Quantum Electronics 41 (1) 86—94 (2011)

©2011 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 42.55.Px; 42.62.Be; 87.85.—-d
DOI: 10.1070/QE2011v041n01 ABEHO014386

Measurement of micro- and nanovibrations and displacements
using semiconductor laser autodynes

D.A. Usanov, A.V. Skripal

Abstract. The results of theoretical and experimental studies
of the possibility to use semiconductor quantum-well lasers,
operating in the autodyne regime, for creating nanovibration
and nanodisplacement meters are presented. The specific
features of the autodyne signal formation under the conditions
of strong and weak optical feedback, the influence of current
modulation on the shape and spectrum of the autodyne signal,
and the methods of measuring the parameters of micro- and
nanomotions are described. The description of methods and
instrumentation using laser autodynes for the analysis of
nanovibration and nanodisplacement parameters of biological
objects is presented.

Keywords: laser autodyne, interference signal, spectral analysis,
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1. Introduction

Considerable interest to the effect of autodyne detection in
semiconductor lasers is caused by the possibility to create
simple meters with high sensitivity to the reflected signal on
their base [1—7]. The system, consisting of a semiconductor
laser and an external reflector, combines the functions of an
oscillator and an electromagnetic wave detector in one
device. The shape of the autodyne signal is, in general,
different from that of the interference signal, generated by
the same motion of the reflector in an interference system
with decoupled radiation source [8—13].

Autodyne systems, in general, and semiconductor laser
autodynes, in particular, are compact, use no splitting of the
light beam into a reference and a measuring one, and do not
require alignment of the reference arm and the measuring
one because of their coincidence.

Autodyne systems have found application in the dis-
placement control. Their high sensitivity to micro- and
nanovibrations and displacements is demonstrated in
Refs [14—17]. The method of measuring super-small veloc-
ities of thermal expansion of solid bodies in a limited time
interval on the base of low-frequency spectrum of the
autodyne signal is described in [18, 19].
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The field of application of autodyne meters becomes
substantially wider when the measurements are performed
with a high degree of locality. In particular, it becomes
possible to determine the parameters of vibration of bio-
logical objects, for which the direct measurement of the
motion parameters is complicated by the access difficulty
[20—-22]. However, the increase in the reflection locality may
raise the level of the external optical feedback, which
considerably affects the shape of the autodyne signal of
the semiconductor laser oscillator and, therefore, the accu-
racy of measuring the motion parameters in autodyne
systems [23].

One of the advantages of the autodyne system with a
semiconductor laser is the possibility to develop systems for
measuring the vibrations and displacements using the
comparison with an etalon, the role of which is played
by the wavelength of the semiconductor laser radiation. In
particular, by this method the displacement value or the
distance from the reflector can be measured. If the displace-
ment is essentially smaller than the wavelength of the laser
radiation, one can apply the method, based on the excitation
of additional oscillations with known characteristics
[18, 24]. To calibrate the interference signal in an autodyne
system one can use modulation of the wavelength of the
semiconductor laser radiation, which can be implemented,
e.g., by modulating the laser injection current [25].

At present a wider use of autodyne systems for control
of vibrations and motions of biological objects is restrained
by the difficulties of formation and analysis of the autodyne
signal. Examples of biological objects, for which the
mentioned techniques was successfully implemented, are
the heartbeat of the limnetic crustacean Daphnia, the
eyeball tremor, the eardrum vibration. In particular, the
semiconductor laser autodyne was used for the diagnostics
of pathological conditions of the eardrum. The amplitude-
frequency characteristic of the eardrum vibrations at differ-
ent levels of the sonic action is determined, the difference
between the amplitude-frequency characteristics depending
on the level of sound pressure in pathological and normal
states of the eardrum is ascertained [26—28].

The aim of this work is to consider the mathematical
methods for analysing the autodyne signal of a semi-
conductor laser and the possibilities of developing on
this base the methods and devices for measuring the
characteristics of micro- and nanomotions and displace-
ments.
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2. Autodyne signal formation at motion
of the external reflector

For a semiconductor laser with external optical feedback
(OFB) Lang and Kobayashi [29] proposed a model, in
which the laser diode is described by a set of differential
equations governing the amplitude and phase of the
electromagnetic field and the concentration of charge
carriers. For an autodyne system in the cw oscillation
regime, when the changes in the system occur during the
time much greater than the oscillation period of the
electromagnetic radiation, the normalised power of radia-
tion of the semiconductor laser P may be determined using
the small-signal analysis of the rate equations (for the
complex electric field with retarded argument and the
concentration of charge carriers) in the form of a depend-
ence of P on the time 7(¢) of the round trip of the laser
radiation over the distance L to the external reflector and
back:

P = cos|w(1)t(1)], (1

where w(?) is the frequency of laser radiation. Assuming the
roundtrip time of the external resonator to have the form of
a harmonic function of time ¢

T =10+ 1, sin(2mvt + ¢), )

expression (1) for the variable normalised power of the
autodyne signal in the regime of small feedback, when
C < 1, can be transformed as

P(t) = cos {wyty + woT, Sin(Q1 + ¢)

— Csin[wty + o1, sin(wt + ¢) + ]}, (3)

where C is the level of the external OFB; 1y =2L/c is the
time of laser radiation round trip for the external resonator
with an immobile reflector; 7, = 2¢/c¢ is the amplitude of
the roundtrip time variation; ¢ and Q =2mv are the
amplitude and the frequency of the external reflector
vibrations; ¢ is the initial phase.

Equation (3) describes the normalised power of the
autodyne signal, generated in the process of the external
reflector vibrations. To describe the spectrum of the
autodyne signal in the small feedback regime (C < 1) one
can use the Bessel expansion of P(7):

P(t) = cos0Jy(a) + 2cos 0 Z Jon(0) cos(2nQt + €)

n=1
—2sin02J2n,1(o) cos[(2n — 1)Qt + ¢, 4
n=1

where 0 is the phase incursion of the autodyne signal.

The first term in Eqn (4) is a constant component of the
autodyne signal. The amplitudes of higher-order harmonics
are determined by the quantity ¢ that enters the expansion
and is related to the amplitude of the object vibration by the
expression g = 4né/A, where 1 is the wavelength of the laser
radiation. To determine the amplitude of the object
vibration, the autodyne signal at C <1 may be also
presented in the form of Fourier expansion

P(1) = % ag + Z[az,, cos(2nQt) — by, sin(2nQt)]—

n=1

- i{azn,l cos[(2n — 1)Qt] — by,_; sin[(2n — 1)Q1}. (5)

n=1

Let us introduce the spectral coefficients S, in the following
way:

_ _ aZn/COS(2n8)7 |L12n| > |b2n|7
%‘%MWM—@MMW¢|%KMA“)
for even numbers 2n and
Son-1 = 2Jp,1(0)sin0
_ { _a2)771/3in[(2n - 1)6}7 |a2,,,1| > ‘b2n71|7 (7)
b2nfl/cos[(2n - 1)£"L |a2,,,1| < ‘bZn—1|

for odd numbers 2n — 1. Here a, and b, are the Fourier
expansion coefficients; the value of ¢ is expressed as
¢ = (2n)"" arctan (b, /as,) for a, and b, with even numbers
and as ¢ = (2n — 1) ' arctan (— ayp_1/boy—1) for a, and b,
with odd numbers. Note, that the spectral coefficients S,
may be both positive and negative, depending on the values
of ¢ and 6 [30].

Using the ratio of expressions (6) and (7), we get the
equation determining the amplitude of the reflector vibra-
tions in the form [17]:

S, Jy(dnc/i)
- . 8
Sot  dyna @1/ ®

The solution of Eqn (8) does not depend on the steady-
state phase incursion 6 of the autodyne signal, which makes
this method convenient for determination of nanometre
vibrations of objects. In the case of only three components
present in the spectrum of the autodyne signal, expression
(8) is reduced to

S] _ J] (47[5/2.)
S, Jy(dnE/i) ©

As seen from (9), the ratio of the first and the third spectral
components depends only on the amplitude of the reflector
vibrations. The results of reconstruction of the vibration
amplitudes at 5% random deviation of the interference
signal from that calculated theoretically demonstrated that
the relative error of the vibration amplitude reconstruction
in this case is no greater than 5 %.

Having a high gain and low Q factor, the semiconductor
laser autodyne is very sensitive to the changes in the level of
the external optical feedback. In [15] the following classifi-
cation of the regimes of operation of semiconductor lasers
with external optical feedback is presented: C < 0.1 corre-
sponds to the regime of very weak OFB, the function of the
autodyne signal P(f) has the same form as the function of
the interference signal in a system with decoupled radiation
source (symmetric form); 0.1 < C < 1 corresponds to the
regime of weak OFB, the function P(f) acquires small
distortions and deviates from the symmetric form;
1 < C < 4.6 corresponds to the regime of moderate OFB,
the function P(7) has three values at each moment of time,
the autodyne system becomes bistable with two stable states
and one unstable state; C > 4.6 corresponds to the regime of
strong OFB; the function P(f) has five values at each
moment of time, and a collapse of coherence may occur
in the autodyne system.
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Figures 1 and 2 represent the results of calculation of the
time dependence of autodyne signals (3) for the levels of
optical feedback C = 0.2, 0.6, 1.0, as well as the correspond-
ing spectra [23]. The modelling was carried out with
harmonic oscillations of the external reflector having the
amplitude ¢ =300 nm. The analysis of the results shows
that, when the level of the external OFB grows, the greater is
C the stronger is the distortion of the spectrum of the
variable component of the autodyne signal.

