI for biomedical applications.
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Chapter 1

Laser diode under optical feedback

This chapter is focused on the behaviour of a laser subjected to an optical feedback. In

the �rst paragraph a brief description of how lasers work is carried on. In the second

paragraph two models for lasers under optical feedback are presented: the three mirror

model and the Lang-Kobayashi model. The fundamental equations which govern a laser

under optical feedback are introduced and commented in order to understand how to

exploit this phenomenon.

1.1 Laser Diode

The best way to understand the laser behaviour is looking at its conceptual struc-

ture (Fig.1.1a). It is a forward bias p-n junction inside a cavity which emits pho-

tons principally through a stimulated emission process. The most simple scheme

is a two-facets Fabry-Perot cavity including an active medium. Mirrors are char-

acterized by the re�ection coe�cients r1 and r2, the active medium by the optical

gain g and all of the losses inside the cavity are accounted by the optical loss

αp. In order to achieve the light ampli�cation, the number of photons generated

by the stimulated emission process must be equal or greater than the number of

photons lost. The lasing threshold, therefore, is reached when the optical gain

of the laser medium equals the sum of all the losses the light experiences in a

round-trip through the cavity. In term of the electric �eld this means that the

electric �eld equals itself after a round-trip, for each point inside the cavity.

For a mathematical description, a monochromatic, plane wave propagating

inside the cavity in the z-direction is considered:

Es(zP , t) = E0e
−jk0zP e−

1
2
γ0zP (1.1)
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where γ0 = g−αp is the absorption gain coe�cient, k0 = 2πn0ν0
c

is the wave num-

ber, n0 the refractive index of the active region and ν0 the frequency. According

to Fig.1.1a, the electric �eld after a round-trip is:

Er(zP + 2lc, t) = Esr1e
−jk0lce−

1
2
γ0lcr2e

jk0(−lc)e
1
2
γ0(−lc) (1.2)

where lc is the cavity length. Imposing the lasing condition (Es = Er):

1 = r1e
−jk0lce−

1
2
γ0lcr2e

jk0(−lc)e
1
2
γ0(−lc) = r1r2e

−2jk0lceγ0lc (1.3)

and solving the complex equation:

<[(1.3)] gth = αp −
1

lc
lg |r1r2| (1.4)

=[(1.3)] ωm =
c

2lcn0

∗m m ∈ Z (1.5)

Eq. (1.4) and (1.5) are referred as the laser threshold conditions. According

to the optical spectral gain of the active region g(ω) and the cavity structure

(geometry, materials...) α(ω), more than one wavelength (mode) may satisfy

those equations; opportune structural choices, however, can be taken in order to

have a single mode laser, the only which will be considered from now.

A complete discussion about laser diode, here omitted, can be carried on

solving the laser rate equations, which account for the variation of the electric

�eld (E) and the carrier density (N) during the lasing process.

d

dt
E(t)ejω0t = [jωm(N) +

1

2
(G(N)− Γ0)]E(t)ejω0t (1.6)

dN

dt
=

J

ed
− N

τN
−G(N)|E|2 (1.7)

The �rst term on the rigth side of (1.6) considers the phase shift between

the assumed optical central frequency ω0 and the instantaneous frequency of the

�eld inside the cavity; this phenomenon is the so-called phase-amplitude coupling.

The second term, instead, accounts for the ampli�cation of the electric �eld due

to the stimulated emission process.

The �rst terms on the right side of (1.7), the pumping term, considers the in-

crease of the carrier density due to the current injection; the others two terms de-

scribe the decrease of N both through a stimulated emission process and through

others generic losses such as spontaneous emission, non-radiative processes, etc.
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(a) Two mirrors model (b) Three mirrors model for laser under op-
tical feedback

Fig. 1.1: Model for laser without (a) and with (b) optical feedback. The red and
green arrows represent the electric �eld propagation. Assuming to start looking
the system in P at time t, the lasing condition impose the �eld to be invariant
after a round trip of the internal and external cavity.

1.2 Laser diode under optical feedback

The idea of the Optical feedback interferometry (OFI) or self-mixing interferom-

etry (SMI) is to study the behaviour of the laser after that a portion of the light

has been re-injected into the laser cavity. This is the "optical feedback" the target

gives to the laser. Two models are now presented to understand how the laser

output power and the laser junction voltage change when an optical feedback is

present.

The �rst is the "three mirror model", in which the laser under optical feedback

is modelled as a three mirrors Fabry-Perot cavity. A geometrical analysis enables

to study the stationary waves supported by the system and how the lasing modes

depend on the external feedback. That is useful to have a schematic idea of what

happens into the laser cavity, and better understand the physic behind the equa-

tions. The second model, instead, is the more mathematical "Lang-Kobayashi

model". The laser rate equations are modi�ed with a feedback contribution in

order to calculate the emitted power and the junction voltage of the laser.

The �rst model is certainly more intuitive and easy to understand but it

accounts only for the electric �eld and is so not su�cient for a general description

of the phenomenon. The second one, instead, considering the laser rate equations,

accounts both for the �eld and for the carrier density, explaining the self-mixing

e�ect in a complete way.

1.2.1 The three mirror model

The two mirrors model described before can be implemented by a third mirror

to account for the optical feedback in the laser cavity [16]. Looking at Fig.1.1b,
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the light transmitted by M2 is partially re�ected by M3 and re-transmitted into

the cavity; if the external cavity length (lext) is smaller than half of the laser

coherence length, the light re�ected by M3 interferes, inside the cavity, with the

light re�ected by M2. Due to the presence of the active medium, the interference

is not simply the linear superposition of two �elds and non linear e�ects arise. As

a consequence, the laser optical power and the junction voltage are now depending

also on the external cavity parameters. The following mathematical description

will let understand that.

The third mirror is characterized by the re�ection coe�cient rext. It accounts

not only the e�ective re�ectivity of the mirror but also the photons absorption

inside the external cavity and the losses due to the not perfect coupling with

the lasing mode. Moreover, all of the multiple re�ections are neglected; this

can be considered true both if the cavity length is su�ciently long, so that the

multiple re�ected �eld is not coherent with the �eld inside the cavity, and if the

re�ectivity of the target is su�ciently small to neglect the �elds re�ected more

than one times.

Imposing the lasing condition, namely the �eld equals it self after an internal

cavity round trip: E(z,t)=E(z+2lc,t+ τin))+E(z+2lext,t− τext + τin)

E(z) = E(z)r1r2e
−2jkinlce−γinlc + E(z)r1(1− r2

2)rexte
−2jkextlext (1.8)

where kext and kin are the wavenumber of the �eld in the external and internal

cavity; τin and τext the time for the internal and external cavity round trip; lext

and γext the length and the gain absorption coe�cient of the external cavity.

Yielding,

1 = r1r2e
−2jkinlce−γinlc [1 +

rext
r2

(1− r2
2)e−2jkextlext ] (1.9)

Using

κ =
rext
r2

(1− r2
2) (1.10)

and

req = |req|ejΦeq = r2[1 + κe−2jkextlext ] (1.11)

the lasing conditions (1.9) becomes formally the same as the lasing conditions

without optical feedback (1.3):

1 = r1reqe
−2jkF lceγF lc (1.12)
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where kF = kin and γF = γin are used to identify the wavenumber and the

gain loss coe�cient in a laser diode with optical feedback. According to (1.12)

the laser diode with optical feedback is equivalent to a standalone laser diode

with wavenumber kF , re�ectivity of the second mirror equals to req and an active

medium characterized by γF .

In order to analyse the relationship between the laser diode with and without

optical feedback, (1.3) and (1.12) are rearranging to obtain:

(1.12)

(1.3)
→ |req

r2

|e−(γF−γ0)lce−j(ϕF−ϕ0−Φeq) = 1 (1.13)

where ϕF = 2jkF lc and ϕ0 = 2jk0lc. Solving the complex equation, the lasing

conditions for a laser diode under optical feedback are:

gthF − gth0 = −κ
lc

cos(2kextlext) (1.14)

ΦF − Φ0 + Csin(ΦF + arctan(α)) = 0 (1.15)

The last equation is the well known excess phase equation (EPE) and takes into

account the phase shift due to the optical feedback. Φ0 = 2jk0lext is the phase

stimulus, ΦF = 2jkF lext is the phase response. α is the line-width enhancement

factor. C = κτext
τin

√
1 + α2 is the feedback parameter, related to the amount of

light re-injected into the cavity; it depends on the geometry and the composition

of the external cavity, on the re�ectivity and the roughness of the target M3 and

on the laser itself. The mathematical steps which led to (1.15) are presented in

AppendixB and could be disregarded in a �rst reading.

1.2.2 Lang-Kobayashi model

A more mathematical-based model was introduced by Lang and Kobayashi in

1980 [3] and is, still now, the most used model to study self-mixing e�ect. The

model considers the optical feedback as a small contribute to the output power

compared with the contribution of the standalone single-mode laser diode; the

idea is to introduce a feedback term in the rate equations of the laser diode (1.6):

d

dt
E(t)ejω0t = [jωm(N) +

1

2
(G(N)− Γ0)]E(t)ejω0t + κ̃E(t− τext)ejω0(t−τext)

(1.16)

dN

dt
= −N

τN
−G(N)|E|2 +

J

ed
(1.17)
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De�ning S(t) = |E(t)|2 and re-writing (1.16) in term of S(t) and ϕ(t):

d

dt
S(t) = [(G(N)− Γ0)]S(t) + 2κ̃

√
S(t)S(t− τext)cos[ω0τext + ϕ(t)− ϕ(t− τext)]

(1.18)

d

dt
ϕ(t) =

1

2
α[(G(N)− Γ0)]S(t)− κ̃

√
S(t− τext)

S(t)
sin[ω0τext + ϕ(t)− ϕ(t− τext)]

(1.19)

dN

dt
= −N

τN
−G(N)s(t) +

J

ed
(1.20)

The steady-state solutions are found by imposing S(t) = S(t − τext) = Ss,

N(t) = Ns, ϕt = (ωF − ωs)t and setting the derivatives to zero,thus:

Ns = Nth −
2κ

Gτin
cos(ωF τext) (1.21)

ωF = ωs − κ̃
√

1 + α2 sin[ωF τext + arctan(α)] (1.22)

Ss =
1

G
(
J

ed
− Ns

τn
) (1.23)

The mathematical steps leading to the previous equations, here omitted, are well

explained in [16] and [17]. The steady state solution is valid until the variations

induced by the self mixing process on S and N are slower compared to the natural

internal process of the system (laser relaxing oscillation1).

