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Abstract

The method of laser speckle-velocimetry based on the Doppler effect is considered. To increase
the received signal power from a moving object, it is suggested to use a retro reflective sheeting in
the form of a set of microscopic glass beads. A mathematical model of the proposed method is
described. Physical simulation was carried out. The dependence of the power of the received signal
on the frequency was obtained. The cases, when the values of the angles of incidence laser beam
and the velocity of a moving object vary, were considered.
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1. Introduction

When a laser beam irradiates an object with a statistically inhomogeneous surface, a spatial pattern with a
random intensity distribution in the form of individual spots is observed in the reception plane, known as the
speckle pattern [ 1, 27]. This picture changes in time when the object moves. Methods for obtaining information on
the parameters of motion, based on an analysis of dynamic changes in the spatial structure of the scattered beam,
are known as laser speckle-velocimetry (LSV) [3-57. The technical implementation and physical interpretation of
these methods is very diverse. For example, the so-called heterodyne method describes similar dynamic changes in
the spatial speckle structure as a result of interference of non-diffracted and diftracted light waves with different
frequencies either irregular [67] or regular [7] set of moving scatterers. Because of the difference in frequencies
when detecting such a mixture, beats can be distinguished at a difference (Doppler) frequency, which is
proportional to the velocity of the object's motion. A very clear and informative description of dynamic changes in
speckles on the basis of the Doppler effect is the subject of [8, 97].

When a retroreflective sheeting (RRS) is applied to the surface of'a moving object as a collection of microscopic
glass beads (MGB) [107] the power of the received signal increases, which makes it possible to potentially increase
the accuracy of the measurements [11, 127]. However, in this case, the spatial characteristics of the scattered light
are significantly different from those for rough surfaces or randomly arranged scatterers. Therefore, the specific
features of the laser speckle-velocimetry method of objects with RRS require additional analysis.

This work is devoted to the development and investigation of the mathematical and physical models of the LSV
method under consideration.

2. Theoretical Analysis
Let the surface of the object be a collection of microscopic glass beads (MGB) with an average size o (Fig. 1),
and be irradiated from the left to the right by a beam of diameter a.

Figure-1. A sheet with microscopic glass beads

The distance between the plane of radiation (observation of the speckle pattern) and the picture plane of the
object with the RRS is L, the coordinates of the point in the observation plane are characterized by a radius-vector

7), and the coordinates of the point in the picture plane of the object are characterized by the value of the radius-

vector T, the distance between these points is equal to R(;,F) (Fig. 2).
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Figure-2. The correspondence between the coordinates of receiving / transmitting and object planes

The incident wave is transformed in the corresponding MGB and then propagates in the opposite direction,
forming a speckle pattern in the receiving / transmitting plane. After the transformation on the RRS, the
amplitude-phase distribution of the field in the object's image plane can be represented in the form

E(r)zEOT(r), (1)
where the factor T (F) describes the transformation of the incident wave into the reflected one due to propagation

of the rays in the RRS elements.
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This transformation takes into account the establishment of a correspondence between the coordinates of the
input and output rays, as well as changes in the amplitude and phase of the electromagnetic wave as a result of
refractions, reflection and the passage of a certain optical path in a MGB with a given refractive index value. The
initial spatial distribution of the amplitude and phase in the incident ray is assumed to be constant.

Then the expression for the field in the observation plane has the form

E(pt)=-> Jer (F)R(%,F)exp[— kR (.7) o (2)
where S is the area of the illuminated part of the surface.

Now let the object move in the picture plane with velocity V. Then the complex reflection coefficient will be a
function of time T(F —\7’[). In the general case this leads to the fact that the distribution of the field in the last

expression also becomes a function of time.

Another factor which determines the dependence on the time of the received wave due to Doppler effect. The
values of the amplitude and phase of the received wave at any point in the receiving plane are the result of the
superposition of the secondary waves emitted by the illuminated RRS region by a beam of diameter a. Since the
rays arrive at the receiving point from various points of the object at different angles, then, due to the Doppler
effect, the observed frequencies will depend on the magnitude of this angle. The value of the angle correspondently
is determined by the set of parameters p,r,L.