P (rel. units) ¢

1/ms

Figure 1. Calculation of the time dependence of autodyne signals (3) for
the levels of the external optical feedback C = 0.2, 0.6, and 1.0.
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Figure 2. Spectra of the autodyne signals shown in Fig. 1 (£ = 300 nm).

From the analysis of the spectra of the corresponding
autodyne signals it follows that the increase in C results in
the enrichment of the spectrum and in the change of all
harmonics of the autodyne signal, compared to those for
C < 1. Similar enrichment may be observed at increasing the
degree of the beam focusing in the plane of the reflector [23],
because stronger focusing reduces the fraction of scattered
radiation and, correspondingly, increases the power of the
returned signal. In [23] it was also shown that a specific
feature of the autodyne signal spectrum at C <1 is the
increase in the number of the spectral component, having
the maximal amplitude, with the growth of the object
vibration amplitude &. At the same time, a slight decrease
in the amplitudes of lower-order spectral components is
observed. An essentially different character of the spectrum
changes is observed when increasing the OFB level. The
spectrum enrichment occurs via the increase in the number
of spectral components, whose amplitudes are much smaller
than those of the dominant one. Under such conditions the
number of the harmonic having the maximal amplitude is
actually not changed. With the growth of C the shape of the
autodyne signal changes in such a way that the spectrum of
the autodyne signal acquires the shape, corresponding to a
rectangular pulse; the enrichment of the autodyne signal
spectrum occurs at the expense of higher-order harmonics
(see Fig. 2).

Hence, choosing the distance from the vibrating reflector
and adjusting the level of the feedback and the pump current
of the laser, one can expand the domain of applicability of
the theory of homodyne interferometry, used for determi-

nation of the vibration amplitudes by means of autodyne
laser systems. As the pump current decreases and
approaches the threshold value, it becomes possible to
measure the amplitude of the object vibration with enhanced
focusing of the beam of the semiconductor laser autodyne.
This fact opens the possibility to use the laser autodyne for
the determination of the dynamical parameters of biological
micro- and nanoobjects.

3. Measurement of the parameters of vibrations
with amplitudes comparable with or greater
than the laser radiation wavelength

In an interference system the time dependence of the
interference signal intensity has the form of a nonharmonic
function, even if the object vibrates harmonically, under the
condition that the vibration amplitude is comparable with
or greater than the laser radiation wavelength. As the object
vibration amplitude ¢ grows, the enrichment of the
spectrum of the detected signal is observed, the amplitude
of the dominant harmonic S,,, being shifted towards
greater harmonic numbers [16]. To derive the amplitude of
the object vibrations from the number of the harmonic with
the maximal amplitude, it is proposed [16] to use the
following approximate expression:

L

Y,
5_4Tt

(1.2 +1.05m), (10)

where m = w/w, is the number of the harmonic having the
maximal amplitude. For the amplitudes not too small
(¢ = 2) the use of Eqn (10) provides reliable measurements
with high accuracy by means of simple measuring systems.

For a semiconductor laser with an external reflector a
method is proposed [31] that allows one to reconstruct the
interference signal shape, coinciding with that in an inter-
ference system with a decoupled radiation source, from the
values of the autodyne signal at two phases, corresponding
to two distances from the external vibrating reflector. To
reconstruct the shape of the mechanical motion of the object
from the interference signal in the homodyne interference
system with decoupling of the radiation source the known
methods for homodyne systems are applied. The technique,
described in [31], makes it possible to apply to autodyne
systems the methods of determination of the amplitude and
the shape of mechanical vibrations of an object, developed
for interference system with decoupling of the radiation
source, thus widening the region of vibration amplitudes
that can be reconstructed from the interferograms in
autodyne systems.

In Refs [32, 33] the possibility is demonstrated to solve
the problem of reconstruction of a complex nonharmonic
periodical motion of the object from the measured time
dependences of two interference signals, generated in a laser
homodyne system, and the derivative of one of them, using
the least square method [34]. The modelling carried out
confirmed the possibility to determine the form of the
function, describing the motion of the object, by means
of the proposed method. The agreement between the
calculated and the original shape of the object motion
was obtained with the relative error less than 1 %.