From (1.22) it is easy to obtain the Excess phase equation in the form of

(1.15), while from (1.21) and (1.23) it is possible to deduce the emitted power

(PF ∝ S) of the laser under optical feedback and the laser junction voltage

(∆V ∝ log(Ns/N0)), which are the two experimentally measurable quantities:

PF = P0[1 +m cos (ωF τext)] = P0[1 +mF (ΦF )] (1.24)

∆V = −4kBTNsκ̃

GqN0

cos (ωF τext) (1.25)

where m = C 2τpc

L
√

1+α2 is the modulation index, P0 the power emitted without

feedback, L is the distance from the external re�ective object, τp is the photon

lifetime in the cavity, kB the Boltzmann constant and T the temperature. It is

interesting underling the phase opposition between the laser power signal and the

junction voltage signal. Anyway, they carry on the same information, this means

1Oscillations of the laser intensity before the stability is reached. These are essentially due
to the di�erent characteristic stabilization time of the charge and the photon density into the
cavity.
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that it is possible to choose, according to the experimental set-up, if it is better

to measure the optical power or the junction voltage.

To sum up, Eq. (1.15) and one between Eq.(1.24) and (1.25) make up the

heart of the OFI analysis. Solving the EPE equations for ΦF and substituting

it in Eq.(1.24) or (1.25) it is possible to predict the behaviour of the laser under

optical feedback or, equivalently, to deduce the feedback parameters. A discussion

about the solutions of the EPE is going on in the next paragraph.

1.2.3 Excess phase equation

The EPE, here reported, is the phase condition for a laser diode under optical

feedback; in other words de�nes all the possible modes the system can support.

ΦF − Φ0 + C sin[ΦF + arctan(α)] = 0

Since the EPE is a transcendental equation which has no closed-form solution, a

numeric analysis must be taken on to solve it; a useful algorithm is reported in

[19].

The unknown parameter is ΦF (also known as phase response), the phase of

the electric �eld of the laser when it is subjected to an optical feedback. This

parameter depends on the external round-trip phase of the standalone laser Φ0

(also known as phase stimulus), on the line-width enhancement factor α and on

the feedback parameter C = κτext
τin

√
1 + α2. The last one quanti�es the feedback

intensity. Its value strongly in�uences the behaviour of the EPE so that the laser

response to optical feedback has been classi�ed in �ve regimes depending on the

value of C.

Feedback regime

Historically the feedback classi�cation was made by Tkach and Chraplyvy [18].

They experimentally studied the behaviour of a 1.5µm DFB laser subjected to an

optical feedback. Five di�erent regimes due to the feedback were identi�ed and

classi�ed in function of the parameter κ (1.10) and the external cavity length lext

Fig.1.2. After, Donati and Horng [20], re-de�ne this feedback regime in term of

the C parameter.

• Regime I, C < 1, corresponds to a weak feedback. Under this hypothesis

the left hand side of the EPE is a monotonically increasing function and

therefore only one solution exists; the laser under optical feedback emits
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Fig. 1.2: Di�erent feedback regime in function of power feedback and external
cavity length. Figure taken from [18]

only one mode. The laser linewidth can broaden or narrow depending on

the relative phase of the feedback. The power modulation resembles a sin

waveform the more distorted the higher is C.

• Regime II, C > 1, corresponds to a moderate feedback regime. The EPE

admits more than one solutions and the laser, which still emits single mode,

can jump from one permitted mode to another one (mode hopping) pro-

ducing hysteresis phenomena (Fig.1.6). The di�erent modes have di�erent

threshold gain and so hopping from one frequency to another also the power

of the laser changes. The behaviour of the laser under optical feedback is

still dependent on the feedback phase.

• Regime III corresponds to a strong feedback regime where C >> 1. In
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Fig. 1.3: Solution of the EPE for di�erent feedback levels. If C>1 (red line), more
than one mode (ωF ) may satis�es the condition ∆Φ = 0. If C<1 (blu line), only
one mode is supported by the laser. The green line represent the no feedback
case

this regime only one laser mode, with a narrowed linewidth respect to the

standalone laser, is permitted.

• Regime IV is characterized by a laser with chaotic dynamics and broaden

linewidth. Increasing the feedback, instability in the phase matching be-

tween the re-injected �eld and the laser �eld arises, namely the external

cavity contribution to the laser becomes more and more important. Re-

laxtion oscillation side-bands appear on the spectrum, the laser coherence

length is drastically reduced and the regime is referred as "coherence col-

lapse ". The laser behaviour is not dependent on the feedback phase.

• Regime V is a stable regime. The amount of the feedback is so much that

the external cavity can be considered the new laser cavity. The system,

therefore, can be thought as a Fabry-Perot cavity of length lext and a small,

compared to it, active medium inside.

Since the feedback induced by the �uid, so a very di�usive target, is extremely

low, the measurements carried on in this thesis are in the �rst and second regime.

After having solved the EPE, the emitted power is immediately deduced using

(1.24)
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1.2.4 OFI applications

Looking at EPE it is easy to deduce how to apply OFI to take measurements.

The laser emitted power or, equivalently, the junction voltage, are modulated,

�rst of all, by ΦF . Therefore all the quantities which induce a variation of the

phase response are, in theory, measurable quantities.

The phase response is a�ected by:

• Phase stimulus Φ0 = ~k · ~lext = nωlext
c

~uk · ~ur;

• Feedback parameter C = rextτext
r2τin

(1− r2
2)
√

1 + α2;

• Linewidth enhancement factor α, often assumed constant.

Consequently the self mixing technique is able to measure:

• Displacement and vibration (∆lext)

• Doppler shift (∆ω)

• Refractive index of the external cavity (∆n)

• Orientation and alignment (∆( ~uk · ~ur))

• Variation of re�ectivity (∆R)

• Linewidth enhancement factor

• Laser linewidth

• ...

Two particular applications will be discussed here: velocimetry and vibrom-

etry. The �rst is the subject of this work and will be introduced in Chapter2,

the second, instead, will be brie�y presented in the next paragraph. The in-vivo

measurements, in fact, can not be taken without considering the natural vibra-

tions (movements) of the human body which are also detected by the OFI sensor.

Other applications can be �nd in [16] and [22].

Vibrometry

To have a general idea of how OFI can measure vibrations, a target oscillating in

the same direction of the laser beam is considered Fig.1.4. The object position,

namely the external cavity length, is so l(t) = lext + f(t) where f(t) is a periodic
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Fig. 1.4: Vibromtery set-up

function which de�nes the object vibration. The phase stimulus can be written

as

Φ0 = 2~k ·~l = Φ0(lext) + 2
2π

λ
f(t)

In order to simplify the discussion, the feedback parameter variations due to

vibrations are assumed negligible. If only one emitting modes is permitted (C<1)

looking at EPE (1.15) it is immediate to see that if f(t) is a multiple of λ/2, Φ0

and so ΦF remain the same. This means that the optical power will be the same

after the target is moved of λ/2 or, in other words, a fringes is associated at a

displacement of half of the laser wavelength. Counting the number of the fringes,

therefore, it is possible to deduce the target displacement. Moreover, looking at

their asymmetry, it is possible to deduce the motion direction Fig.1.5.

If, instead, C>1, more than one lasing modes are permitted and the laser can

jump from one mode to another. It implies that the phase response has not the

same oscillatory behaviour of the phase stimulus and so the emitted power is not

so immediate to deduce. The mode hopping, moreover, induces losses of fringes,

as evident in Fig.1.5 comparing the number of fringes in the case C=0.6 and

C=6. In addition, hysteresis phenomena arise (Fig.1.6). This implies that the

signal modulation is centred on a di�erent value of P according to the direction

of motion.

A di�erent behaviour is �nally present if C�1 (V regime). In this case, in

fact, the external cavity can be considered the only laser cavity and the power

modulation follows the target oscillation.

To sum up, for low feedback level (C<1), the OFI vibrometry enables to

measure the displacement of the target counting the fringes of the interferometric

signal. Moreover, looking at the asymmetry of the fringes, it is possible to deduce

the direction of motion. This last measurement is possible also for higher feedback

level; on the contrary, the loss of fringes at C>1 makes complicate or impossible

the displacement measurements. Application of vibrometry can be �nd in [36]
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Fig. 1.5: Simulation of P (ΦF ) for a moving target for di�erent feedback parame-
ter. In (a) it is the target displacement; variations in external cavity length induce
variations in Φ0 and C and so in ΦF and P . In (b)-(d) it is the output power
of the laser. Hysteresis is evident in (c). Counting the number of the fringes
and observing at their asymmetry it is possible to deduce, in (b) and (c), the
displacement and the direction of the target. Images are realized with MATLAB
using the algorithm proposed in [19]

(a) C<1 (b) C>1 (c) C�1

Fig. 1.6: Waveform of F (Φ) for di�erent feedback parameter. In (b) the hysteresis
e�ect is present: when the system is in A and ΦF increases, FΦ jumps down along
the dashed line. Similarly, when the system is in B and ΦF decreases,FΦ jumps
up. Images are taken from [23].
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and [37].

The most remarkable aspect for this work, is the extreme sensibility of the OFI

signal to movement as expected for an interferometric technique. The unavoidable

movements of the body in an in-vivo measurement, therefore, can not be neglected

and will be present in the acquired signal.

1.3 Conclusion

In this chapter the physics behind the OFI has been investigated through two

models: the three mirrors model and the Lang-Kobayashi model. Strictly speak-

ing, the optical feedback induces non linear variations in the laser behaviour.

Studying the laser external cavity (Φ0) and the feedback level (C) the EPE

((1.15)) enables to deduce the phase of the laser electric �eld. This is related,

through (1.24) and (1.25), to the emitted power or the junction voltage. Measur-

ing these quantities, information about the external cavity can be achieved.

The OFI applied to vibrometry has been proposed as example. In the next

chapter OFI for �owmetry will be presented.
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Chapter 2

Laser Doppler velocimetry

The aim of this chapter is the application of the optical feedback interferometry to the

laser Doppler velocimetry (LDV). In the �rst section the theoretical model of OFI applied

to velocimetry will be presented with some simple examples. These will be useful to

understand what happens when �uids are studied with the OFI technique, application

presented in the second section. In the last section will be proposed a summary of the

article written by Bonner and Nossal in 1980 to model a multiscattering regime between

photons and red blood cells in human tissues.

