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Dynamic speckles, which carry information about beam parameters of a diffuse object, are produced by a moving
diffuse object under illumination of a Gaussian beam. In this paper, we consider that the diffuse object moves in a
plane with constant velocity and discuss the statistical properties of dynamic speckles for estimating the variation
of focusing spot size. The space—time statistical properties of dynamic speckle have been revealed by analyzing the
space—time cross-correlation function of speckle intensity fluctuations detected at two points in the receiving
plane. We discuss the influence of the distance between two point detectors on the detection results by simulation
analyses, and the theoretical analysis results are verified by experiment. This method, which applies feedback of
the dynamic speckle fields for estimating the variation of focusing spot size, will help a laser focusing system

optimize focusing performance.
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1. INTRODUCTION

It is well known that a diffuse object that is illuminated with
laser beam generates a grain-like distribution of scattered light
field. The scattered light field in this situation is called the
speckle field [1]. The speckle field becomes available for re-
searchers because the reflected speckle field carries the informa-
tion about the laser beam parameters of the diffuse object.
Based on Goodman’s theory [2] the average speckle size of
the fully developed speckle field is an inverse property of the
speckle field, which can provide metrics for estimating the laser
beam that concentrates on the remote rough target surface.
With the study of second order statistical property of the re-
ceived speckle field, some beam quality metrics [3—6], which
are obtained by analyzing the statistical properties of the re-
ceived speckle, have been introduced, and these methods can
estimate the variation of the far-field focusing spot size. For
example, these methods include the changes of power in the
bucket [5] and variance of reflected speckle, the clipped speckle
autocorrelation [4] metric, the clipped speckle edge integration
[3] metric, and the speckle pattern sequential extraction [6]
metric. But these methods only can be applied on a diffuse
object in a stationary state.

The speckle pattern varies when the diffuse object moves,
and it becomes dynamic at this moment. These dynamic speck-
les contain information about the velocity of the moving object,
distance to the object surface, and width of the beam illumi-
nating the object. The theoretical basis of the dynamic speckles
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[7] is established on the theory of Anisimov and many other
scientists in which the dynamic speckles could be described
by a space—time correlation function. Takai ez al. [8] have theo-
retically investigated the dynamic speckles’ statistical properties
of time-varying speckles which are produced in the far-field
diffraction region from a diffuse object moving in an arbitrary
direction of three-dimensional space. The study reveals that the
autocorrelation function of the speckle intensity fluctuation de-
pends on the object’s moving velocity, the waist width, and the
wavelength of the illuminating Gaussian beam. Then, Takai
et al. [9] have studied the translational and boiling motions
of dynamic speckles produced in the Fresnel diffraction field
under illumination of a Gaussian beam. They analyze the
speckle motion from the space—time cross-correlation function
of speckle intensity fluctuations detected at the two points in
the receiving plane. The research is an analysis of translational
and boiling motions of dynamic speckles produced from the
translational motion of the diffuse object, and it shows that
the correlation distance of time-varying speckle intensity fluc-
tuations is determined by the waist radius of the illuminating
Gaussian beam.

With further study on the statistical characteristics of dy-
namic speckle, there are some applications of dynamic speckles
to metrology, such as applying dynamic speckles’ statistical
properties to measure the velocity [10-12] of moving diffuse
objects and applying statistics of dynamic speckles for distance
measurements [13,14]. In this paper, we used a space—time
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cross-correlation function of the dynamic speckle intensity fluc-
tuation to analyze the statistical properties of dynamic speckles,
and we propose a dual-detector cross-correlation method for
estimating the far-field focus spot size. Then, we demonstrate
that this method can be implemented in the laser focusing sys-
tem to optimize the focusing performance of the system. At the
same time, we discussed the influence of the distance between
two detectors on the detection results. To the best of the au-
thors’ knowledge, this is the first paper to analyze focus spot size
by a cross-correlation function of the dynamic speckle field.
The feasibility of this method is verified by simulation analysis.

