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I.Présentation

Module :
Semiconductor sensors and applications

Auteur(s) :
Noé&l SERVAGENT - Ecole des mines de Nantes - Laboratoire Subatech

Résumé :

Once an object is placed in the beam of a laser diode, a part of the beam reflected by the
latter is retro-injected in the active cavity of the diode and disrupts the physical properties of
it. This disruption which is shown principally by a modification of the frequency of the emission
power of the diode is known as the phenomenon of “self-mixing” Long considered as a
parasitic phenomenon, notably in telecommunication by optical fibres, we will present its

exploitation for metrological ends, such as the measurement of speed, of displacements, and
of distances ;

Mots-clés :

Optical retro-injection, Self-mixing, laser diode, Displacement measurement, Speed
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Understanding of meteorological applications of semiconductor lasers
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II.Cours

First of all, we will describe the effects of optical feedback (that is, the phenomenon of “self-
mixing ») by a simplified study of the laser emission of the diode, first without an object
present, then with an object present in the trajectory of the light beam. The simplicity of this
study rests in the fact that the energy provided by the spontaneous emission of photons will be
neglected and, as a result, optical noise will be generated by the random and subtle nature of
this type of emission. This frequently-employed simplification leads to a sufficiently precise
description of the phenomenon of “self-mixing”, but does not allow for the introduction of the
notion of the light beam's temporal coherence, which is the origin of the limited range of the
metrological applications of this phenomenon.

Secondly, we will show how to take advantage of weak optical feedback for measuring speed,
displacement, and distances.

1. Single Laser Diode

1.1. Laser Diode Principle

A laser diode is shaped like a plane-paralleled rectangle where the two faces, perpendicularly
split at the plane where the emitting semi-conductors meet, form a Fabry-Pérot resonator. This
resonator is the origin of the emission stimulated by characteristic light emission photons.
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Figure 1 : DH-OS Laser Diode ("Double Heterostructure Oxie-isolated Stripe")

In order to obtain a continua land powerful laser emission at room temperature, the junction of
semi-conductors must be as complex a structure as the double heterojunction of the preceding
figure. This one presents the advantage of confining the carriers by a barrier of electro-static
potential in a very reduced volume V = Lxdxs, called the active zone. This confinement makes
it possible to obtain a higher density of carriers and, as a result, a higher gain for a weak

injection current. In order to set the size scale of the active zone, remember that
L~100a500um d~0,120,5um s~22a5um,
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Figure 2 : Emitting Junctions a) Homojunction. b) Double-hétérojunction. In the case of a
beterojunction, we obtain a better confinement of the photon carriers

Let's remember that a monomode laser diode is a transmitter of intense light (qgs mW to qgs
100 mW), which is practically monochromatic (only one wavelength), and which is largely
temporally coherent (interferences with the optical pathway difference of several meters).

1.2. Threshold Gain and Authorized Longitudinal Modes

A laser diode can be imitated by an active environment of length L defined by interfaces 1 and

2, which form the Fabry-Pérot cavity.
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Figure 3 : Model of a Laser Diode

These interfaces are characterized by their reflection coefficients r and r’ and their transmission
coefficients t and t’ in amplitude of the electric pathway. We will note Mes as the effective sign

of phase refraction without retro-injection.

The optical intensity flux 1(z) follows an exponential law in =¥Z ot ¥ = —8 * @p s the absorption
coefficient of the active environment, 8 is the gain of this environment and % is the loss
coefficient owed principally to the absorption by free carriers (i.e. the Auger effect.)
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The condition of laser emission is obtained as soon as the electric pathway associated with this
flux is stabilized in its amplitude and phase by a return-trip to the active cavity where :

Aru, v,
r'1rzexp[—Jc—L+(gthS—ap).L]:1

Where 8msis the threshold gain without feedback Vs is the emission frequency without
feedback, and c is the velocity of the light in the void.

The resolution of this equation in module and phase brings us to the threshold gain and to the
frequency of authorized emissions.