2.1 OFI for laser Doppler velocimetry: a general

model

The Doppler e�ect consists in a frequency shift of a wave whose source is moving

respect to the detector: if the source and the detector are approaching each

other the frequency shift is positive (blueshift), otherwise is negative (redshift).

In the case of the laser Doppler velocimetry (LDV), the Doppler shift must be

considered twice: when the �eld emitted by the source at rest is "detected" by the

moving target, and when the �eld is "emitted" (re�ected) by the moving target

and detected by the photodiode at rest. Being ~e1 and ~e2 the directions of the

incident and re�ected wave, ~v the particle velocity and λ the wavelength of the

emitted radiation, the Doppler shift is [24]:

fD = −~v · (~e1 − ~e2)

λ
(2.1)

In an OFI apparatus like Fig.2.1a or Fig.2.1b the direction of the incident

and the re�ected beam could be approximately considered the same (~ek). Con-
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(a) inserire (b) inserire

Fig. 2.1: Two di�erent optical feedback interferometric set-ups for laser doppler
velocimetry. In (a) the target motion is in the beam direction; in (b) the target is
moving in a direction forming an angle ϑ with the beam direction. The pictures
are taken from [26].

sequently (2.1) is simpli�ed in

fD = −2~v · ~ek
λ

(2.2)

In order for fD to be di�erent from 0, the target velocity must have a compo-

nent in the beam direction or, in other words, the external cavity length must

change. This aspect shows how the velocimetry and the vibrometry are simply

two di�erent way (looking at the object displacement or at the object velocity)

to see the same phenomenon. The measurable consequence of the relative move-

ment between the source and the target is the optical power modulation with a

frequency equals to fD [25]:

P = P0[1 +m cos(ωDt+ ΦD)] (2.3)

where ωD = 2πfd and ΦD = 2ωF (1 + c−vA
c+vA

) τext
2
.

The mathematical model is well explained in [26] and here re-proposed. Al-

though the complete argument requires the Lang-Kobayashi model, the three

mirror model will be used to better and easily understand how the target move-

ment induces variation in the output power.

The �eld re�ected from the target can be written as:

Er = (1− r2
2)r3E0e

j(ω+ωD)t+jΦD (2.4)

where the Doppler shift ωD = 2πνF
−2v
v+c

is considered. The phase term is:

ΦD = 2πνF
τext
2

+ πνF (1 +
−2v

v + c
)
τext
2

(2.5)

Where the �rst term corresponds to the phase di�erence due to the forward prop-
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agation, so at frequency ωF , the second term is due to the backward propagation,

so at frequency ωF + ωD. De�ning

req =
Er + Er2

Ei
= |req|ejΦeq = r2[1 + (1− r2

2)r3e
jωDt+jΦD ] (2.6)

with Er2 the �eld re�ected by the second mirror of the laser internal cavity, Ei

the incident �eld, the lasing condition is formally the same as 1.13.

|req
r2

|e−(γF−γ0)lce−j(ϕF−ϕ0−Φeq) = 1 (2.7)

with Φeq that now accounts also for the Doppler shift.

Reproducing the same calculation in AppendixB, the excess phase equation

can be deduced:

ωF = ω0 −
C

τext
sin(ωDt+ ΦD + arctanα) (2.8)

Similarly, using the Lang-Kobayashi model is possible to �nd the emitted

power (2.3).

In order to see the power modulation, two fundamental requirements, optical

feedback and Doppler shift, have to be satis�ed. This implies that the veloc-

ity component parallel to the beam direction has to be always di�erent from

zero. Except for the particular case of a mirror translating in the beam direction

Fig.2.1a, this requires the presence of a di�usive surface. A particular and inter-

esting rough surface is a �uid with some small particles inside. Applying the OFI

to detect the Doppler shift induced by the moving particles, the velocity pro�le

of the �ow can be deduced.

To sum up, the light backscattered into the laser cavity by a moving target

induces a laser power modulation at a frequency equals to the Doppler shift fre-

quency. Looking at the spectrum, therefore, information on the target velocity

can be acieved. In the next paragraph two examples of OFI-LDV will be pre-

sented. In particular the shape of the spetrum will be analysed to understand

what happen when a real laser (�nite spot size, non monocromaticy...) is sub-

jected to the feedback of a real target (more than one velocity, roughness...).

The theoretical case

In the theoretical case, an ideal laser emits plane monochromatic wave imping-

ing on a perfectly smooth target translating parallel to the beam with uniform

velocity ~v and without vibrations (Fig.2.1a). The phase response can be written
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(a) Spectra of OFI signal for a rotating disk at di�erent
angular velocity [28]

(b) Spectra of OFI signal for di�erent milk concentration
in micro channel[34]

Fig. 2.2: Spectra examples. In (a) the spectra of a rotating disk at di�erent
angular velocities 0.22, 0.44, 0.74, 1.30, 1.56, 2.20, 2.93, 3.77, 4.38, 5.12, and
5.65 rad/s. The lowest is the angular speed, the narrower and lower frequencies
is the peak. In (b) the spectra of milk pumped in micro channel at di�erent
concentrations. For low concentration the plateaux characteristic of the single
scattering regime; for higher concentration the classical decay of the multiple
scattering regime.
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Fig. 2.3: Laser Spot on a rotating disk at frequency ω. Point O is the center of
the spot, point P and Q are at the extremity of the Spot. The velocity v = ωr is
di�erent in the three points.

as:

ΦF = 2kF lext = 2π
2v

λ
t = ωDt (2.9)

and so the power modulation (1.24) is at the Doppler frequency. The spectrum

of the interferometric signal is a delta function centred on the Doppler frequency.

Clearly, di�erences exist between the model and a real set-up:

• roughness of the target

• inhomogeneity of velocity

• non monochromaticity

• beam divergence

• target vibration

• �nite spot dimension

• ...

All of these points introduce spectral contributions and so complicate the

Doppler shift detection.

The rough rotating disk

A laser impinging on a rough rotating disk not perpendicular respect to the

beam direction is now considered. The target surface invested by the light, which

obviously depends on the spot size, is called sensing area.

The consequences of a �nite sensing area are represented in Fig.2.3: the

Doppler shift generated by the re�ection in P is di�erent from which generated
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in Q or O since di�erent is the velocity in those point. This means that more

than one Doppler frequencies exist and so the signal spectrum necessarily will be

broaden. Since the intensity of the spot is not homogeneous, di�erent doppler

frequencies contribute di�erently to the spectrum. Assuming the laser is emit-

ting gaussian mode, the broadening will have a gaussian shape centring on the

Doppler shift induces by the point O Fig.2.2a.

Other causes also induce spectral broadening: laser �nite line width, so dif-

ferent incident wavelength; vibration of the target, so di�erent velocities and

positions for the di�erent points; speckles, so di�erence feedback intensity. A

complete study of the spectrum variations due to these parameters is in [27].

A particular rough surface is a �uid with some particles embedded. Before

looking at the OFI signal induced by the particles moving into the �uid, a brief

discussion about the scattering between light and particles will be presented.

2.2 Optical feedback interferometry for �uids

The main idea beyond the OFI to �uidic is the possibility to deduce the �ow

features studying the frequency spectrum of the light scattered by some particles

embedded into the �uid itself (Fig.2.4). Some new issues, which are not present

in the scattering from solid target, have to be considered:

• The light passes through di�erent materials with di�erent refractive index;

• Each particle inside the �uid moves di�erently from the other particles;

• The scattering region (sensing volume) is 3 dimensional rather than 2 di-

mensional;

• The same photon could be scattered, subsequently, by more than one par-

ticle;

• The particle size is comparable with the laser wavelength.

All of these points in�uence the OFI signal and so the required analysis to

deduce the �ow parameters. In the next paragraphs some of these points will be

discussed; after a brief introduction about the scattering models, a model both

for the single particle scattering and for the multi-particles scattering will be

presented. The last one is appropriate for the scattering induced by the blood,

and will be at the base of our experimental measurements.
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Fig. 2.4: Light scattering with particles (Red blood cells) immersed in a �uid.
The light (yellow line) is scattered by more than one particles present into the
�uid

2.2.1 The scattering model

Light scattering process happens every time an electromagnetic wave interacts

with an object. More than one scattering models exist to explain this phe-

nomenon, and the choice depends on the relative dimension between the object

and the light wavelength.

Assuming a spherical particle of radius R invested by an electromagnetic wave

of wavelength λ, a relevant parameter to discuss the scattering is the ratio s = 2πR
λ

[41].

According to the value of s, a di�erent model shoud be considered:

• s < 1 Rayleigh Scattering

• 1 < s < 30 Mie scattering

• s > 30 Ray optics.

The di�erences between the three models are shown in Fig.2.5, Fig.2.6 and Fig.2.7.

The Rayleigh scattering cross section is proportional to λ−4 while the Mie ones

is not so λ dependent. Moreover, the angular distribution of Rayleigh scattering

is symmetric respect to the plane normal at the incident direction. This means

that the light back-scattered is the same as the light forward-scattered. On

the contrary, the Mie scattering angular distribution is peaked in the forward

direction.

In the case of red blood cells (RBCs), modelling them as spheres of radius

R ≈ 3.5µm and using a laser of λ = 1310nm, results s ≈ 15; so the phenomenon

can be studied using the Mie model.
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Fig. 2.5: Scattering cross section of particle of radius (a) vs light wavelength
(λ). In Rayleigh regime the cross section in proportional to λ−4, in Mie regime it
oscillates around the geometrical cross section (πa2), reached in geometric regime.
Image taken from [42]

Incident beam

Fig. 2.6: Intensity vs scattering angle for a particle of radius r = 3.5µm and
refractive index n = 1.38 + i10−4 embedded in a medium of refractive index
n = 1.34; light wavelength equals to 1310nm. The choice is oriented to reproduce
erythrocytes scattering [32]. Plot realized with the software MiePlot
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Incident beam

Fig. 2.7: Intensity vs scattering angle for a particle of radius r = 0.1µm and
refractive index n = 1.38 embedded in a medium of refractive index n = 1.34;
light wavelength equals to 1310nm. Plot realized with the software MiePlot.