The possibility to find the absolute values of the
vibration characteristics of mechanical systems, excited
by an impact action, without preliminary calibration is
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studied in Refs [35—37]. The normalised variable compo-
nent of the interference signal obtained in the autodyne
system at C < 1 can be written as

P(t) = cos [0 +4}—ch(t)], (11)

where A is the radiation wavelength, f(z) is the object
displacement function that can be presented in the form of
a Fourier integral:

(e}

) = [ ¢(v) exp(imve)dv. (12)

—00

Here v is the frequency of vibration of the object under
study, c¢(v) is the complex amplitude of the mechanical
vibrations at the frequency v. Differentiating P(¢) (11), and
taking Eqn (12) into account, we get

dpP(r) . 4n > 8y
T——sm{Q—l—Tf(I)]J i—

—00

cexp(i2nvt)dv.  (13)

Let us introduce the function S(f), whose spectrum
corresponds to that of the reconstructed signal up to a
constant factor. Taking Eqn (13) into account, let us present
this function in the form

00 2
S(0) = dP(r)/de 7J i8n v (14)

= m = c(v) exp(i2mve)dv.

—00

From the comparison of the integral forms of the
functions f(¢) and S(f) we see that the spectral densities
of these functions differ by the factor i8n?v/i. Hence,
having constructed the function S(z) on the base of the
experimental data, we can find the complex coefficients of
the Fourier expansion for the function f{(7)

b

VO .
c(v) = Sty J S(t) exp(—i2nvr)dr

(15)

—00

and, using representation (15), reconstruct the function f{(z).

The method described above has an essential disadvant-
age. At the moments of time 7, when P(zy) = 1, the function
S(#), constructed on the base of the interference signal,
discontinues. Moreover, in a certain vicinity of these
moments of time a distortion of the function S(¢) is
observed. Using such a function S(#) for determination
of the object motion parameters would result in a distortion
of the reconstructed law of motion. To apply the method of
reconstruction of the object vibration function by means of
spectral analysis of the interference signal one should use a
continuous function S(z).

To remove the discontinuities and distortions of the
function S(r) we suggested that these discontinuities and
distortions may be presented as an additive noise in the
useful signal. Then the problem of removing the disconti-
nuities of the discussed function is reduced to the problem of
its filtering. Two methods of filtering of S(¢) were developed,
namely, by means of spectral analysis and by means of five-
point digital median filtering followed by cubic-spline
smoothing

To test the described method of reconstruction of the
object motion function we performed the numerical mod-
elling of the reconstruction of a given function, describing

the motion of the external reflector. In the course of
modelling the function f(¢) was given and the interference
signal was calculated using Eqn (11). Then the function S(7)
was calculated and the inverse problem was solved, namely,
the reconstruction of the original function f(t) was carried
out, using the technique described above.

The main disadvantage of the method for estimating the
parameters of the reflector motion based on the Fourier
analysis of the interference signal is that the basis functions,
used in the Fourier analysis, are not localised in the time
domain. The lack of such a localisation yields errors in the
determination of the reflector motion parameters in the case
when the reflector vibrations are not periodic. That is why
the use of basis functions localised in time and space
domains, e.g., wavelets, is of great interest for the analysis
of interference signals.

The function representing the longitudinal movements of
the object may be written in the integral form

. Rl 1 — b\ dadb
o=kt || cutany o (50) 4P a0

where C(a,b) are the coefficients of wavelet expansion of

f(?) in the basis ¥, expressed by the formula

Cy(a,b) = rc NORE %(%)dt, (17)

o Va

and Ky, is the constant, determined by the basis wavelet
function

< P (o)f

e

Kq/l = 2TEJ dow. (18)

In analogy with the method described above, let us
introduce a function S(z) such that its spectrum corresponds
to that of the reconstructed signal up to a constant factor

dp/dt

wJ1- Py

and express it, taking into account Eqn (11) for the
normalised component of the interference signal:

4o [ [ 1 t — b\ dadb
S(Z):AK,I,J J Cw(aab)\/alpz(a>az,

S(r) = (19)

(20)

where ¥, is a derivative of the basis wavelet function ¥;.

Below we consider only such wavelet functions ¥,(¢),
whose derivatives are also wavelets. Comparing the integral
representations of the functions f(¢) and S(¢) [Eqns (16) and
(20), respectively], one can see that they differ in the basis
wavelet function and the constant 4x/1. Having constructed
the function S(7) on the base of the interference signal (11),
let us expand it over the wavelet basis ¥, to obtain the
coefficients Cy(a, b) of the wavelet expansion:

Cola,b) = Jiﬁ () % v, (%)dz.

Then, using the found wavelet coefficients and the basis ¥,
let us perform the inverse transformation and get f(¢) (16).
Hence, using the wavelet transformation of the interference

@1
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signal, it is possible to estimate the reflector motion
parameters in the interference system.