_ 1 _ c
gths—ap+fln o and vs_u—Z.L.,u

es

where u is an integer

A distinct authorized frequency corresponds to each value for uwhich is therefore a distinct
longitudinal mode of possible laser emission. Careful, this study predicts nothing of the optical
energy associated with each of these modes, which are theoretically infinite in number
(numerous laser diodes are monomode).

Attention

A distinction should be made between the sign of the phase refraction Hes and the
sign of group refraction

0

_ M,

MES:ME‘S-'-VS av

given that the environment sign is dependent upon the wavelength. So, we say that
it is dispersive. Here is the difference in emission frequency between two authorized
modes :

C
Veuri Veu— 2. L 7

es

1.3. Emission Frequency

In the case of a slow modulation and a weak current injection amplitude, noted as i
surrounding a medium injection current, noted as o, the influence of the termal inertia of the
environment is negligible. Thus, the modulation of the refraction sign and of the cavity length
induced by thermal variation of the active environment via the injection current can be
expressed by the following :

(AuesL_AuesO LO):gi(i_iO)

Where Lo is the cavity length for the current lo, Hes0 the effective phase sign associates with 1o
and &i a (positive) proportionality coefficient transforming the optical extension of the cavity by
an increase in injection current via the temperature.

Conception & production : Le Mans Université 6
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Let's consider a monomode laser diode emitting a frequency Vso associated with the injection
current lo. The differential of the relationship which gives the authorized emission frequency
surround the state corresponding to the current 1o, brings us to the expression of emission
frequency without feedback upon the optical length of the cavity. Using the preceding
relationship, we express it based on the injection current by :

ov ov ;v

S(s . . s _
Vs=Vs0+W(t—10) with 57 =

s0.

MesOLO

It appears only in respecting the hypothesis of slow modulation and weak injection current
amplitude, the emission frequency without feedback is linearly proportional to the injection
current. The typical values for vs/0i range from —300 MHz/mA to some “GHz/mA

1.4. Emission Power

In the active zone of a laser diode, since the mobility of the electrons (n) is much higher than
that of the holes (P), the total current density is nearly equal to that of the electrons
following :

J=J,+J,~J, [Am’]

On the other hand, the variation in the electrons' density in comparison with the time is equal
to the difference between the electrons' contribution

laJ”:la_J [s"'m™]
g Ox q Ox

and the rate of the recombining of the electrons r'= T+ Farsp withq being the electrons'

charge, rst(resp.rm’sp) being the rate of the recombing of the electrons by the stimulated
emission of photons (resp. non-radiating and photon spontaneity).

In hypothesizing that the active zone is homogenous and that all of the electrons recombine
there, the electron contribution becomes simply :

10J_J
q 0x qd

Where d is the width of the active zone.

The evolution of the density of extra electrons in the active zone of a monomode laser diode is
thus given by the “continuity equation”.

dN
dns J ith Fg = dt :Rst(ns)’Ns
=~ Vst — Furs 1
dr qd eV F—
nr.sp T

n
Where 75 is the density of electrons supplementary to the diode without feedback, Ns is the
density of photons of the diode without feedback produced by stimulated emission,7x is the life
time of an electron, and Rs(ns) is the coefficient of stimulated emission dependent upon #s and
accounting for the optical confinement factor.

The evolution of luminous fluxl(z) in the interior of the laser diode, which is proportional to the
density of photons, is given by : dl(2)/dz = (g — p).I(2) 1n noticing that

Conception & production : Le Mans Université 7
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L)
dl ldz=—=dI/dt
2.L

with 7L being the time for a return-trip to the interior of the laser cavity, one obtains for the
written expression of the stimulated emission coefficient :

Rst(ns):Vg.g(VlS) with v = < zzr_f
es

Where Vg is the group speed in the active environment of the laser diode.