Scattering Regimes

The particles inside the �uid are the responsible of the Doppler shift of light. If

particles are su�ciently distant each others, it is reasonable to admit the Doppler

shift su�ered by a photon is due to the collision between the photon and a single

particle. If, on the contrary, the particles concentration is higher, it is possible

that the same photon su�ers more than one collision with di�erent particles and

so the Doppler shift is the consequence of this complex process. The �rst case

is the single scattering regime, the second the multiscattering regime. There is

not a rigorous rule to discriminate if a system is in a single or multi scattering

regime; more detailed arguments about the two di�erent regimes and how they

depends on concentrations can be �nd in [29].

A simple model for the single scattering regime is well presented in [26]. In

order to account for the information coming from each scattering centre inside

the �uid, the re�ected �eld from the target is written as the sum of the �elds

scattered by each particle:

Er = r2Ei + (1− r2
2

∑
i

rextiE0 exp j
c− vi
c+ vi

ωt+ jΦr2i) (2.10)

where the index i stands for the ith particle. Reproducing the same calculations
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of Chapter1.2.1 it is possible to deduced the optical power:

PF = P0[1 +
∑
i

micos[ωit+ Φt]]

where ωi is the doppler frequency of the i
th particle. All of the Doppler frequency

shifts generated by the di�erent particles in the sensing volume are present in the

signal spectrum. It so resembles that of the rotating disk, with a peak centred

on the Doppler shift frequency associated with the mean velocity of the particles

in the focus point. Increasing the sensing volume respect to the particles velocity

distribution lots of particles with considerably di�erent velocities will contribute

to the Doppler shift. Hence, the spectrum will broaden till to become a plateaux

with a cut-o� frequency corresponding to the Doppler frequencies of the fastest

particles. Increasing the number of particles, the probability that a photon su�ers

more than one scattering increases. In that condition the scattering process

becomes more random and the spectrum tends to assume a decreasing trend

with an exponential shape [43]. A detailed argument about multiple-scattering

was presented by Bonner and Nossal [30] and is discussed in the next paragraph.

2.3 Model for laser Doppler measurements of

blood �ow in tissue

"Model for laser Doppler measurements of blood �ow in tissue" is the title of the

article written by R.Bonner and R.Nossal in 1980 [30]. Their aim was to develop

a model, supported by experiments, for laser Doppler velocimetry application to

�uids in low multi scattering regime (blood perfusion of tissue). In this section

the idea beyond the article will be discussed, all of the calculations are neglected

because complex and out of the purpose of this thesis.

Blood is a non-newtonian �uid composed by a liquid part called blood plasma

(55% for men, 60% for women) and cells. The predominant cells are erythrocytes

(red blood cell) whose average diameter is 7.5µm; this means that using near

infrared radiation the Mie theory of scattering has to be considered. According

to Fig.2.6 the scattering cross section is peaked in the forward direction. Ther-

fore it is reasonable to think that, photons scattered in the backward direction,

have been re�ected from the surrounding tissue elements and, with a probability

depending on the concentration, by other moving particles.

The scattering process involves three objects: the photon, the particle and a

detector; the latter could be a real photodetector or simple the subsequent par-
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(a) photon-cell scattering (b) photon-erythrocyte scattering

(c) erythrocytes multiscattering

Fig. 2.8: Possible scattering con�gurations. The particle in % is the photon, the
particles in rj, r1 and r2 are scattering centre (cell or erythrocyte) and the particle
in rd is a detecting centre (cell or erythrocyte or photodiode). Image taken from
[30]

ticle. If the particle is a tissue cell, an so at rest (Fig.2.8a), no time dependent

phase is add to the electric �eld due to the scattering, if the particle is an ery-

throcytes, and so in movement (Fig.2.8b), the scattering �eld is a�ected by the

Doppler shift. Starting from these simple con�gurations, all of the possible events

can be discussed.

Firstly the scattering with only one erythrocyte (but more than one tissue

cells) is discussed, secondly an erythrocytes multiscattering process will be de-

duced.

Some approximations are considered in order to simplify and make calcula-

tions possible:

• Small scattering angles for the radiation scattered by erythrocytes, accord-

ing to Mie-theory;

• The tissue is assumed to be a di�usive surface, according to the possibility

to have backre�ected photons;

• The incident photons on erythrocyte are equally distributed in the solid

angle of 4π, since there is not a simple theory to study the scattering from

the tissue;

• Erythrocytes are independent from each other and statistically equals;

• Erythrocytes speed is constant, since the decay time of photons autocorre-

lation (τP = 10−4s−10−3s) is faster than characteristic time of erythrocytes

velocity change (τRBC = 10s);
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• Erythrocytes speed has Gaussian distribution;

• Each scattering centre is the source of a plane wave propagating in the

direction of the subsequent scattering centre.

Under these hypotheses, it is possible to evaluate the scattered �eld and the

normalized photon autocorrelation g(2)(τ) = <n(t)n(t+τ)>
<n>2 , expressed as [31]

g(2)(τ) = 1 + β[(
isc
i0

)2|I(τ)|2 +
2isc(i0 − isc)

i20
I(τ)] (2.11)

where 0 < β < 1 is a factor which depends on the optical coherence of the sig-

nal at the detector surface; i(0) is the total intensity of the light falling upon

the photodetector; isc is the intensity of the scattered light falling upon the pho-

todetector; I(τ) is the intermediate scattering function of the Doppler shifted

light, de�ned as: I(τ) =< E∗sc(t)Esc(t + τ) >; Esc is the electric �eld after only

one scattering event. The spectrum is obtained using the Wiener�Khintchine

theorem.

The main idea for treating the erythrocytes multiple scattering is to express

the intermediate scattering function as I(τ) =
∑∞
m=1 PmIm(τ)∑∞

m=1 Pm
where Pm is the

probability that a photon will experience m collisions with erythrocytes, and Im

is the autocorrelation for photons which experience m collisions with erythrocytes.

The photons autocorrelation is so expressed as:

g(2)(τ) = 1 + β[e2m(I1(τ)−1) − e−2m] (2.12)

wherem is the average number of collision with erythrocytes. UsingWiener�Khintchine

theorem the spectrum (S(ω)) is obtained.

The most important result of the article, for the purpose of this thesis, is the

analytic relationship that exists between the mean number of scattering events for

a single photon (m), the blood cell size and the mean blood cell speed. De�ning

the mth spectrum moment as:

< ωm >=

∫ +∞

−∞
|ω|mS(ω)dω (2.13)

Bonner and Nossal demonstrated that

< ω >=
< v2 >1/2

(12ζ)1/2a
βf(m) (2.14)

where a is the radius of an average spherical particle, < v2 >1/2 is the rms speed
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of the particle, ζ is an empirical factor related to the shape of the cells and f(m)

is a function which accounts for the multiple scattering.

To sum up, the �rst moment of the spectrum gives information both on the

average velocity and on the concentration of the erythrocytes inside the blood

�ow:

• If m < 1, < ω > varies linearly with the relative blood �ow, namely the

product of RBC and the blood mean speed

• If m > 1, < ω > varies approximately as the square root of the RBC

concentration and still linearly with the mean velocity.

Other articles (e.g. [9]) report also the relationship between the zero order

moment and the second order moment with the �own parameter. In particular,

the zero order moment (integrated for ω 6= 0) is proportional to the scattering

centre concentration, and the second order moment to the product of the scat-

tering centres concentration with the average of the squared velocity. Therefore,

in order to achieve the mean velocity of the particles into the �ow, the �rst and

the second order moment are usually normalized dividing them for the zero order

moment.

The Bonner Nossal model is a model for blood perfusion in tissue, this means

that, although it accounts for multiple scattering, it is not the dominant scattering

regime. That because the volume percentage of blood in tissue perfusion is small

compared to the tissue cells. On the contrary, in an in-vivo detection of vein blood

�ow the multiple scattering regime is dominant. An experimental demonstration

about the possibility to correlated the �rst order moment to velocity also for

whole blood is in [39].

To sum up, the moment evaluation seems to be a good way to achieve in-

formation about the �ow parameters. In real condition, in order to reduce the

contribution of noise at lower and higher frequencies respect to the Doppler ones,

the moments are de�ned not as a sum over all the spectrum but as a sum over

a frequency range. In order to explicit that and introduce the notation that will

be used in the next chapter, the moments de�nition is here reported:
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M0 =

fmax∑
fmin

S(f) (2.15)

M1 =

fmax∑
fmin

fS(f) (2.16)

M =

∑fmax
fmin

fS(f)∑fmax
fmin

S(f)
(2.17)

where S(f) is the power spectral density in dB, f the frequency and fmin and

fmax de�ne the range of the moment evaluation. The zero order moment (M0)

is proportional to the RBC concentration, the �rst order moment(M1) to the

product of RBCs concentration and the particles average velocity, the normalized

�rst order moment (M) to the particles average velocity. The frequency range

is chosen looking at the spectra in order to optimize the moment evaluation

and depends on the experimental con�guration. A low frequency threshold is

necessary in order to reduce the pure re�ection and vibration contributions; an

high one, instead, increases the contrast between the peak and the baseline. In

fact, at frequencies higher than fmax the noise is the principal source of signal.

2.4 Conclusion

In this chapter the main aspects of the OFI-LDV have been developed. It has

been discussed how the power modulation of the laser accounts for the Doppler

shift of the re-injected radiation and so how, looking at the spectrum of the

signal, it is possible to deduced the velocity of the moving target. The di�erences

between the spectra of di�erent target have been analysed showing what are the

causes of the di�erent shapes.

A more detailed discussion has been conducted about a special rough moving

target: a particle embedded into a �uid. This is, in fact, the case of red blood

cells in the blood. It has been explained the scattering mechanism between the

RBCs and the electro-magnetic �eld and a model to deduce the Doppler spec-

trum has been presented. This, proposed by Bonner and Nossal to explain the

blood perfusion in tissue, has been demonstrated to work well also for higher

blood quantity, like into a vein. The model shows the relationship between the

RBCs concentration, their velocities and the moments, de�ned as (2.15) (2.16)

(2.17). This method will be used in the next chapters to analyse both the in-
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vitro and in-vivo measurements carried on with two embedded optical feedback

interferometers.
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Chapter 3

Measurements with the Diagnoptics

sensor

The sensor realized at LAAS laboratory for Diagnoptics project succeeded in measuring

variations in skin blood perfusion [15]. Some tests are made in order to see if it is

possible to use the same sensor to detect the blood �ow into a vein. Firstly di�erent

in-vitro experiments using milk pumped into a micro channel are conducted. The sensor

behaviour and the data processing are so studied. Secondly, the possibility of an in-vivo

detection of the vein is analysed.