2. STATISTICAL PROPERTIES OF DYNAMIC
SPECKLES

In this paper, we use the spatial and temporal properties of
dynamic speckles to estimate the size of the focusing spot.
The statistical properties of dynamic speckles have been revealed
by analyzing the space—time cross-correlation function of
speckle intensity fluctuations, which are detected at the two
points in the receiving plane. The coordinate system for estimat-
ing the far-field laser spot size by using the statistical properties
of dynamic speckles is as shown in Fig. 1. The dynamic speckles
are produced by a moving diffuse object (, &) with constant
velocity (V) under illumination of a Gaussian beam. The dis-
tance from the beam waist to the diffuse object and observation
plane are z and Ry, respectively. And the distance between the
diffuse object and the observation plane is R. According to the
coordinate system shown in Fig. 1, the optical field distribution
of light emerging from the diffuse object may be written as

Uo(p.1) = E(p) expligp - Vo) expl(-2mivt), (1)
where p = (&,1), E(p) is the amplitude distribution of the il-
luminating light, v is the frequency of the illuminating field, and
¢(p) is the phase variation due to the random phase screen. In
the observation plane r = (x,y), we need a Fresnel diffraction
integral to calculate the amplitude distribution of the speckle
field, and it is given by

Ule, ) = / Us(p. K (9. 5)dp, @

where K (p, 1) is the propagation function of the optical field
from the diffuse object plane to the observation plane. The
speckle intensity is a random variable depending on space
and time, and its detection at the point r is denoted by

I(r,t) = |U(r, t)|% (3)

The space—time cross-correlation function of the speckle-
intensity variation /(r,#) can be studied from that of the
speckle-intensity fluctuation defined by
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Fig. 1. Coordinate system of dynamic speckles.
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Al(r,£) = I(r,2) - (I(r, 7). (4)

If the receiving speckle field is a fully developed one, the real and
imaginary parts of U(r, r) are independent of each other, and
the correlation function of the intensity fluctuation is expressed
by using the second-order correlation with respect to the
complex amplitude [15] and is given by

(Al(ry, 1) Al(ry, 1)) = |(U(f1’f1)U*(f2»fz))|2- (5)

Based on Egs. (1) and (2), the space—time correlation function
of the U(r, ¢) can be obtained:

[(ry, 1521, 85) = (U(ry, 1) U (1, £5))

— [[ewoze:

x (expiip(p; - V1) - @(p, - V1r)l})
x K(py, 1)) K" (p5, 1,)dp,dp,. (6)

If the roughness of the diffuse object surface is very large, and
the variation of the random phase ¢(p) is sufficient, we can
obtain the following relation by

(epliloton -0l = { 1702 <VAS )

where AS is the correlation area of the random phase ¢(p). If
the correlation area AS is sufficiently small compared with the
extents of the illuminating light £(p) over the diffuse object and
the propagation function K (p, r), Equation (6) can be turned

into
J3e6- )
x[((p—% )K(p—i—vr rz)dp, (8)

where 7 = 1, - £1, and Eq. (8) is the assumption about the tem-
poral stationary of dynamic speckles. According to Egs. (5) and
(6), the square of the space—time correlation function of the
speckle field reflects the statistical information of the speckle
intensity fluctuation. The normalized space—time cross-correla-
tion function of time-varying speckle intensity fluctuations is
given by

rar(X,71) =|C(r,137)[/|T(0,0;0) |2

['(t),r;7) = AS

2
‘ fE(ﬂ—%T)E* (p +%1) x exp [Z'%;(X—VT)/I] dp’

1E@)

>

(©)
where X = r; - r,. From Eq. (9), we can find that the speckle
field is spatially stationary, depending only on the space
variable X.

When a Gaussian beam with a waist width @, is employed
to illuminate the diffuse object, the amplitude distribution

E(p) is given by
E(p) =— eX10(217%//1) exp(-|p|*/@?) exp(inlp|* /2Q),
(10)
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where @ and Q are the width and wavefront-curvature radius of
the illuminating beam at the diffuse object. The two parameters
® and Q are given by

o = woy(1 + 22 /a?)/?, (11)
Q = z(1 + 4%/2%), (12)

where
a = nw} /A (13)

Taking Eq. (10) into Eq. (9), we can obtain
rar(X,7) = exp(-[V]** /0?)