Under the conditions of spontaneous emission, since the density of photons could be
considered as negligible, the rise of the injection current allows for the build-up of the density
of electrons and thus of the gain 8(ns). When for a threshold current density without feedback
Jus, this gain reaches the threshold value of &s, the laser emission condition is satisfied. The
stimulated emission thus becomes predominant to the spontaneous emission and the density
of photons is no longer negligible. For a current density J superior to the threshold value, the
laser emission condition must always be verified, meaning that the gain and, as a result, the
density of electrons no longer differ in their threshold values &8s and ns demonstrating the
relationship 8(Nins) = gins. Here's how the continuity equation allows us to express the density
of photons contingent upon the current densities J and Jis :

1
N=——(J-J,)
q.d.vg.gths th

The emission power without feedback Ps being proportional to the density of photons in the
cavity, is thus expressed according to the injection current i = J.L.s and to the injection current
without feedback lmsby the relationship :

K

P =n.(i-i,) with n=——""
th q.d.v,. g,

Where k is a proportionality coefficient between the density of photons and the luminous
emission power, V = L.s.d the active volume, and 77 the external quantum yield called the slope
efficiency by laser diode manufactures.

This relationship demonstrates a linear variation of the emission power in the case of a slow
modulation of the injection current above the threshold current.

Conception & production : Le Mans Université 8
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Figure 4 : Emission Power of a Diode without Retro-Injection

2. Laser Diode with Weak Optical feedback

2.1. Diode equivalent

A laser diode in the presence of a target object can be imitated by a single diode equivalent of
which the reflection coefficient in amplitude of the electric pathway of the interface on the
object's side will be an effective reflection coefficient noted 7eff.

L D
Interface 1 Interface 2
Einc =
Eref{ 1_) ~tp )
t’,
t>
C r rz ‘) ra D
U Diode with target Object

Einc "'_)

Erer +—
C r' Feff 4)
Equivalent diode

Figure 5 : Model of the equivalent diode

A single laser-object return-trip will be considered, taking into consideration that our study is
limited to a weak feedback coupling (a case of non-cooperative objects). This effective
coefficient is determined by evaluating in the second interface (in complex notation), the
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reflected wave Eref according to the incident wave Eic that generated it. The relationship of
these pathways gives ’eff which has the particularity of depending upon the distance of the
object.

A
rg=r(1+&exp[—j.2xv,7,]) with é‘:tztzf ot TD:ZTD
2

Where Tp is the time of a round-trip diode/object flight,Vr the optical emission frequency with
feedback, 73 the reflection coefficient of the object in amplitude of the electric pathway, and D
the distance of the object.

2.2. Threshold Gain

By an analogy with the single laser diode (without target object), the laser emission condition
for the equivalent diode is :

Amru,v

rrgexpl—j ———L+(g,,~,).L]=1

Where &:#r is the gain of the laser diode with feedback.

Taking into account a weak laser-object coupling (weak 73), the equalization in module of the
laser emission condition with and without object allows one to determine the threshold gain
with feedback :

gthr:gths_%cos(z'”ver)

The figure below shows the variation of the threshold gain according to the emission
frequency.

]. .‘"’-’E D

A
gthr
1 TR P, W -y
Without feedback
L/t With feedback
| 4
] I > U

VsV Va3V ¥y Vg ¥y Py V3 ¥y Vs

Figure 6 Threshold gain with weak optical retro-injection for weak object distance

Regarding this figure, it seems that the optical feedback can be used to stabilize the emission
mode of a monomode laser diode and to eliminate the parasitic lateral modes. For this
particular application, it is necessary to have an object close enough to the diode that 7Tp < TL.
Thus, the threshold gain of the principle mode () is reduced by Agux so that for the lateral

10
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modes (V-1,v1), the threshold gains aren't higher. This effect can be increased by raising the
reflection coefficient of the object by Agux or by raising the curve of the threshold gain at the
level of the principle mode by choosing a higher Tp However, if it turns out that 7p is too high,
the values of the threshold gains, being as weak as that of the principle mode, could excite the
lateral modes of the latter. The bibliography shows on this matter that 7p = 37L is a good
compromise.

2.3. Emission Frequency

The emission frequency with feedback is deduced by conditions of laser emission of the diode
with and without an object by the equalization of the phases. An initial evaluation brings us
to :

47 L
c

Auv)=9,, with @, ==Csin(27v,7,)

Where Aey) represents the difference in the state with and without an object, and ¥reff
represents the phase of the coefficient 7eff for a weak laser-object coupling.