3.1 Experimental Set-up

During the Diagnoptics project the LAAS researchers realized an handheld OFI

sensor to monitor the skin blood perfusion. This thesis work starts from this

result to test the same sensor for in-vivo vein blood �ow detection. Some exper-

iments are carried on in order to test both the sensor performances in di�erent

conditions and the signal processing. The experimental set-up adopted consists

in the handhelder OFI sensor and a �udic system.

3.1.1 The OFI-sensor

The sensor is composed by an handheld imager and a base connected to it through

a 14-wire cable Fig.3.1a.

A scheme of the optical part is reported in Fig.3.1b. The optical source

is a DFB laser diode (Mitsubishi ML725B11, λ = 1310nm) equipped with a

packaged photodiode. A �rst collimation lens (Thorlabs C660TME-C) and a

second focusing lens (Thorlabs AC254-060-B-ML) are used in order to de�ne the
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(a) (b)

(c)

Fig. 3.1: The Diagnoptics sensor. In (a) a photo of the sensor. The withe device
is the handhelder imager, the grey box is the base. In (b) and (c) the optical and
electronic scheme
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beam shape. A circular aluminium coated mirror (Mirrorcle S4417) is placed

between the lenses; the tilt and tip of the mirror is controlled by the electronic

part to allow a 2D scanning of the target. The circular output of the sensor is in

the focal plane of the second lens. An additional circular ring with the external

surface tilted of 10 degree is mounted on the output of the sensor. This ensures

an angle di�erent from zero between the �ow and the beam, necessary condition

to perform Doppler measurements.

The electronic part includes an home made ampli�er (gain= 119dB ; bandpass

[82Hz, 46KHz]), an ADC acquisition card (NI-6361 USB OEM) and an interface

board for cabling. The ADC card controls both the mirror movements and the

signal acquired by the laser packaged photodiode. A LabVIEW interface enables

to govern the acquisition process; the acquired signal is analysed with a MATLAB

code.

The �rst experiments conducted with the sensor to validate it and analyse its

resolution are reported in [35].

3.1.2 The �uidic system

The �uidic system is essentially composed by a syringe pump (PicoPlus syringe

pump HARVARD APPARATUS), a syringe and a 500µm diameter tube con-

nected to it. The syringe is �lled with bovine full cream milk; this choice is due

to the common use of milk as a blood phantom [33]. The size of the milk fat

globules (from 1µm to 10µm [44]), in fact, is similar to red blood cell and their

concentration ensures the multiple scattering regime [34].

3.1.3 Set-up con�guration and measurement project

Since the goal is an in-vivo detection of the blood �ow, two di�erent conditions

are tested, moving from the most "laboratory" to the most real one:

• the tube is scotched on the ring sensor and the apparatus placed on an

optical table. All the external vibrations are so reduced in order to study,

uniquely, those due to the milk �ow into the tube Fig.3.2a.

• the tube is scotched on the arm and the sensor is held with the hand in

order to reproduce in-vivo measurement conditions Fig.3.2b.

The measurements consist in a linear scan transverse to the tube. A distance

of 10mm with a step size of 50µm is covered. For each position (pixel) 61440

36



(a) (b)

Fig. 3.2: Set-up con�gurations. In (a) the tube is scotched on the blue ring and
the sensor is placed on the optical table. In (b) the tube is scotched on the arm
and the sensor is held with the hand

points are acquired at the frequency of 1MHz. Measurements at di�erent �ow

rates are performed for the two con�gurations.

3.1.4 The signal processing

The interferometric signal acquired by the laser package photodiode is processed

in MATLAB; an overview of the signal processing is in Fig.3.3

Firstly the fringes due to the vibrations of the tube and/or the sensor are

partially detected and deleted; secondly the spectrum of the signal is evaluated

using the Welch method; �nally the moments are computed using (2.17). The

data analysis is based on the moment calculation since it has been shown [26]

that this method is less time consuming compared to the ones in which �tting is

required. Moreover, it is less sensible to low frequencies �uctuations, impossible

to eliminate in an in-vivo experiment.

The idea behind the fringes algorithm is easy to understand looking at the raw

signal (Fig.3.4). The rapid power variations are essentially due to the mode hop-

ping induced by the cavity length variation (target movement) 1.2.4. Applying an

high-pass �lter to the raw signal the rapid variations due are, therefore, exalted.

All of the points of the �ltered signal higher (in module) than a threshold value
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Fig. 3.3: Overview of the signal analysis.

are selected and an interval centred in each of them is eliminated. Both the high

pass cut-o� frequency and the threshold value are estimated empirically looking

at the intensity of the signal. Since the idea is to remove the majority of the

components due to vibrations preserving the doppler contribution, the high-pass

cut-o� frequency is chosen of the order of kHz. The doppler contribution1 due

to the milk �ow, in fact, is supposed to be dominant for frequencies lower than

some KHz. This assumption can be veri�ed looking at the signal spectra.

The threshold value depends principally on the feedback level, so on the am-

plitude of the signal, and have to be optimized for the di�erent �ow rates and

experimental conditions.

After having removed the majority of the vibration fringes, the signal is re-

constructed forcing the �rst value after and the last before the removed part to

be the same. This is necessary to avoid aliasing phenomena when the spectrum

is evaluated. The signal is so truncated at P points in order to have, for each

pixel, the same number of measurements. All the pixel with less than P points

are eliminated. These means that a pixel strongly a�ected by vibration is not

considered.

The Welch spectrum evaluation procedure (ChapterC) divides the signal in

segments of length (L) partially overlapped and for each one computes the fast

Fourier Transform (FFT). From the mean of these FFTs the power spectral den-

sity (PSD) of the signal is evaluated. The higher is L, the higher is the frequency

1As explained in the previous chapter (Fig.2.2b) the expected spectrum has a decreasing ex-
ponential shape. The doppler contributions as weel as the Doppler range must been considered
as the spectrum region with a power spectral density (PSD) higher than the noise
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Fig. 3.4: Filtering procedure. The time domain signal before (blue) and after
(green) having applied the high pass �lter with a cut-o� frequency of 1 KHz. The
threshold is plotted in red.

resolution but the less accurate is the mean evaluation since there are less seg-

ments. The zero order (M0), the �rst order (M1) and the normalized �rst order

moment (M) are so calculated. For the pixels which have been eliminated with

the fringes removal algorithm, the mean value of the moment between the previ-

ous and the following accepted pixel is considered.

3.2 Mesurements

Sensor on the optical table

The tube is scotched on the sensor external ring and milk at di�erent �ow rates

is �uxed into it. The measurement is repeated eight times for each �ow rate and

the mean value of the normalized �rst order moment is evaluated for each pixel;

the error corresponds to the standard deviation.

The typical result for a single �ow rate is shown in Fig.3.5. Two peaks are

present: the highest, centred in 150th pixel, due to the �ow; the lowest, centred

in the 100th pixel, due to a system artefact. The last one, however, becomes a

good way to con�rm the presence of the Doppler e�ect, as will be shown later.

The �ow is clearly identi�ed, according to the theory of Bonner and Nossal, by

higher values, respect to the baseline, of the normalized �rst order moment. The

shape of the peak, moreover, accounts for the di�erent particles velocities into

the tube: slower at the edge, faster at the centre. The width of the peak is larger

than the diameter of the tube for two principal reasons: the non perpendicularity

between the tube and the scanning direction, and the �nite non focused laser
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Fig. 3.5: Normalized �rst order moment. The highest peak is due to the milk
�ow into the tube. The lowest one is a system artefact.

spot size.

An example of the normalized spectrum of the signal acquired with and with-

out the �ow for the di�erent pixels is in Fig.3.6. The normalization is achieved

dividing the spectrum for its area in order to have information about the per-

centage of the signal at a �xed frequency. The exponential trend of the spectra

measured with the �ow is coherent with a multiple scattering regime. The signal

acquired in the presence of the tube, independently from the �ow rate, presents

an higher low frequencies spectral contributions, simply due to the re�ection, re-

spect to the no tube measurements. The last one, therefore, can be considered

the noise of the experimental set-up. On the contrary, the di�erences between

the spectra of the signal at di�erent �ow rates, principally in the range of KHz,

are clearly due to the Doppler e�ect.

The normalized �rst order moments for di�erent �ow rate are plotted in

Fig.3.7. Di�erent analysis parameters are used for Fig.3.7 and Fig.3.8; in par-

ticular both the threshold used for the detection of the fringes and the moment

frequency range are changed. Increasing the �ow rate, in fact, the particles ve-

locity and therefore the Doppler frequencies increase. If the higher �ow rate are

analysed whit the same parameter used for the lower ones, the higher contribu-

tions at frequencies over the high pass cut-o� frequency will imply that more

points will be deleted because over the threshold and so more pixels will not be

validated by the analysis procedure. About the frequencies range, more easily, the

maximum frequency is raised since the expected Doppler frequencies are higher.

The di�erent parameters con�gurations are reported in 3.1.

A zoom of the two peaks is in Fig.3.7b and Fig.3.7c. The height of the
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Fig. 3.6: Normalized spectra for di�erent measurement conditions. The spectrum
of the signal acquired without the tube (blue), and so without a feedback, de�ne
the system noise; The spectrum of the signal acquired with the milk at rest
(yellow) is compared with the ones (orange) in which the milk is pumped at
10µlmin. The Doppler components are clearly evident for frequencies of the
order of KHz

smallest peak (c) is constant varying the �ow rate. On the contrary, the height of

the higher one (b) increases increasing the milk velocity. This e�ectively con�rms

the dependence of the �rst peak only to the sensor and the second to the �ow.

The mean of the �ve highest values of the moments is evaluated for each �ow

rate and plotted in Fig.3.9. The linear trend (R2 = 0.99) is conform to the Bonner

and Nossal hypothesis:the normalized �rst order moment is proportional to the

mean velocity of the particles in the �uid.

Looking at Fig.3.9 it is also possible to observe the impossibility of distin-

guishing �ow rate of the order of and lower than 1µl/min from the �ow at rest.