In the course of modelling it was found, that the
amplitude of the harmonic motion of the reflector, recon-
structed by means of the wavelet method, differs from that
of the original motion of the reflector by no more than 5 %,
while the frequencies and phases coincide. For comparison,
the inverse test problem was solved using the method of
reconstruction of the complex motion of the reflector in the
interference system by means of the Fourier transform
(Fourier method). The deviation of the amplitude of the
reflector motion function, reconstructed by means of Four-
ier method, was no greater than 3 % of the amplitude of the
original function, and no difference in frequency and phase
was detected.

The case is considered, when the motion of the reflector
represents a sequence, each element of which is a harmonic
signal, amplitude-modulated by an exponentially damped
function. The form of the motion law is illustrated in
Fig. 3a. In Fig. 3b a fragment of the registered autodyne
signal is presented.

f/um
0.3 ;
0.1 . it
0 ity
—0.1
-0.2 i ik

=
o~}

0 01 02 03 04 05 06 08 09 1.0 t/s
P (rel. units)
1.0

T T T

0.5

0 | il It T b

o5 I

05 06 08 09 1.0 1/s

-1.0

0 01 02 03 04

Figure 3. The form of the original object motion function f(¢) (a) and the
registered autodyne signal P(7) (b).

In the course of modelling the detected signal was
processed using the five-point median filtering with sub-
sequent application of the digital Savitsky — Goley filter. The
filtered signal is shown in Fig. 4a. The reconstruction of the
motion parameters was implemented using the Fourier
method. The reconstructed form of the reflector motion
law is presented in Fig. 4b. The comparison of the
frequencies of exponentially damped oscillations for the
original and the reconstructed signal has shown that the
frequency difference lies within the measurement error.

4. Autodyne detection of the nanovibration
amplitudes

It is convenient to analyse the autodyne signal using
spectral methods, in which the amplitude of vibrations is
determined from the measured ratio of spectral components
or their number [38]. In this case the minimal lower
threshold of the measurable vibration amplitudes can be
provided using the method, based on the determination of

P (rel. units)

0.3
0.2
0.1
0
ol
—0.2 [
—-0.3

0 01 02 03 04 05 06 08 09 1.0 t/s

"0 01 02 03 04 05 06 08 09 1.0 ifs

Figure 4. The first two periods of the autodyne signal P(¢) after filtering
(a) and the first two elements of the sequence of reconstructed function

S (@) (®).

the ratio of the first and the third harmonics of the
autodyne signal spectrum. Practically, the value of the
minimal threshold of such a method is determined by the
level of noise, i.e., the value of the object vibration
amplitude, at which the third harmonic in the spectrum
is detectable against the background of the noise compo-
nent.

In Ref. [39] it is proposed to determine the object
vibration amplitude using the ratio of the first and the
second spectral components, which makes is possible to
decrease the lower threshold of the measured nanovibration
amplitudes. Making use of the autodyne signal normal-
isation, the equation that determines the object vibration
amplitude ¢ can be presented in the form

St 57
4J12(4n6 /A) 4J22(4né /)

=1. (22)

Here S| and S, are the first two harmonics of the spectral
expansion of the normalised variable component of the
autodyne signal; J; and J, are the Bessel functions of the
first and the second order. Using the components S; and
S,, obtained from the expansion of the autodyne signal into
a Fourier series, as a result of solution of Eqn (22) we find
the amplitude of the object vibration. In this case the
experimental measurement of the phase incursion 0 of the
autodyne signal becomes unnecessary.

An alternative method to determine the characteristics of
vibrating objects with nanometre amplitudes is based on the
normalisation of the amplitude of the optical radiation,
reflected from the vibrating object, or of the amplitude of
the spectral expansion harmonic at the frequency of the
complementary mechanical vibrations [17]. The registered
autodyne signal with the required amplitude is expanded
into the first spectral series, and the maximal harmonic in
the spectrum is found. Then the amplitude of the object
vibrations is gradually increased until the corresponding
harmonic reaches the maximum, and then the second
spectral series is recorded. To find the desired amplitude
of the object vibration, it is possible to use the following
ratio of the amplitudes of the spectral components of the
autodyne system detector output signal
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S, _J(4nc./2)
S, @nefi) >

where S, is the amplitude of the nth spectral harmonic,
whose frequency coincides with that of the studied object
vibrations, for the sought amplitude of the reflector
vibration &.; S, is the amplitude of the nth spectral
harmonic for the known amplitude of the reflector
vibrations £. In the case, when the sought vibration
amplitude is less than 0.234, the relation (23) may be
written in the form

Sx _ Jl (47'[5{/)“)
S, T@nfh) @)

The relation (24) is an equation with respect to the
unknown variable ¢, since S, and S, are measured
quantities and the vibration amplitude ¢ is determined
from the normalisation dependence.