The sign of effective refraction being dependent on the density of the major carrier n and on
the emission frequency v .We notate it as:

ou, (aue)
Aye—( o )An+ v Av

Without forgetting that the sign of group refraction is expressed thus :

_ ou,
AMQS: /’tes+ Vs a v

The equalization of the phases becomes :

4 L
c

on

0
1/s( ﬂe)(nr_ns)+taes(vr_vs) zgpreﬁ”

Where 7 is the density of electrons with feedback.
We have written in the preceding paragraphs that the power flux 1(2) spreads itself over the
active environment following an exponential law with (g-apk, By introducing a sign of

complex phase effective refraction HeC into the expression of the wave associated with this
power flux, we thus make explicit another form of the same law, showing a variation in

(_

4v
S

)

Where e is the opposite of the imaginary part of HeC. Thus for a constant injection current
density higher than that of the laser emission threshold, with the respective densities of
electrons being that of the threshold, we can therefore express the egality with the following :

8u; B
on |

_(a_g) c | 8w 8ums c

onldnxv n —n dav
S ros S

11
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By bringing into play the spectral ray widening factor (also known as the “linewidth
enhancement factor”) :

_aﬂe_ aRe(/uec)
ou, Olm(u, )

o
the equalization of the phases brings us to an implicit expression of the mission frequency with
feedback :

v —v +%C\/1+azsin(27rv 7 ,,+ arctan a):O
" S 4xlu, g

By introducing the feedback coefficient

’[’ —_—
C:T—[L)§\/I+a2

we obtain a more condensed expression of this frequency :

v.—v + sin(27zr , v _+ arctan a)=0
r s nr D r

D

Let us notice that the phase 27TpV, being equal to 4xD/A;, a displacement as weak as half a
wavelength A:/2 (qgs 1/10 HM)  produced a period of oscillation of the emission frequency with
feedback.

For a coefficient of coupling C inferior to 1 (weak feedback), it would be easy to show, with the
help of the preceding formula, that the curve Vs contingent on Vr is strictly increasing and, as a
result, the diode in presence of the object remains monomode. As the following figure shows,
for values of C which are slightly higher and for certain values of 7p, it is possible that the
diode will emit on several longitudinal modes and, as a result, it becomes multimode. The
value of C for which the diode allows three authorized longitudinal modes, no matter what the
value of Tp may be, is 4.6.

12
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2MTpVs

C=0 : Without feedback
C<1 : Weak feedback
C=>1 : Strong feedback

Figure 7 : Longitidunal modes authorized with optical retro-injection

The demonstrated influence of the optical feedback on the spectral behavior of the laser diodes
brought us to a phenomenological classification in different systems. The following chart gives
this classification for a DFB 1.5 1.5 #m InGaAsP laser diode.

Conception & production : Le Mans Université 13
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Figure 8 : Classification of optical retro-injection rates (RW Tkach et AR Chraplyvy 1986)

Rate 1 is characterized by a weak feedback coefficient C < 1 for which the diode remains
monomode no matter what the value is of the flight time 7p. In rate II (C > 1), the diode is
multimode in principle. As a result of a small displacement of the object (a fraction of the
wavelength), the diode “jumps” from one mode to another. Surprisingly, the most stable
emission mode is the one associated with the weakest spectral width and not with the weakest
threshold gain. In rate III, the variation Ag,.x of the threshold gain, being still more
pronounced, and the spectral width even less, this rate corresponds with a particularly stable
monomode emission. Rate IV is called the “coherence collapse rate” because of the large
spectral instability of the diode owing to the multiple stimulated longitudinal modes. The
spectral width of emission can be several dozen giga hertz, implying a coherence length of less
than a centimetre. For an even higher optical coupling, rate V is attained. The external cavity
materialized by the interface of the laser diode, opposite the object and the surface of the
object, becomes the principal cavity. The new laser diode thus formed can therefore stably
emit in monomode rate.

Conception & production : Le Mans Université 14
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2.4. Emission Power

As part of a weak optical feedback and for an identical supply current, the physical values of
the diode with and without object are close. We can therefore differentiate the continuity
equation established in the preceding chapters for a laser diode without feedback in order to
determine the state of the diode with feedback. In established laser rate resignation, in which
the density of electrons is constant and the spontaneous emission of photons is negligible, we
can write :

A(R,.N)=0 with Rst(n)zvg.g(n)

Where, we remember, Ry is the coefficient of the spontaneous emission of photons.