{4x_(1+5>v7
P Q

where Ax corresponds to the average grain size of speckles and

is defined by

2
/sz] . (14)

iR
T o

Ax (15)

In order to further discuss the properties of dynamic speckles,
the time correlation length 7, of the time-varying speckle
intensity fluctuations is introduced:

27-1/2
%:&J; “t&@q " (16)
We use 7, to express Eq. (14); the y5; can be given as
YAr = exp (_ |§122) exp {_ %}, (17)
where
7, = 2(1 + R/Q)VX /A2, (18)

B Ax? + (1 + R/ Q)*w?
‘< [1 + (1 4+ R/Q)*w? sin® 0/ Ax?

and @ is the angle between the vectors of V and X.
Equation (18) indicates the time delay 7, of the cross-
correlation function of speckle intensities which are detected
at the two points r; and r, with the vector distance X.
Equation (19) represents that the cross-correlation peak be-
comes ¢! at time 7 = 7,; for the two detecting points distance
|X| = X.. The maximum value of X is given for = 0 in
which the two points are situated in the velocity direction
of the moving object. In this paper, we consider that the
distance vector between the two detecting points is parallel
to the velocity vector. In this case, Eq. (19) can be conveniently
rewritten as

172
} . (19)

R\2 172

X, = {Aﬁ + (1 +> wz] ) (20)
Q

By substituting Eqs. (11), (12), (13), and (15) into Eq. (20)

and using the relation R = R - z, where R is the distance

from the beam waist position to the receiving plane, the X,

is given by

Xe = wo(1+ Rj/a)'? = a1 + (AR /zag)’]' /2. (21)

The cross-correlation peak of two detection points with a
distance of |X| is located at 7" = T',. In this time, the value
of Eq. (17) is given by

2
ras = exp ( ad ) (22)

3. METHOD TO ESTIMATING THE FAR-FIELD
LASER BEAM BY USING DYNAMIC SPECKLES

In this paper, we propose a method of using dynamic statistical
properties of laser speckles to estimate the size of the far-field
laser beam. Compared with the telescope system, which di-
rectly observes the size of far-field laser beam, this method
has higher detection accuracy. At this time, we consider that
the distance between the diffuse object and the observation
plane is much larger than the distance from the beam waist
to the diffuse object; we can get R >> z in the dynamic speckles
coordinate system of Fig. 1. Based on this condition, we further
study the time delay 7, of the cross-correlation function of
speckle intensities detected at the two points r; and r, with
the vector distance |X|. Taking Eq. (16) into Eq. (18), we
can obtain

X (1+9) X 1

-2 == , 23
T4 Vsz + (1 +%)2 v 2R +F ( )

w? o' F
where F =14 R/Q. From Eq. (23), we can see that
74(F) = -1,4(-F), and in this paper we only discuss 7 > 0
to get the relationship between the time delay 7, of the
cross-correlation function and the width @ of the illuminating
beam at the diffuse object. If we do not consider the effect of
laser beam size w, F can be seen as a function of 7,. (a)
When 0 < F < (AR)/(n®@?), the time delay 7, of the cross-
correlation function increases as F increases. (b) When
F > (AR)/(n®?), the time delay 7, of the cross-correlation
function decreases as F increases. According to the above con-
ditions, the following results can be obtained from Eq. (23):

(1) For z> a4, thereis R>»z~ Q and F =1+ R/z >
(AR) / (ze?).

When the width of laser beam @ increases with the distance
from the beam waist to the diffuse object z, the value of F
decreases, and we can obtain that the time delay 7, of the
cross-correlation function increases.

(2) For z < a, according to Eq. (11), we can obtain that
o~ wy, F=1+R/Q~1+zR/d*.