Tube on the arm

The tube is scotched on the arm and the measurements are carried on keeping

the sensor with the hand. In this con�guration the vibrations are due both to

Con�guration (L) Con�guration (H)
High pass �lter cut-o� frequency 1 KHz 1 KHz
Fringes detection threshold 0.1 V 0.3 V
moment frequency range [300 Hz; 5 kHz] [300 Hz; 20 kHz]

Tab. 3.1: Analysis parameters. Con�guration (a) enables to reveal low �ow rate;
con�guration (b) is optimized to reveal �ow rate up to 40ul/min.
Tab.
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(b) Zoom on the normalized �rst order moment
of the pixel corresponding to the tube
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Fig. 3.7: Normalized �rst order moment for di�erent �ow rate from 0 to 10µl . The
analysis is performed with the parameters setting of con�guration (L) reported
in Tab. 3.1. In (a) the plot for the 200 pixels evaluated. A zoom of the two
peaks due to the Doppler shift induced by the milk �ow (b) and system artefact
(c). In the �rst case the peak hight increases with the �ow rate, according to the
increasing of the Doppler frequency; in the second case, the peak is uniquely due
to an highest level of feedback.
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Fig. 3.8: Normalized �rst order moment for di�erent �ow rate from 0 to 10
µl. The analysis is performed with the parameters setting of con�guration (H)
reported in Tab. 3.1.

the hand and the arm. The most important problem about the measurement

procedure is an impossible rigorous reproducibility. The relative position of the

tube and the sensor, in fact, changes for each measurement.

In order to observe the contributions of the tube re�ection and of vibrations, a

�rst measurement is carry on with the milk at rest (Fig.3.10). The normalized �rst

order moment does not show the presence of the tube which is still visible looking

at the zero and the �rst order moment. This means that the tube is detected just

because it induces an higher feedback due to re�ection. Normalizing the moment

this contribute become less important than the Doppler contribute which, in the

con�guration with the milk at rest, can be considered absent. The M0 and M1

results are a�ected by two uncertainties:

• The impossibility to check if the tube is really in that position. This is

easy to check in the case of the tube scotched on the sensor since all of the

measurements reveal the tube in the same position. In this case, instead,

it is impossible to do another measurements in the same position.

• The low signal to noise ratio. The tube, looking at the zero or the �rst

moment, is not discriminate because of the presence of a peak but for the

presence of some pixels, whose number is comparable with the dimension

of the tube, with a similar moment associated. The value of the moment,

however, is comparable with the noise. The main consequences is that the

object is detected just because its shape is know. An unknown object may

result di�cult or impossible to detect.
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The last point is more important looking at Fig.3.11, where the milk is �uxed

at 10 ul/min. If the tube and the sensor are at rest, the milk pumped at this

�ow rate is easily detectable; in this experimental con�guration, instead, looking

simply at the normalized �rst order moment, the tube it is not clearly detectable.

An hint comes from the zero order and the �rst order moment, but this may

principally due to the di�erent materials scanned: the tube full of milk and the

skin. For �ow rate higher than 20µl/min (Fig.3.12 and 3.13), instead, the presence

of the tube is evident looking only at the normalized �rst order moment.

A comparison between the signal with and without the fringes algorithm pro-

cessing shows the bene�t of this one (Fig.3.14).

To sum up, the relative movements of the hand and the arm makes impossible

or ambiguous the milk detection for �ow rate lower than 30µl/min. This is

a consequence of the frequencies range of the vibration, comparable with the

Doppler shift region at low �ow rate. Moreover it has been shown than the fringes

removal algorithm reduces the noise and increase the contrast in the normalized

�rst order moment plot.

In-vivo measurement

The sensor, kept with the hand, is placed on the arm or on the hand over a visible

vein. The �uid invistigated is so the blood. The blood mean velocity inside a

vein is of the order of some cm/s, around 10 times higher that the mean velocity

of the milk used in the previous measurement. This means that higher Doppler

frequencies are expected (≈ 10KHz).

The processed signal is shown in Fig.3.15. Looking at the moments, it is im-

possible to distinguish the vein from the skin, independently from the frequencies

range chosen for its evaluation.

Some hypotheses are proposed to explain the impossibility to see the vein and

so move toward a new experimental con�guration.

The possibility to detect the milk �ow in the same arm-sensor con�guration

has been shown. This apparently means that the signal processing is able to

eliminate the contributions of noise and vibrations in order to exalt the Doppler

one. However, a fundamental di�erence must be considered respect to the pre-

vious experimental con�guration with the milk: the tube was on the arm. This

means, that the optical feedback was due only to the milk and so no absorption

or scattering of the skin in�uences the measurements; looking at M0 and M1, in

fact, the tube is visible (but not clearly distinguishable) also with the milk at rest.

Other losses, moreover, are induced by the optical components. In particular, the
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mirror diameter (4.2mm) is smaller than the focusing lens diameter (25.6mm).

This means that most of the backscattered light is lost into the sensor. Finally,

the focus point is over the contact point between the sensor and the arm, so the

laser beam is not focused directly on the vein.

To sum up, in the in-vivo measurements the Doppler feedback is probably not

enough intense to be detected.

3.3 Conclusion

The measurements carried on with the OFI sensor realized during the Diagno-

pitics project enable to validate the signal processing analysis and understand

the relationship between the moment evaluation technique and the signal with

and without the �ow.

The �rst set of measurements, with the tube scotched on the external ring

sensor, clearly shows the dependence of the moment from the �ow rate, according

to Bonner and Nossal prediction. This method is so applied to a second, more

complex, experimental con�guration, with the tube scotched on the arm and the

sensor hold with the hand. It has been shown the possibility, for �ow rate higher

than 30µl/min of a non ambiguous detection of the �ow, namely the possibility

of recognize it even if no information about its shape or position are known.

In-vivo measurements are �nally conducted without relevant results. The

main hypothesis about this failure regards the too low feedback induced by the

RBCs. Di�erently from the tube, in fact, the skin absorption contribution must

be considered. In order to exalt the Doppler component, a new experimental

set-up is arranged. In particular three aspects are researched:

• the possibility to �x the sensor in order to increase its stability

• the possibility to change the focus point

• losses reduction

In this way the possibility to detect the blood �ow into the vein can be accu-

rately investigated.
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Fig. 3.9: Comparison of the normalized �rst order moment for di�erent �ow rate.
The measurements are analysed with the parameter setting (L) for the lower �ow
rate (a), (H) for the higher �ow rate (b) (see Tab. 3.1). As expected, the linear
distribution con�rm the hypothesis of the proportionality between the particles
speed and the normalized �rst order moment [30].
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Fig. 3.10: Momenta evaluate with milk at rest. The signal is due to re�ection
and vibration. No information about the tube can be achieved looking at the
normalized �rst order moment.
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Fig. 3.11: Momenta evaluate with milk �uxed at 10µl/m. Looking at the normal-
ized �rst order moment the tube is visible but not clearly and easily identi�able
without looking at the zero and �rst order moment.
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Fig. 3.12: Momenta evaluated with milk �uxed at 30µl/m. Looking at the nor-
malized �rst order moment the tube is visible and su�ciently easy to identify
also without looking at the zero and �rst order moment.
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Fig. 3.13: Normalized �rst order moment evaluated with milk �uxed at di�erent
�ow rate. For �ow rate higher then 30 µl the tube is clearly distinguishable.
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Fig. 3.14: Comparison between the normalize �rst order moment evaluated with
and without applying the fringes detection algorithm. Momentum evaluates with
milk �uxed at 30µl/min. In the last plot the pixel eliminated by the fringes
detection algorithm.

Fig. 3.15: Momenta evaluated for an in-vivo scanning of a skin area with a visible
vein. The vein is not detectable.
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Chapter 4

In-vivo measurements

This chapter is the heart of this thesis. The in-vivo measurements will be presented and

the feasibility of the in-vivo vein detection using the moment technique demonstrated.

The main open problem is the possibility to obtain quantitative information from the

data acquired.

4.1 Experimental Set-up

The experimental set-up consists of an embedded sensor realized in the LAAS

laboratory mounted on a 2D translation stage (Fig.4.1).The sensor scheme, both

for the optical and the electronic part, is reported in (Fig.4.2).

The DFB Laser diode (Mitsubishi ML725B11F), λ = 1310nm, is focused by

the lens (ThorLabs C240TME-C) f = 8.0 mm, NA = 0.5. The power supply

consists in 2 rechargeable batteries, both for the laser and the photodiode. The

photodiode current signal is ampli�ed by a �rst transimpedance and a second

voltage ampli�er (gain 105dB, bandpass [40Hz,80kHz]) before being acquired by

the DAQ card (NI USB-6251).

The sensor is mounted on two motorized stages (Zaber T-LSM050A and T-

LSM100A). Both the sensor acquisition procedure and the translation stage move-

ments are controlled by a Labview program. The signal analysis is performed in

Matlab using, essentially, the script described in Chapter3.1.4. Some modi�cation

will be explained in the next paragraph.

4.1.1 Measurement procedure

An overview of the signal acquisition and processing is in Fig.4.3.

The measurements consist in a linear scan of M steps (Pixel). For each pixel,

N points are acquired at the frequency of 1MHz. Since the reproducibility of
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Fig. 4.1: In-vivo experimental set-up.

Fig. 4.2: Optical and electronic scheme of the embedded sensor.
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Fig. 4.3: Overview of the signal analysis.

the measurement is impossible, the single pixel acquired signal is divided into m

segments and for each segment the moments are evaluated. The mean value of

the moments of the di�erent segments associated to the same pixel constitute the

�nal result for that pixel; the standard deviation is assumed as error (Fig.4.3).

Finally the moments of all of the pixels are plotted.

Vibration component analysis

A test was conducted in order to explicitly investigate the frequencies range of arm

vibrations. 20 subsequently measurements, each of 61440 points, were acquired

for the same position. Di�erences in the spectra, therefore, can be only due to

arm vibrations. Some of the spectra are reported in Fig.4.4.

Looking at the non �ltered signal, the spectra are signi�cantly di�erent in the

range from 0Hz to 1.5KHz, range that it is possible to assume as the vibrations

range. The Doppler frequencies range induced by the blood is expected of the

order of 10 Khz, according to the mean blood velocity in the vein of the order

of cm/s. This means that the moment evaluation procedure is no signi�cantly

a�ected by the contributions of the vibrations if the minimum frequency in (2.17)

is chosen of the order of some kHz. Moreover, since the majority contributions of

vibrations is in a frequency range di�erent from the Doppler frequency range, the

fringes detection algorithm it is not so useful and could be eliminated from the sig-
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Fig. 4.4: Spectra of subsequent measurements for the same position. The arm
vibration contributions are investigated. The vibrations range is approximately
[0Hz, 1.5kHz]

nal processing. It has been however chosen to preserve it increasing the threshold

in order to remove the signal only if very big arm movements are presents.