Taking into account the deviation in the obtained gain in the preceding paragraph, the density
of photons with optical feedback is :

g

gths'

N =N |1+ cos(2v 7))

The emission power of the laser diode with optical retro-injection being proportional to the
corresponding density of photons, we obtain :

¢
gths'L

Pr=Ps(1+m.c0s(2ﬂver)) with m=

Where m is the parameter of power modulation by weak feedback, dependent upon the
reflection coefficient of the object.

The dependence of the emission power in the presence of the object with the injection current
is introduced by the emission power without the object Ps. By replacing Ps by its expression,
we state more clearly this dependence :

P,=77.(1+m.cos(va,rD)).(i—i,hs)

This relationship is only true in the case of a slow modulation frequency of the injection current
very far from the relaxation frequencies and from damping of the diode.

The curve below shows the variation of emission power contingent upon a weak displacement
of the object of a wavelength. The object is situated 2 cm away from the diode, and several
reflection coefficients of the object have been stimulated to create different parameter couples
C and m. We notice the allure in the “sawtooth like” of the emission power characteristic of the
self-mixing of the phenomenon. This “sawtooth like” form is marked as much more as the
coefficient of retro-injection is raised.

Conception & production : Le Mans Université 15
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Figure 9 : Classification of the optical retro-injection rates

For example, the figures below show a very realistic simulation of an experimental result
obtained for an immobile micro-ball target situated at D = 2.4 cm from the diode and for a
triangular modulation of the injection current.

Figure 10 : Experimental emission power simulated with a triangular current modulation

D=2,4cm; C=0,88, =3, dv /0i=—6,66GHz/mA; 1,=0,013; u,=3.6; @, =45

el

As it was made clear in the introduction of this course, this study does not allow one to
understand the notion of the length of coherence of the diode, and thus, the visibility limit of
the disturbances in the emission power contingent upon the characteristics of the feedback.
Thus in our study, the modulation parameter m, which is also the visibility of the phenomenon
of “self-mixing”, appears to be independent of the distance of the object. It should be noted
however, that the observation of signals of “self-mixing” is principally limited by the laser-
target optical coupling and by the dependence of C with the distance inferring an easily
multimodal behavior. For an easily exploitable signal, it is preferable not to go past a distance
of a few dozen centimeters.
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1. Applications

1.1. Application of Speed Measurement

The experimental device for speed measurement by optical feedback is the one shown in the
schema below :

Photodiode Lense
Current supply Laser diode
i Pls i amaiel: 7=~ Optical frequency
------- l“ J' j }, Vi \\
i i N v
i/ MWW o

\
)

1!

} P
h

N <

\ // \\\\_/,J v-+Hp WN‘LQJ

\—- —

""" o DOPPLER Effect Object

D(t)

>
Figure 11 : Experimental device for speed measurement

This device includes a laser-diode fed by a constant current, a mobile object animated by a
speedvv, and a collimation lens allowing the increase in the optical laser-object coupling. The
builders have included in the laser-diode cases a photodiode intended for the control of the
laser emission power. In the framework of our application, it would be used to translate the
power disturbances generated by optical feedback into electrical signals. Knowing that a laser-
diode emits from both sides of its active environment, this photodiode is advantageously
situated at the back of the laser diode.

The speed measurement will be inferred from the disturbances of the luminous emission power
for which the expression has been established in the preceding chapter. The latter
demonstrates a pseudo-periodicity defined by :

5(v,7p)==%1

Where 6(v»7p) represents the deviation in condition between the beginning and the end of a
pseudo-period.
The injection current being constant, the optical frequency is identical to the beginning and to

the end of a pseudo-period. By noting fb the algebraic value of the beat frequency linked to
the appearance of the disturbances, we obtain :

2.v
S

=

V=—"V
y)
N

C

Where 4s is the wavelength of a single diode.