When the width of laser beam @ increases with the waist
width @, of the Gaussian beam, the distance from the beam
waist to diffuse object z decreases and the value of 7 decreases.
Taking Eq. (12) into Eq. (23), 7, is given by:

X 1 X 1
Tl = g =X 2o
V _ AR +2%) V _ ¥ Rraw’ /4
2o (Rz+a*+2%) +F 7w [Rz+raw? /1] +F

X 1 X 1

PR TV__2R
7w* (RzA+maw?) +F w? (R§/1+7m)2) +F

(24)

According to Eq. (24), when the width of laser beam @ in-
creases and the value of F decreases, the time delay 7, of
the cross-correlation function increases.
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(3) For other conditions, when the distance z between the
beam waist and the diffuse object increases, the curvature radius
Q of the illuminating beam increases and the value of F
decreases. From Eq. (24), we can find that when the width
of laser beam @ increases, the time delay 7, increases.

Based on these results, we can conclude that the time delay
increases with the width of the illuminating beam at the diffuse
object.

4. SIMULATION RESULTS

This section introduces the simulation process for estimating
the size variation of far-field spot by using dynamic speckle stat-
istical properties and makes a simple analysis of the simulation
results. The optical layout of the setup is shown in Fig. 1. A
532 nm collimated laser beam is focused by the lens to the
moving diffraction target. The lens is used for adjusting the
size of the laser spot on the moving object. Using the lens for-
mula for Gaussian beams [16], we can estimate the size of the
laser spot on the objects. Supposing that the Gaussian laser
beam has a waist width @, the distance between the laser col-
limator and the lens is L;, and the distance between the lens
and the laser spot on the objects is L,, then the radius @ of the
spot on the moving objects can be calculated by using

21z \211/2
w:wo{H(”—;H , (25)
0

frol
(f-L)* + (%"%)2 ’ (26)

where

2
wy =

(Li- Nf? }
(- P2+ ()

with f as the focal length of the lens. In the simulation of a
dynamic speckle pattern that evolves with time, we calculate its
time history by considering only the movement of the scatter-
ers. Therefore, in this paper the movement of the scatterers
model [17] is used to simulate dynamic speckles. The sche-
matic setup of the simulation model is illustrated in Fig. 2.
In the movement of the scatterers model, the diffuse target sur-
face is divided into /V sampling points, and each sampling point
is established by random phase distributions which are ran-
domly generated from 0 to 27 to obtain a set of phase screens.
We assume the random phase of the ith sampling point is ¢;,
the distance from the sampling point to the detector 1 is Ry;,
and the distance from the detector 2 is R,;. The distribution of
the light field received by the two detectors can be obtained by
superposition of the light field generated by each scattering
sample:

27

et [rs

Ai
Ui =) o exp(kRy + ), (28)

i 17

A
Uspi = o exp(kRy + ), (29)

i 2i
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Diffuse plane

Detector 1 Detector 2
Observation plane

Fig. 2. Schematic setup of simulation model for detecting echo
speckle intensities using two point detectors.

where A; is the amplitude of the focused light field at the 7th
sample point on the diffuse target.

According to the principle of the movement of the scatterers
model, it is only necessary to sample the rough surface in the
simulation, and the receiving plane does not need to be
sampled. Therefore, it can make the sampling interval of the
diffuse plane smaller, and continuous motion of the speckles
can be obtained.

In the simulation, the distance between the laser collimator
and the lens is L; = 0 m, and the distance between the lens
and the laser spot on the diffuse object is L, = 100 m. We
obtain different sizes of focusing spots on the moving object
by changing the waist width @; of the Gaussian laser beam
and the focal length of the lens f. In this paper, we use a square
matrix of dimension /V % N to describe the light field of the
diffuse plane and N = 100. The sampling interval in the light
field is 4w/ N, w is the radius of spot on the moving object, the
wavelength is 4 = 0.532 pm, and the observation plane is
100 m far from the diffuse plane (R = 100 m). The diffuse
target motion speed is [V] =1 m/s.

Figure 3 shows the time-varying speckle-intensity fluc-
tuation received by two detectors using the movement of
the scatterers method. The radius of the spot on the moving
objects is 0.58 mm, and the distance between two detectors
is 20 mm. It can be seen from Fig. 3 that there is a certain
correlation delay between the signals received by the two de-
tectors. The cross-correlation rule of the dual detector uses this
correlation delay to detect the size of the focusing spot on the
moving target.