Taking into account the comments made, it is possible to write down
E(;,t)=j_12£EOT(;_vt)ﬁexp[_ij(;,;)]exp[zﬁf(;,;)t]d;. (%)

Due to the time dependence of the structure of the light field in relation (3), the observed speckle pattern will

also vary with time. The intensity at a point with the coordinate p also depends on time in accordance with the
relation

_ 1 N — 1 — (= 1
I{ot)=— | E;T(h—Vt)—==E T (I, -Vt|——=
R A ’
xexp{—jk[R(,?,Fl)— R(;,E)]}exp{jzﬂ[f (1)~ (E,E)Jt}dﬁdg
As can be seen from the above relationship, the observed light intensity contains a set of harmonic time

oscillations with a Doppler frequency f, = f (70,?1)— f (;,E), which depends both on the coordinates of the point

within the illuminated spot on the object, and on the point in the receiving plane with the coordinate ,B The
amplitude of these harmonics is also random and is determined by the instantaneous value of the amplitude of the

light field in the plane of the object, which is determined by the current value of the function T(F —\7t).

To analyze the value of the Doppler frequency, depending on the observation conditions, we consider the one-
dimensional case, illustrated in Iig. 3.

Figure-3. The scheme of beam falling on a moving

Here we have a beam of diameter a, incident at an angle € to a plane object with an RRS moving with
velocity V. Here S - is the angle between the normal to the ray and the velocity vector, ¢, and @, - the angles

under which the laser radiation is scattered to point A from various points on the object within the illuminated
region.
In accordance with Doppler's law, the difference between the frequencies of waves scattered by the surface and

those observed at A does not depend on the angle & and is determined only by the values of the angles ¢, and ¢,
fVv V . o+e, . o -0
fy =—(cosg, —cosg, ) =2—sin+—~%sin=—=%.
- (cosg, ?,) c 2 2

We introduce angles 7, and 7, between the incident and reflected rays. It follows from AABD that y, =y, + &

Notice, that @, =@, +o.
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Then, carrying out obvious trigonometric transformations, we can show that

Y nty. j
f =2—sin2—2cos| 2243 |. 5
,=2-sinf ( P %)

Let us consider the case of a normal incidence of a ray on the surface of an object, when f=0.

Expression (4) can be represented in the form
1 « .
I(p.t) ZFIE(W)E (7 t)exp{i2zf, (7.7, )t} dpdy, . (6)
s

From this relation it is seen that the intensity of light changes in accordance with a continuous set of
harmonic oscillations, determined by all possible values 7; , . The amplitudes of these harmonics are random and

are determined by the instantaneous form of the intensity distribution in the diagram of the scattered radiation on
the RRS (Fig. 4a).

Figure-4. The intensity distribution of the scattered radiation

The shape of the envelope of this distribution is determined by the character of the diffraction of the laser
radiation by an average size of a separate microscopic glass beads (Fig. 1), and the internal filling is determined by
the current location of the MGB within the area illuminated by the laser beam. This structure is constantly
changing in time when the object moves. Figures 4b and 4c show the characteristic instantaneous intensity
distributions both in the case of using a relatively small beam diameter (Iig. 4b) and the relatively large diameter of
the laser beam (Iig.4c). In the latter case, the number of illuminated MGB is quite large. Obviously, with good
averaging over the realizations of the RRS, the resulting intensity distribution will only represent the envelope of
the distributions in Iig. 4.

It follows from the patterns of retroreflection that the maximum value of the averaged radiation pattern of the

scattered radiation will occur in the direction strictly backward ( 7;, ®0). This means that the maximum amplitudes

will have oscillations with zero frequency of Doppler shift, because sianyz —0.
The frequency band Jf; is determined by the maximum possible value of the Doppler shift. We note that an
appreciable contribution to the observed intensity at point A is caused by oscillations with a noticeable amplitude.
We restrict the region of reception of scattered laser radiation by the angular size within the main lobe of the

scattered radiation diagram, i.e. ;, <A/d <<1.

+
In the range of these values, we can assume Cosj/l—z}/2 ~1.

We also note that y; —y, =& is an angle under which the illuminated region of size a is seen from the point A at a

distance L. In most practical situations it can be assumed a~a/L.

Therefore o f, = ﬂ% . Or otherwise §f; = Va
C

AL

This relation illustrates the fact known from the theory of laser location that when the laser radiation is
registered backward, the spectrum of the carrier frequency of the light wave broadens as the velocity and size of the
object increase.