Let us notice that the beat frequency Jois equal to the frequency induced by Doppler Effect Ip.
This frequency will be positive (resp. negative) once the object moves away (resp. comes
closer) from the laser.

One of the characteristics of the velocemitry by optical feedback in the laser diodes is the
power to determine simply the direction of movement of an object. In effect, the orientation of

Conception & production : Le Mans Université 17
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the “sawtooth like” form of the power disturbances is a sign of the object's speed as is shown
in the following simulations.

v=157pm/s v=-157um/s
(The object moves away from the laser) (The object moves closer to the laser)
1/|f
N M PO LY
Pp"‘.Ps /‘\ / Pl‘f':-PS
l-m
0 Time (5) 0.01 0 Time (s) 0.01

fo>0 fo<0

Figure 12 : Emission Power in Velocemitry (C = 0,88)

It should be known that the beat frequency, like the Doppler frequency, depends uniquely
upon the training speed of the object marker compared with the laser diode marker. Thus for a
diffusing object on which the laser beam slides, this frequency will be independent of the
object's shape.

Vs = Vurt Vra

Automobile

Figure 13 : Application of the speed measurement to an automobile

For example, let us take an automobile (marker A) for which we would like to evaluate the
speed VA/R of displacement compared with the road (marker R). The Doppler frequency is
induced by the absolute movement of the laser point M in comparison with the diode (VM/A) so
that by the displacement of this point on the object's surface, it is compared with the object
itself (VM/R). So, the kinetics shows that the combination of these two speeds gives marker R's
training speed in comparison with A. We prove in this way that the Doppler frequency, and
therefore the beat frequency, is independent of the shape of the road (presence of potholes,
gravel, etc.). This constitutes a particularly interesting result concerning the “robustness” of
the measurements by laser Doppler velocemitry.

—

2 —-
fD:_beTVA/R'u

Where i is the standard directing vector of the laser axis.
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1.2. Application of the Displacement Measurement

The application of the displacement measurement takes over the experimental device and the
conditions of using the laser diode for the application of the speed measurement. The pseudo-
period of the laser emission power defined by 0(v;7p) = £1 s associated with a quantified
displacement worth half a wavelength (qqgs 1/10 pmy,

AS
6D:7

In the same way as in the framework of the speed measurement, the displacement direction is
obtained by observation of the zig-zag shape of the laser emission power.

It is thus possible to reconstruct the displacement of an object at the resolution of the half
wavelength in raising or lowering a counter of the same value at each appearance of a pseudo-
period. The following figure presents this reconstruction technique.
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Figure 14 : Reconstruction Method of a Displacement

The figure here below shows an experimental real time measurement by this method applied
to the measurement of track vibration for a railway :

0,055 0,060s 0,065s 0.070s 0,075

Object’s movement

——

Figure 15 : Application of the vibration measurement of a railway
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1.3. Application of the Distance Measurement

The experimental device adapted to the distance measurement differs from the one for speed
of displacement measurement by the modulation of the injection current into a symmetrical
triangle. As we studied in the preceding chapter, this modulation will have the effect of also
imposing a modulation of the emission frequency without retro-injection into the form of a
symmetrical triangle. This modulation will be characterized by the slope :

5VS
= >O
y (>0)
Photodiode Lense
Current suppl i :
A PRIy ____L’_'fi‘; ih"de Optical frequency
AN - Y / S
5T \\
i A
j.’.’ 1 V7N v(t)
1
I ] !
! \\ ! 1" >
4/
A \\__,/ J‘ \Y
7/_ _____ N 7N\ Object
D(t

Figure 16 : Experiment Device for Distance Measurement

In these conditions of current supply, the power emitted by the diode with feedback makes a
symmetrical triangle shape appear on which a weak disturbance under the form of pseudo-
periods applies. The frequency of the appearance of these pseudo-periods will be noted Jr0 on
the positive slope, and Jb1 on the negative slope, as the following figure displays.

| | | | {

1/ fbD Time 1/ fb1 -

Figure 17 : Emission power disturbance for distance measurement
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Knowing that a pseudo-period is defined by 6(v»7p) = =1 and taking into account a weak object
speed, we obtain for the positive and negative slope this equation system :