In Figs 5 and 6 the measured photo-detected signal and
the spectral series for the sought unknown amplitude of the
object vibrations are presented. Using the spectrum, pre-
sented in Fig. 6, the normalised amplitude of the spectral
series at the object vibration frequency (n = 1) was found to
be S, = 0.3931.

0 0.02 0.04 006 008 0.10 0.12 014 1/s

Figure 5. The measured autodyne signal at nanometre amplitudes of the
object vibrations.
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0 50 100 150 200 250 300 350 F/Hz

Figure 6. Spectral representation of nanometre amplitudes of the object
vibrations.

In Ref. [17] the amplitude of the object vibrations
¢, =1.02 nm was found from the amplitude of the addi-
tional vibration of the object at the maximum of the first
harmonic of the autodyne signal spectrum (& = 104 nm)
using Eqn (24). The measurement of smaller amplitudes was
limited by the instrumental noises of the measuring setup. It
is ascertained, that the proposed autodyne semiconductor
laser measuring system allows one to monitor the amplitude
of the object vibrations in the range 1 — 10* pm at frequen-
cies from a few Hz to hundreds of MHz. To improve the
resolution of the semiconductor laser autodyne system, the
selective amplifier U2-8 was used. The measurements have
shown that in this case the lower threshold of the meas-
urable amplitudes of the autodyne system is reduced by one
more order of magnitude, and the minimal value of
measurable amplitude is ~ 1 A.

The authors of paper [40] showed the possibility to apply
the developed method of the autodyne registration of
nanometre vibration amplitudes to the quality control of
piezoelectric transducers in acoustic delay lines, operating in
the microwave frequency region.

5. Measurement of the motion velocity
using the autodyne signal spectrum

The velocity of the external reflector motion 3 can be
determined using the spectral component of the autodyne
signal at the frequency v by means of the relation

3= v/2. (25)
The applicability of this relation is limited by the fact that
the frequency of the variable component of the autodyne
signal linearly decreases as the velocity of the object motion
becomes smaller.

When measuring super-small velocities of motion, for
calibration of the autodyne signal amplitude it is proposed
to impart additional vibrations to the object with the
amplitude, greater than 1/2 [41]. In this case the autodyne
signal is determined by two components, namely, the slowly
varying phase 6(z) of the autodyne signal and the fast
harmonic function o sin (Qz + ¢). If the autodyne signal is
analysed using a set of time-limited fragments (time window
method), then within each fragment (window) the autodyne
signal may be considered to be independent of the slowly
varying component (7). Under this assumption the signal
analysis is reduced to the determination of the autodyne
signal phase for a harmonically vibrating object.

To solve the inverse problem, i.e., to find the phase
incursion 6(7), one can make use of the spectral representa-
tion of the autodyne signal in the form of Fourier and Bessel
series. To determine the phase incursion of the autodyne
signal using four components S, with subsequent numbers
n, one can use the following relations

(2n+1) (S2p43 + S2p41)S2n41 } 172
(2n = 1) (Saps2 + S21) S22 ’

0,, = arctan [

(26)

2n + 1) (Szil+l + S2n71)52n+1 :| 1/2

(
0,, | = arctan
et |: 2n (5211+2 + SZn)SZn

where 6,, and 0,,_; are the phases of the autodyne signal,
derived from even or odd spectral components of the signal,
respectively.

Shifting the chosen time window, within which the
analysis of the original signal is performed, along the
time axis and calculating the phase incursion of the
autodyne signal for each window position, one can get
the slowly varying dependence A6(¢), from which for the
known sampling time Atz of the slowly varying component
the instantaneous velocity of the moving object is found

A A0

(1) = 4 At” @7)

In case of an object, moving with a constant velocity, the

time dependence of the autodyne signal phase AfO(7) will be
linear.

In Ref. [41] the results of the measurement of linear

thermal expansion of a heated sample are presented. To
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normalise the autodyne signal, the method of imparting
harmonic vibrations at the frequency close to 200 Hz by
means of a piezoelectric ceramic exciter was applied. The
autodyne signal was sampled into window sections with the
duration 0.05 s, which were formed by shifting the gate over
the autodyne signal with the step 0.01 s. The rate of the
object thermal expansion, calculated from the time depend-
ence of the phase incursion change, equals 50 nm s .

Hence, the use of quantum-well semiconductor lasers,
operating in the autodyne oscillator regime, allows one to
monitor the motion of objects with low velocities under the
condition of exciting the measured object vibrations with the
amplitude, greater than a half of the laser radiation wave-
length.