Stage waiting time

In order to reduce the sensor vibration, a waiting time is set between the move-

ment and the signal acquisition. More properly the waiting time is the interval

between the time Labview sends the motor the command to move and the start

of the acquisition procedure. A test is conducted in order to perform the waiting

time. A too long waiting time implies a too long acquisition time, not useful for

in-vivo measurements since the increasing of vibrations. A too slow ones, on the

contrary, could introduce spectral component due to the sensor motion or vibra-

tion. 5 scans of 50 pixels are executed on a �xed paper target; the resolution

is set at 100µm. The only di�erences among the scans is the waiting time, set

respectively to 5s, 1s, 0.5s, 0.3s, 0.1s. For each pixels, the di�erence between the

spectra of two measurements are evaluated; the mean value (over all of the pixels)

of these di�erences is plotted for each frequency Fig.4.5.

It is interesting to observe that, in the range of KHz, the mean PSD di�erence

between waiting time higher than 0.3s is of the order of 0.5dB, comparable with

the noise. The only measurements strongly in�uenced by the stage movement

is that obtained with a waiting time of 0.1s. A good compromise between the

waiting time and the amount of vibration is found choosing a waiting time of 1s

or 0.5s according to the number of pixel and the step resolution.
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Fig. 4.5: Subsequent steps waiting time analysis. No relevant di�erences are
present for time higher than 0.3s

4.2 Vein detection

In order to investigate the feasibility of the vein blood �ow in-vivo detection a

transverse scanning of a super�cial arm vein is performed. The scan length is set

at 1.125cm with a step resolution of 75µm, so 150 pixels. For each pixel 61440

points are acquired at a frequency of 1MHz. Fig.4.6 shows the result obtained

evaluating the moments in the range [2kHz;22kHz], according to the spectra 4.7.

The same information about the vein image presented in Fig.4.6 can be achieved

looking directly at zero and the �rst order moment (Fig.4.8)

The parabolic pro�le is a strong indication of the detection of the blood �ow.

In order to validate this hypothesis a spectral analysis will be conducted.

The spectra of some representative pixels are plotted in Fig.4.7. An higher

PSD, for some pixels (60 pink,81 red,90 blue,100 yellow), in the range of 2-22

Khz is a clear mark of the presence of Doppler phenomenon. Looking at the

pixels where the Doppler e�ect is more evident, moreover, it is possible to see

a di�erence in the length of the tail, namely the frequency at which the PSD

is comparable to the noise (the pixel where no Doppler e�ect is evident). The

higher is this frequency, the higher is the mean velocity of the particles which

have scattered the light. This enable so to distinguish the di�erent mean velocity

of the particle at the centre of the vein (higher) from the particle at the edge

(lower). Obviously, this is re�ected in the moment shape.
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Fig. 4.6: Normalized �rst order moment for the scan of a skin line transverse to
a super�cial vein. The measurement consist in 150 pixel with a resolution step
of 75µm. The higher values of the moment, resembling a parabolic shape, let
suppose the vein detection.
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Fig. 4.7: Spectra of di�erent pixel for the scan of a skin line transverse to a
super�cial vein. The shape of the spectra, and the reciprocal comparisons, let
strongly suppose the contribute of the Doppler shift for the pixels with an higher
�rst order normalized moment.
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Fig. 4.8: Zero (a) and �rst (b) order moment for the scan of a skin line transverse
to a super�cial vein. Also looking at M0 and M1 it is possible to see the parabolic-
like shape.

4.2.1 Vein detection validation

According to the results presented in the previous chapters, it can be concluded

that the shape of the normalized �rst order moment plot is due to the vein blood

�ow. Other measurements of di�erent super�cial veins both of the arm and the

hand are preformed and a test has been also conducted on a dark skin hand.

Firstly, in order to test the repeatability of the image, a measurement is

performed scanning for four times the same line (Fig.4.9).To avoid excessive con-

tributions to the signal from vibration of the arm, the resolution of the scanning

is set at 150µm. 200 pixels are acquired, 50 for each linear scan. The moments

are evaluated in the range [2kHz-22kHz]. The parabolic pro�le is visible all four

times. About the height and the width of the peaks, further studies are required

to understand their meaning. As will be discussed later, this is one of the biggest

problem concerning the possibility to do quantitative measurements with this

set-up. This multiple detection is a strong prove of the vein detection.

Secondly, the same vein is scanned starting in a di�erent position Fig.4.11.

A scan is executed also in a region where no super�cial vein are visible. As

expected, no parabolic pro�le results in the moment plot and, moreover, the

moments �uctuations are less intense since the �ow is absent.

Finally, Fig.4.10 and Fig.4.12 show the possibility to see di�erent super�cial
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Fig. 4.9: Four consecutive scan of the same vein. Each scan cover 50 pixels with
a resolution of 150µm. The presence of four peaks shifted by 50 pixel is a clearly
demonstration of the presence of the vein.

vein also in the case of black skin. No comparisons between di�erent veins or

skin can be done since the experimental set-up is not able to do quantitative

measurements.

To sum up, the most interesting results have been presented. Although from

the images is still not possible to achieve quantitative information, the detection

and scanning of the vein has been shown. Moreover the parabolic pro�le is a

strong indication of the possibility to distinguish di�erent velocities of the blood

particles. Several issues a�ect the experimental and signal processing procedure.

Some of these have been already anticipated in this paragraph and a complete

summary will be present in the next section.

Resolution points range
Fig.4.10c 100 61440 [3 Khz; 30Khz]
Fig.4.10d 75 131072 [3 KHz; 22KHz]
Fig.4.11 150 131072 [3 Khz; 20Khz]
Fig.4.12 150 61440 [3 Khz; 30Khz]

Tab. 4.1: Experimental and analysis parameters. "Resolution" is the distance
between two pixel; "Points" is the number of points acquired for each pixel;
"Range" is the frequencies range used for moments evaluation; "Threshold" is
the threshold value used in the fringes detection algorithm
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(a) hand super�cial vein scanning area (b) two foreamr super�cial veins scan-
ning area
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(c) hand super�cial vein spectrum
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(d) two foreamr super�cial veins

Fig. 4.10: Hand vein linear scan. In (a) and (b) the scanned area (blue) and the
veins (red), in (c) and (d) the normalized �rst order moment. In (d) two veins
are visible
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(a) Foreamr super�cial vein. Di�erent scanning
lines
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Fig. 4.11: Arm vein; linear scan in di�erent position. In (a) the scanned area
(blue) and the vein (red), in (b), (c), (d), (e) the normalized �rst order moment. In
(b), (c), (d) the same vein is scanned in di�erent position; in (e) a line apparently
without any vein below is scanned.
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(a) black skin hand, su-
per�cial vein scanning
line
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(b) black skin hand, super�cial vein spectrum

Fig. 4.12: Hand vein of a black skin man. In (a) the scanned area (blue) and
the vein position (red), in (b) the normalized �rst order moment. The sensor
has been tested on a black skin to validate the vein detection procedure also on
di�erent colour skin

4.2.2 Experimental issues

The experimental set-up used for the measurements enables to obtain an image of

the vein, namely to reveal the vein blood �ow. No quantitative information about

it, however, can be achieved, since there are several unknown parameters. A dis-

cussion about these issues will carry on dividing the problem in three categories:

signal processing matters, set-up matters, blood matters.

Signal Processing matters

The moment technique succeeded in the vein detection. The parabolic shape,

moreover, suggests the possibility to distinguish di�erent velocity into the �uid.

The main goal is the possibility to associate �ow parameters (RBCs concentration

and RBCs mean velocity) to moments values. Bonner and Nossal showed this is

true for tissue perfusion, but what about the blood �ow into a vein?

A second aspect is more technical and regards the maximum and minimum

frequencies used for the moments evaluation. Changing the range, obviously,

changes the moment value. What is, so, the right interval to not lose signal and

increase the contrast between the vein and the noise? Or better, what is the right

interval in order to correlate, if possible, the moments to the �ow parameters?

In order to have some answers, further data should be taken de�ning a stan-

dard procedure for the acquisition and comparing the results with the ones ob-

tained by more consolidate vein blood �ow measurement technique.
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Set-up matters

The measurements reported in the previous paragraph have been carried on with-

out considering, in detail, neither the angle between the beam and the vein nor

the distance between the laser and the target. The biggest problem to correctly

evaluate these two parameter is the unknown position and direction of the vein

under the skin.

The distance between the target and the laser may in�uences both the inten-

sity of the optical feedback and the focus condition.

The angle, instead, could in�uence the Doppler frequency range. Bonner and

Nossal showed the fairly independence between the scattering angle and the LDV

signal in the case of skin blood perfusion. Investigation on blood in super�cial

vein should be carried on.

After having de�ned a standard procedure and quantitative parameters, fur-

ther measurements should be taken to verify the angle and the distance depen-

dence.

Blood matters

All of the in-vivo measurements carried on have been based on two hypotheses:

the constant shape of the vein and the constant velocity of the blood in a �xed po-

sition of the vein. In reality, however, the vein shape is in�uenced by respiration

and the velocity of blood should be monitored according to the heart beating.

In this works, these issues have been assumed negligible since an higher negative

contribute has been assumed to come from the target movement and the laser

noise. Therefore it has been supposed that both the spatial and the intensity

moments resolution were insu�cient to reveal these di�erences. Other measure-

ments looking at the heart beating should be performed in order to understand

how and if it in�uences the signal.

4.2.3 Possible improvements

The main aim of a set-up improvement is the possibility to reduce the movement

of the arm or speed up the measurement and guarantee a measurement repro-

ducibility. The �rst point could be useful for an imaging purpose, the second

to achieve quantitative measurements correlated at �ow parameters. Looking at

these two problems, some improvement are proposed for future works.

Firstly, a new handhelder scanner, like the "Diagnoptics" sensor. This one,

in fact, is equipped with an interlocking circular ring that can be attached on
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the skin. In this way the sensor can be removed and replaced on the skin in

the same position. However, using an hand-helder sensor further problems about

hand vibrations can be introduced. A properly signal processing must be studied

in order to reduce these contributions. The "Diagnoptics" sensor may be a good

starting points in order to try to reduce the losses and perform the focus position.

Secondly, a laser matrix. These is certainly a more expensive and complex

solution but, in this way, the measurement time will be reduced to the acquisition

time (no scanning), of the order of 0.1s. The translation of the arm, perpendicular

to the beam, can so be assumed in-existent and a good imaging resolution can be

achieved. A less performing but cheaper solution could be a continuous scanning.