D 61/3 2 be

c o1t A2
c ot A 2

The evaluation of the object's distance so that its speed can thus be determined from the beat
frequency is given by :

A
D=%(fb0+fb1) and V:Ts(fbl_fbo)

ot

The simulation below shows the influence of the distance and the speed on the luminous power
signal. The principle parameters of this simulation are

ov,

=8000 GHz/s
ot

As =780nm and a retro-injection coefficient C = 0.88. In agreement with the previously
established relationships, we notice that the beat frequencies are equal when the speed is
worthless. In addition, they are proportional to the object's distance. We notice also that a
displacement induces a difference between the frequencies that change signs once the object's
direction of movement is inversed.

05 1
P, P,
051
D=2.4cm
0 v=0 of v=210pmis>0
oo
-0.5¢

0 0.002 0.004 0.006 0.008 001 0 0.002 0.004 0.006 0.008 0.01

Time(s) Time (s)
1
P,
0.5}
D=9¢m
0 L

v=-210pmls<0

0 0.002 0.004 0.006 0.008 001 0 0.002 0.004 0.006 0.008 0.01
Time (s) Time (s)
Figure 18 : Influence of the object's distance and speed on the beat frequencies of the signal
of luminous power

The image below in distorted colors gives an example of the application of the phenomenon of
“self-mixing” in the shape of a helix. The object is placed on a map sitated 148 cm from the
laser diode. A scanning system with two motorized mirrors allows one to carry out this
measurement point by point (1000,000 points).

21
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Figure 19 : Experimental 3D measurement of a helix
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IV.Exercices

1. Exercice n°1

Answer the questions

Question 1

[Solution n°1 p 25]

With the help of the indications given in the course, find the implicit expression of the emission
frequency with optical feedback :

C 2 . N
v —v +—— &V 1+a“sin(2x v T +arctan = o )=0
r s 47[Lﬂ é‘\/ ( r°D )

es

Question 2

[Solution n°2 p 26]

Using the differential o(v,tp) = =1 characterising a pseudo-period in the luminous emission
power, prove that :

a) For the speed measurement :

2.v, 2
= V=—"-YV
fr=—v=g
b) For the displacement measurement :
oD 9,
2

c) For the distance measurement :

_c
45vs
ot

A’S
D= (fpo+fp1) and v:T(fbl_be)

2. Exercice n°2

Answer the questions

Question 1

[Solution n°3 p 27]

Find the speed of an automobile for a beat frequency fo=13,154 MHz 3nd a laser beam
inclination angle 6 = 20 (the wavelength is :4s = 1300 nm),
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Automobile

®)
Figure 20

What would be the beat frequency for § = 0?

Question 2
[Solution n°4 p 28]
In displacement measurement, how many laser emission pseudo-periods must we count for a

displacement of AD =1 mm? What is the percentage (%) for this measurement? (The
wavelength is : 4s = 780 nm ),

Question 3
[Solution n°5 p 28]

Measure the speed distance of an object with the help of a « self-mixing” signal, given by the
following figure (we give you :0vs =5 GHz et A; = 780 nm) :

05f
ok
43 3.873ms . . 3926ms T
1 K1 ] il 15~ 5 o
0 0.002 0.004 0.006 0.008 0.01
Time (s)
Figure 21
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Solution des exercices

>Solution n°1

The equalization of the phases of the laser emission conditions with and without an object

gives:
4zl 4L
c A(luev):q)rejf < c (VsAlue-l-luesAV):gDrejf
With :
PELAPRLIAY
1=\3, |4 5 v
4xL K, ou, 3
- (vsan A”"‘(/‘es"'(@ )VS)AV)—qomﬁ,
So:

4zl , Ou,
(v

S An+p, Av)=¢
c on

reff’ <

We know that :

5,&; _ 48y ¢ _5,“@

=— and oo =——
on An 4wy ou,
4rL c

c (_a4n_Agth+ﬁeSAV):¢reﬁf
On the other hand :

Agthzgthr—gm:—%cosﬁ wv,7,)and g, =—Csin(27v,7,)