Let us now consider the point A at some distance p from the axis of the laser beam (I'ig. 3). The magnitude of
the scattered power in this direction will decrease (Fig. 4) with increasing 7, ,, but the frequency values themselves
will increase in accordance with the relation (5). If we now integrate the received power of the scattered radiation
within the receiving aperture and detect it, we obtain a photocurrent that varies with time in accordance with the
change in the structure of the reflecting surface T (F —\7'[) and all possible variations of the Doppler frequencies.

The latter are determined by a search for angles y within the illuminated region and all possible values p that vary

in the reception plane from zero to the maximum value.
When the ray is inclined to the surface at an angle S, the relation (5) can be transformed to the form

10
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f, :Zﬂsinae—ff cosucosﬂﬁinmsinﬁ :Zw 1+sinusinﬁ - (7)
c L 2 2 cL 2

That is, all Doppler frequencies are shifted in magnitude proportionally sin £ . Such a shift is naturally absent
with a normal incidence of the ray on the surface, this case has been considered above.

3. Physical Simulation

The relations obtained above represent a mathematical model of the method of laser speckle-velocimetry of
objects with a retroreflective surface. It makes it possible to determine the main regularities of the laser speckle-
velocimetry process with changing observation parameters. To verify the obtained relationships, the experimental
setup shown in Fig. 5 was assembled, which is a physical model of this method.
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Figure-5. The experimental setup

Here, a laser 1, a mirror 2 with an aperture, a flat object 8 with an RRS 4 deposited on it, a collector lens 5 and
a photodetector 6 are depicted. The photocurrent at its output was digitized and its spectrum was further analyzed.
As can be seen from the scheme of the experimental setup, the paraxial beams, which propagate strictly

backward within the angles 7,, <p/L (p~a), were excluded from reception.

Figure 6a shows the spectrogram of the photocurrent realization on a short time interval, without averaging
over the realizations. Under conditions when >0,V >=0.
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Figure-6. Dependence of photocurrent spectrum on frequency

As can be seen from the figure, its spectrum is randomized due to the presence of recording noise and the
random form of the scattering diagram of laser radiation at the RRS (Fig. 4a), see relation (6).

Fig. 6b shows the photocurrent spectrum, which is obtained after a good averaging. The curve contains a
pronounced localized maximum in the region of 6 kHz, which corresponds to the beat of the photocurrent at the
Doppler frequency, caused by the movement of the object, i.e. the maximum Doppler frequency.
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Figure-7. Dependence of photocurrent magnitude on frequency for different incidence angles

Figure 7 shows the regularities of the Doppler frequency shift from zero value at normal incidence of the beam
to the surface up to 16 kHz with increasing angle f. The curves on the diagram are obtained for angles
B =0°10°,20°30°40°, respectively. The nature of the change in the Doppler frequency is in good agreement
with the mathematical model (7).
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Figure-8. Dependence of photocurrent magnitude on frequency for different values of velocity

Figure 8 shows the patterns of the Doppler frequency change with a change in the speed of motion ( f=20°).
As can be seen from these curves, the Doppler frequency increases with increasing velocity (see relation 7). In
addition, it can be seen from these curves that as the velocity increases, the spectrum of Doppler frequencies also
increases, which was also discussed above. In general, the results of physical modeling are in good agreement with
the results of theoretical analysis.

From the above dependences it is clear that this method works quite effectively for angles f, varying from

10° to 40°. At smaller angles, the maximum of the Doppler frequency is poorly isolated in the region close to zero

frequencies, and at 40° the power of the received signal is significantly reduced, which is due to the features of
retroreflection.

4. Conclusions

Thus, the article presents the results of theoretical analysis and physical simulation of the laser Doppler speckle
velocimetry method of objects with a retroreflective surface, the results of which are in good agreement. The
method consists in irradiating an unfocused beam of a plane object at a small angle, collector receiving of scattered
radiation with subsequent detection, and spectral analysis of the recorded photocurrent.

To obtain better results, averaging over object realizations should be performed, which is carried out
automatically due to the movement of the object. The maximum value in the spectral distribution corresponds to
the Doppler frequency, determined by the velocity of the object's motion. This method is simple in technical
implementation and can find application in conditions where it is required to increase the signal-to-noise ratio, for
example, when measuring the velocity of remote objects.
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