In this case a supplement work on the signal processing might be required in

order to delete the spectral contribution due to the sensor movement.

Finally, any mechanical device which is able to increase the arm comfort and

stability could be considered an improvements.
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Conclusion and perspectives

The purpose of this work has been the demonstration of feasibility of an in-

vivo vein detection using the optical feedback interferometry and the moment

technique. Two embedded sensors have been used for this scope, with the same

laser but di�erent optical components.

With the �rst one, in-vitro measurements on milk �ow showed the possibility

to use the moments technique to achieve quantitative information about the �ow.

No relevant result, however, are achieved with the same sensor for vein blood

�ow in-vivo measurements. The reason has been supposed to be in the too low

feedback signal (due to skin absorption and system losses) respect to the noise

contribution.

With the second sensor the super�cial veins have been detected. No quan-

titative measurements, however, have been possible. The main reason is the

impossibility to reproduce the same measurements since the set-up used does not

provide a way to keep the arm in the same position. Di�erent improvements are

suggested in order to move toward more quantitative measurements.

After having showed the possibility to use the moment technique and the OFI

to detect the super�cial veins, the main goal is correlate the moments values to

�ow parameters like RBCs concentration and mean velocity. The perspective is

to realize a sensor which is able to take an image of the subcutaneous �ow and,

at the same time, indicate the relevant �ow characteristic.

The possibility to have a low cost, non-invasive, compact and easy-to-use

device which can study the tissues micro vascularization is the future challenge.
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Appendix A

Symbols adopted

N carrier density

τN carrier lifetime inside cavity

J injection current density

e electronic charge

d active layer thickness

ωm longitudinal modes frequencies

Γ0 absorption gain coe�cient s−1

G optical gain (s−1)

τp photon lifetime in cavity

lc internal cavity length

lext external cavity length

kint = kF wavenumber of the electric �eld in the internal cavity

kext wavenumber of the electric �eld in the external cavity

γin = γF absorption gain coe�cient of the internal cavity

γext absorbion gain coe�cient of the external cavity

τext external cavity round trip

τin internal cavity round trip

κ feedback coupling coe�cient

κ̃ feedback coupling rate κ̃ = κ/τin

Nth carrier density at laser threshold

N0 carrier density at transparency

ωF wavenumber of laser under optical feedback

C feedback parameter

α linewidth enhancement factor
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Appendix B

Three mirrors model: some maths

In this appendix the count to obtain the EPE starting from the three mirrors

model is reported. Although it may look boring, it helps to understand the

physics behind the self mixing and how certain parameters appear in the equation.

Starting from (1.13), the real and imaginary part are solved.

Real part

<[(1.13)] = 1 ⇒ r2[1 + κ cos(2kextlext)]

r2

e−(γF−γ0)lc = 1

⇒ (gthF − gth0)lc = − log[1 + κ cos(2kextlext)]

Using the �rst order approximation of MacLaurin serie: log(1 + x) = x

(gthF − gth0)lc = −κ cos(2kextlext)

lc

that is (1.14).

Imaginary part

=[(1.13)] = mπ m ∈ Z → ΦF − Φ0 − Φeq = mπ

Standing the phase de�nition as Φ = Φ + mπ m ∈ Z the previous equation is

equivalent to:

ΦF − Φ0 − Φeq = 0

And using the de�nition of ΦF ,Φ0,Φeq:

0 = 2lc(kF − k0) + κ sin(2kextlext) =
4πlc
c

(nFνF − n0ν0) + κ sin(2kextlext) (B.1)
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Observing that (nFνF − n0ν0) = ∆(nν), since, in this case, the variation of the

refractive index can be linked to the variation of g or ν, it is possible to write:

∆(n) =
dn

dg
(g − g0) +

dn

dν
(ν − ν0)

To account for the variation of the refractive index due to the variation of the

carrier density in the active medium, it is introduce the linewidth enhancement

factor α de�ned as:

α = −4πν0

c

dn

dg

Similarly, the e�ective group refractive index n0 is considered to account for the

dependency of the refractive index on the frequency:

n0 = ν0
dn

dν
+ νF

After some trivial substitutions, (B.1) becomes:

0 =
4πn0lc
c

(νF − ν0) + κ[sin(2kextlext) + α cos(2kextlext)] (B.2)

Setting τin = 2n0lc
c

and ∆ω = 2π(νF −ν0) and using these goniometric propriety:1

A cos(x) +B sin(x) =
√
A2 +B2 cos(x)

arctan(1/x) = π/2− arctan(x)

cos(x− π/2) = sin(x)

(B.2) can be written as:

0 = ∆ωτin + κ
√

1 + α2 sin(2ωτext + arctanα)

Multiplying by τext/τin and de�ning the feedback parameter C = κτext
τin

√
1 + α2:

ΦF − Φ0 + Csin(ΦF + arctan(α)) = 0

that is (1.15), the excess phase equation.

1It is possible to demonstrate the �rst equation observing that the rigth side of the equation
is the real part of c = Ae−ix + Beix = |c|eiϕc . The real part of the last expression is the left
side of the equation.
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Appendix C

Digital signal processing in a

hazelnut shell

Digital signal processing is a technique which permits to study, analyse and mod-

ify a signal through digital post-processing. In this appendix will be presented

only the basics of the digital signal processing useful for this thesis purpose: dis-

crete fourier transform (DDT) and Welch spectrum.

The object studied by the signal processing is the signal produced by a system.

A system is a function (S) de�ne as: y(t) = S[x(t)], where x(t) = (xA(t), ...xK(t))

is called input signal and y(t) = (yA(t), ...yJ(t)) is the output signal.

In this thesis are considered only discrete signals, de�ned as:

x(tn) = x(t = n∆t) n = 0...
T

∆t
− 1 (C.1)

where T is the duration of the measurement and ∆t the time acquisition step;

fs = 1
∆t

is the sampling frequency and N = T
∆t
− 1 is the number of samples.

Discrete Fourirer transform

The discrete fourier transform X(fk) for a discrete signal x(tn) is de�ned as:

X(fk) = X(
k

Nfs
) =

N−1∑
n=0

x(n)e−j
2πnk
N k = 0, ..., N − 1 (C.2)

The minimum frequency available is fmin = f(k = 1) = fs
N
, the maximum one,

instead, is given by the Nyquist-Shannon theorem: fmax = fs
2
. The theorem

can be read also in a di�erent way: the minimum sampling frequency in order

to reconstruct properly a signale is fs = 2fmax where fmax is the maximum
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frenquency of the signal. Lower sampling frequencies induce the appearance of

unexpected and �ctitious contributions in the spectrum. This phenomenon is

called aliasing : supposing a signal with only two frequencies f1 < f2, using a

sampling frequency fs such that f1 < fs/2 < f2, the discrete Fourier transform

will have two peaks in f1 and fs − f2, the last one due to the aliasing.

Another unexpected and unwanted phenomenon is the so called end e�ect.

Looking at (C.2), the DFT de�nition is periodic with N. This means that the

real signal at time tn equals a �ctitious signal (not measured since the acquisition

time is tN) at time tn+N or, in other word, although the real signal is not periodic,

the signal on which the DFT is done, it is. This induces, if x(t0) is di�erent from

x(tN−1), an additional discontinuity in the signal which generates new unwanted

frequencies in the spectrum. A technique to reduce this problem is multiplying

the signal with a window function, namely a function which impose the product

between them and the signal to be equal in t0 e tN−1. Obviously, the spectrum

is the spectrum of the product between the signal and a known function.

Fast Fourier transform

The fast Fourier transform is an algorithm for e�cient computation of DFT. To

compute DFT using C.2 N sum for N value of k are required, so O(N2) operations.

However, if N is even, it is possible to re-write C.2 as:

X(fk) =
N−1∑

n=0,neven

x(n)e−j
2πnk
N +

N−1∑
n=1,nodd

x(n)e−j
2πnk
N =

=

(N−1)/2∑
m=0

x(2m)e−j
2π2mk
N +

N−1∑
m=0

x(2m+ 1)e−j
2π(2m+1)k

N (C.3)

Let x(2m) = x0 and x(2m+ 1) = x1:

X(N)(fk) = X
(N/2)
0 (fk) + e−j

2πk
N X

(N/2)
1 (fk) (C.4)

where the subscript stands for the length of the DFT. Using C.4 to calculated

DFT, N2/2 +N operations are required. The FFT algorithm is, obviously, itera-

tively, if N/2 is also N/2 is even. For this reason it is useful to have signals with

N = 2M points, so that only N log2N operations are necessary.
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Power spectral density

The power spectral density (PSD) of an in�nite random signal is de�ned as:

S(ω) = lim
T→∞

E[|X(ω)|2] (C.5)

The signals analysed in this thesis are discrete and �nite in time. The simplest and

most immediate way to estimate their spectral density is using the periodogram

(P (ω)):

P (ω) =
∆t

N
|
N∑
n=0

xne
i2ωn| − π∆t < ω = 2πf < π∆t (C.6)

The above de�nition is for a two side periodogram. For a one side periodogram

the values at all frequencies, excpet 0 and 1/2∆t (Nyqusit frequency), must be

multiplied by two so that the total power is conserved. Because the periodogram

estimation does not include any averaging, its variance has been shown to be

approximately of the order of the square of the periodogram itself and does not

tend to zero when N tends to in�nity. In order to improve the estimation of the

spectral density di�erent method can be used. The one used in this thesis is

the Welch's method. The main idea is to divide the principal signal (N points)

in shorter signals (M signal with L points) partially superimposed (ML>N) and

to evaluate the periodogram for each of these signals; the main periodogram is

de�ned as the medium of all of the shorter periodogram:

P (ω) =
1

M

M∑
1

Pm(ω) (C.7)

The variance of this periodogram tends to zero when N tends to in�nity. The

parameters of the Welch's method are fundamentally three: the length of the

secondary periodogram (L), their number of points (M) and the percentage of

superposition between two subsequent periodogram (V); according their value

di�erent result can be achieved. If secondary signal are longer than the frequency

resolution is better but the variance higher; on the contrary shorter secondary

signals imply better variance but worst frequency resolution. Moreover increas-

ing the overlapping in order to increase the number of segment is not so useful

to reduce variance since no new information is add on the signal. Therefore a

compromise is needed.
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