6. Autodyne detection with modulation
of the semiconductor laser radiation wavelength

One of the advantages of the semiconductor laser autodyne
system is the possibility to create systems for measuring
vibrations and displacements by means of the method, in
which the measuring signal is compared with the known
reference value, e.g., the semiconductor laser radiation
wavelength. If the displacement appears to be essentially
smaller than the laser radiation wavelength, then the
method of superposition of additional oscillation with
known characteristics is applied [32]. However, the practical
implementation of vibrational motion of the object, the
distance from which is to be determined, is not always
convenient and possible.

The authors of Ref. [42] proposed to use the periodical
modulation of the semiconductor laser radiation wave-
length, e.g., by means of modulating the injection
current. To determine the phase of the autodyne signal,
the expression for the ratio of its even spectral components
is used

S, Jilo) ~ Jx(o)
S~ (o) —Js(0)’ (28)

from which the quantity ¢ = wat is found. Then, for
known modulation frequency w,, the time of passing the
distance to the external reflector by the laser radiation, and,
hence, the object remoteness / = ¢t/2, is calculated (¢ being
the velocity of light).

On the base of this technique, a detailed description of
which is presented in Ref. [42], the measurements of the
surface profile of an object, placed at a distance of more
than 10 cm from the measuring device were carried out with
the error of ~ 65 pum. The comparison of the measurement
accuracy, provided by the proposed technique, with the
performance of known commercial instrumentation dem-
onstrates the benefits of laser autodyne measuring
instruments. Thus, the commercial devices do not allow
the measurements at distances less than 5 cm, the measure-
ment error in this case approaching 1 mm. As follows from
the theoretical analysis, the method and the device, pro-
posed by us, can provide the measurement of distances up to
10 mm with the error not worse than 10 um. The greater
error up to 65 pm, observed in the experiment, is caused by
the fact that the accuracy of measuring the distance to the
object in the autodyne system depends on the level of OFB.
With the increase in the external OFB level the error grows
due to the distortion of the shape of the autodyne signal

variable component. On the other hand, the decrease in the
OFB level in the measuring autodyne system leads to a
lower level of the useful signal, compared to the noise.
Improving the signal-to noise ratio at lower feedback levels
would allow one to increase the accuracy of measuring the
distances with an autodyne measuring system.

7. Autodyne interferometry of vibration
of biological objects

The results of the study of autodyne detection in semi-
conductor lasers can be used in monitoring the dynamical
states of biological objects. In Refs [43—46] the possibility
to apply the interferometry methods to measuring bio-
logical vibrations and to problems of cardio diagnostics is
discussed. In Refs [45, 46] the mechanism of the output
signal formation is studied for the speckle interferometer,
aimed at the analysis of vibrations of skin and biological
tissues. The results of the theoretical study of the
correlation between the structure of phase portraits of
the speckle interferometer output signal, caused by the skin
surface vibrations, and the severity of cardiovascular
diseases are presented in Ref. [46].

In Ref. [22] it is proposed to use a semiconductor laser
autodyne for the diagnostics of microsaccadic eye move-
ments (eye tremor), the amplitude of which does not exceed
a few microns. The measurements of the interference signal
were performed with the semiconductor laser ILPN-206
(A = 1.3 pm). The operation regime was chosen such that
the radiation power did not exceed 1 mW. The laser
radiation, stabilised in power, was incident on the eye sclera
surface. The laser was attached to the patient’s head with an
elastic bandage. The fraction of the radiation, reflected from
the surface of the eye sclera, was returned into the laser
cavity. The change of the laser output power was measured
with a photodetector. The registered autodyne signal is
presented in Fig. 7a. As seen from the Figure, the saccade
duration was 42 ms, which agrees with the data [22],
obtained by photoelectric registration of saccadic movement
of the eye.

To register the eye tremor, the measurements were
performed in a healthy patient at the moment, when the
saccadic movements of the eye were absent. In this case it

o
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1/ms

Figure 7. Temporal behaviour of the instantaneous values of normalised
detected signal in the cases of saccade (a) and tremor (b).
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was possible to detect a periodic motion of the eye with the
frequency 72 Hz (the corresponding vibration period being
~ 14 ms). For the registered autodyne interference signal
(Fig. 7b) the amplitude of the eyeball vibrations was
calculated from the spectrum of the interference signal,
presented in Fig. 8. The relation between the object
vibration amplitude ¢ and the number m of the harmonic,
having the maximal amplitude m [Eqn (10)], was used in the
calculations. The averaged value of the eye tremor ampli-
tude in a healthy human, calculated in this way, in the
direction along the laser beam was 1.4 pm.
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Figure 8. Spectrum of the detected signal of the eye tremor, normalised
to the amplitude of the harmonic S, with the maximal value m = 12.