4ZL (a4—c7t%cos(27rver)+peSAv)+Csin(27rver)=O
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< a(cos(Zn'verHﬂﬁeSAv+(sin(27rver):0
c

o 4L R Av+{ (acos(2av, 7, J+sin(2av, 7)) =0
. He

= ﬂpeszlv+g“\/1+0c2(
c

cos(27rver)+;sin(27rver))=0
\/1+0¢2

o
+0!2

V1

We recognize the trigonometric formula : Sin(a+ b) = sin (a)cos (b) + cos (a)sin (b) with
a = arctan @ and b = 2nv,7p,

ﬂ,ﬂmdvﬂ“ V1+a*sin (27rvr T, +arctan a)=0
c

Yy —y +;_C\/1+a2sin(varrb+arctan a)=0

'ues

>Solution n°2

a) The laser emission frequency without retro-injection is constant. So once the object's
distance is raised 6(v»Tp) > 0 therefore 6(v,Tp) = 1,

o(v,1p)=1 & v d(rp)=1
2D

e v i(==)=1
c

oD ¢ 1

= — =

ot 2v ot

= V:ifb and so fb=%v

N N

b) The laser emission fre%uency without retro-injection is constant. So once the object's
distance is raised 9(v,7p) > 0 therefore 0(v,7p) = 1

§(v,t,)=1 & VS5(¥):1

2v,
= oD=1

oD= “s
= o=y

On the self-mixing signal portion associated with the beat frequency be, the optical frequency
descends : 0(v,Tp) = —l(weak speed)
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S(v.tp)=—1 & t,0v,+v.or,=—1

0
5DDVs_c1

e v —+ —

Sty oty 26t

Vi ¢
S5t 2f”°

On the self-mixing signal portion associated with the beat frequency fbl,the optical frequency
ascends :0(v,Tp) = 1(weak speed). By a similar rational, we obtain

oV,
v, V+D fb1
We must solve the set of equations following :
5vs I's3 6
&— Efb()@ 2D5 2f fbl
fbl 2vsVZ§fb1_5fbo
c
D= Sv (fro*Ss1)
4 s
And ot
y!
V:Ts(fbl_fbo)
>Solution Nn°3 (exercice p. 23)
2
. _ fo=—v . .
The algebraic beat frequency is worth : As  with v being the speed protection
Vi = =Va/R on the axis of the laser beam.
0
u
) -Var M
Oliwg
Figure 22
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Taking into account the incidence angle, we obtain :
y)

25 ._2 i |
fb:_A_SVA/R-“:,TVA/Rsm(Q) g VA’RZZSTW)L’

N

Remarque

. 1300.107°

=20 (13,154.10°
AIR 2sin(20°)( 3.154.10°) < 7

=25 m/s=90 km/h

AlR

For an angle 6 = 0, the beat frequency is nothing, whatever may be the automobile's speed
and the bumps of the roadway.

>Solution n°4 (exercice p. 24)

A pseudo-period corresponds with

5D—/15
2

so that the number of pseudo-periods for a displacement of déplacement AD = 1 mm is :

24D
N=""T-
ZS
Remarque
-3
=219 o, N=2564
780.10

When the accounting error comes from a pseudo-period, the precision is thus : P = 1/2564 5o
that P = 0.039%

>Solution n°5 (exercice p. 24)

On the ascending part (resp. descending) of the luminous emission power, we can count 4
pseudo-periods for fto = 3.873 ms (resp. 6 pseudo-periods pour f1 = 3.926 ms), The associated

beat frequencies are thus : Sbo =1.033kHz ¢t fby = 1.528 kHz,

The optical frequency excursion is 0%vs = 5 GHz, This excursion is effectuated in time-frame

corresponding to the half-period of the triangular feed signal. Regarding this curve, the time
is:0t=0,01/2=5ms .

ov,
=1000 GHz/s
ot
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We can now use the relationships giving the object's distance and speed :

C As
D:W(fbo-'-fbl) and V:T(fbl_fbo)
ot
Remarque
8
=310 (1 033.10°+1,528.10°) & D=19,2 em
4.1000.10
-9
v=M(1,528.103—1,033.103) e v=96,5um/s >0

4

(the object moves away from the laser)
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