To evaluate the degree of the environmental pollution,
the methods based on the evaluation of physiological
parameters of test biological objects find wide application.
The small limnetic crustacean daphnia (Daphnia magna
Straus) is of primary interest as a test object for monitoring
the state of aqueous environment, since the high sensitivity
of its physiological parameters to the concentration of toxic
substances in the aqueous environment is well known [47].
To implement the method, the radiation of a semiconductor
laser was focused into the area of the daphnia heart. The
measurements of the dependence of the frequency and
amplitude of daphnia heartbeats upon the concentration
of phenol, diluted in the aqueous environment, revealed
substantial advantages of the autodyne registration as a
means of test-control of the aqueous medium, aimed at the
detection of toxic components, in comparison with the
known photoelectric methods.

In Refs [20, 26—28] the possibility is shown to use laser
autodyne systems for monitoring the movements of the
eardrum. The experimental measurement of the eardrum
vibration amplitude was performed using the autodyne
measuring system [20], schematically illustrated in Fig. 9.
The coherent radiation of the quantum-well RLD-650 laser
diode (5) (4 = 652 nm) was incident onto the eardrum (7).
An expanding funnel was used to provide direct light
incidence on the eardrum. The laser radiation, reflected
from the eardrum, was detected by the photodetector (4),
the signal from which passed through the wide-band
amplifier (5), comprising a filter of variable signal, and
was input to the analogue-to-digital convertor (6) of the
computer (7). The sound radiator (9), driven by the
acoustic vibration generator (8), was used to excite the
eardrum vibrations.

To study the behaviour of the eardrum at high levels of
the acoustic pressure, the spectral composition of the
autodyne signal at different intensities of excitation was
analysed [28]. Figure 10 shows a fragment of the autodyne
signal at the acoustic frequency v, = 600 Hz and the level of

(S
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Figure 9. Schematic diagram of the measuring setup: (/) eardrum with
the funnel expander; (2) laser diode; (3) pump current source of the
laser diode; (4) photodetector; (5) wide-band amplifier comprising a
variable signal filter; (6) analogue-to-digital converter; (7) computer;
(8) generator of acoustic vibrations; (9) sound radiator.

acoustic pressure 70 dB. In the autodyne signal spectrum
(Fig. 11), alongside with the spectral components at fre-
quencies multiple of v, one can observe the spectral
components at frequencies multiple of v,/2. This allowed
us to conclude that at harmonic excitation of the eardrum
an additional sub-harmonic appears at half-frequency of the
main vibration. The sub-harmonic generation threshold was
individual for each patient and was higher than the hearing
threshold by 65-75 dB.
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Figure 10. A fragment of the autodyne signal at the frequency of the
acoustic action 600 Hz and the level of acoustic pressure 70 dB.
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Figure 11. Spectrum of the autodyne signal shown in Fig. 10.

The studies, carried out in a preparation of a pig hearing
apparatus, have also shown that with the growth of the
excitation amplitude of the eardrum vibrations the sub-
harmonic components at frequencies, multiple of the half-
frequency of the applied signal, appear in the autodyne
signal spectrum. A further increase in the excitation
amplitude resulted in the appearance of sub-harmonic
components at frequencies, multiple of v /4.

The in vivo measurements [48] in humans without
hearing pathology (15 persons) and in patients, suffering
from bradyacusia (10 persons), have demonstrated that the
growth of the vibration amplitude in the ill persons is slower
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than in healthy humans. The study of the amplitude-
frequency characteristic revealed the decrease in the ear-
drum vibration amplitude in the ill persons, more
pronounced in the region of medium and high frequencies.

In Ref. [26] the possibility is shown to diagnose the
changes in elasticity and hornification of the tissues of the
eardrum in patients with lowered hearing function. The
conclusion is made that the presence of visible changes in
the amplitude-frequency characteristic of the membrane,
registered with the autodyne, opens the possibility to apply
the proposed method to the differential diagnostics of
bradyacusia.

Paper [27] presents the results of measurements of the
longitudinal eardrum displacements, derived from the values
of the autodyne signal steady-state phase incursion, found
by solving the inverse problem. It was confirmed exper-
imentally that increasing the intensity of the acoustic action
on the eardrum causes not only a larger vibration ampli-
tude, but also a longitudinal displacement of the eardrum as
a whole.

8. Conclusions

The methods of mathematical description of the autodyne
signal of a semiconductor laser are demonstrated and the
technologies of monitoring the parameters of micro- and
nanomotions are developed on their base. The possibility is
demonstrated to apply autodyne systems for the purposes
of dynamical state diagnostics of test biological objects,
aimed at environmental monitoring, measuring the char-
acteristic frequency and amplitude of the eye tremor, and
evaluating the amplitude-frequency characteristics of the
eardrum in vivo.
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