Figure 4 is the simulation result of the normalized space—
time cross-correlation function. Figure 4(a) shows the simula-
tion results obtained by single sampling, and Fig. 4(b) shows
the simulation results obtained after 15 samplings. The radius
o of the spot on the moving objects is 0.46 mm. It can be seen
from Fig. 4(a) that the correlation peak is not fully highlighted
because the sampling points are insufficient, which leads to the
deviations on the estimated results of the cross-correlation func-
tion. In fact, a large number of sampling points will increase the
sampling time and affect the real-time detection of the variation
of the focusing spot size. In this paper, the above problem is
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Fig. 3. Speckle-intensity fluctuation received by two detectors.

solved by using the method of averaging the results obtained
from the multiple samplings. The specific method is as follows.
In the simulation, the echo signal is sampled many times, and
the cross-correlation function is calculated using fewer sam-
pling points each time. Then take the average of the results
of multiple sets of cross-correlation functions. A visible corre-
lation peak can be seen in Fig. 4(b), which can be verify that the
above method can enhance the detection ability of the
correlation peak.

Figure 5 shows the simulation results of the dynamic speck-
les’ normalized space—time cross-correlation function received
by the observation system, and the different focal spot sizes are
obtained in the simulation by changing the focal length of the
focusing system. With the increases of size of the focal spot, the
time delay of the correlation peak also increases; this phenome-
non is consistent with the results obtained by the theoretical
derivation. The simulation results verify the feasibility of the
dual-detector cross-correlation method for estimating the size
variation of the far-field focal spot.

Figure 6 shows the simulation results of the dynamic speck-
les’ normalized space—time cross-correlation function of two
point detectors at different distances; the spot sizes at the sur-
face of the moving target are 0.423, 0.585, and 0.996 mm. It
can be seen from the figure, when the distance |X| between two
point detectors increases, the correlation peak delay of the
cross-correlation function also increases; this result is consistent
with formulas (23) and (24). According to this phenomenon,

Normalized space-time cross-correlation function
Normalized space-time cross-correlation function

tis) ' » tis)

(a) (b)
Fig. 4. Normalized space—time cross-correlation function of the
received speckles.
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Fig. 5. Simulation results of the dynamic speckle normalized space—
time cross-correlation function, where the distance between two de-
tectors |X| = 20 mm.
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Fig. 6. Simulation results of the dynamic speckles normalized
space—time cross-correlation function, where the distance between two
detectors is (a) [X| = 10 mm, (b) |X| = 25 mm, (c) |X| = 40 mm.

when the dual-detector cross-correlation method is used to
estimate the far-field focusing spot size, the measurement ac-
curacy can be improved by increasing the distance |X| between
two point detectors. According to Eq. (22), the value of the
correlation peak decreases when the distance between two de-
tectors increases. When |X| is large enough, the correlation
peak is submerged in the received signal, resulting in the failure
of the dual detector cross-correlation method. It can be seen
from Fig. 6(c) that the relative intensity of the correlation peaks
is significantly reduced. Equation (19) represents that the cross-
correlation peak becomes e’! at time 7 =17, for the two
detecting points at distance |X| = X . In order to avoid the
correlation peak to be submerged in the deviation of the
estimated cross-correlation function, the distance between
the two detectors should be less than X :

X| <X, = a[l + (ARo/75)’]'/2. (30)

5. EXPERIMENT

The experimental device for testing the feasibility of the corre-
lation peak delay metric is shown in Fig. 7. In the experiment,
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Fig. 7. Experimental device for testing the feasibility of the correlation peak delay metric.

& 1 T - <
S S
g (a) —datal ©
2 08} data2[{ &
.§ data3 s
;.3 0.6+ —-gataf 1 §
£ atas 5
2 04 s
2 \ o
S ‘M‘ S
goar gl )] :
5 il T R =
g J‘ AW “ﬁ “‘t"’ }:“&ﬁ‘ Mol 9
g of {1l } AL DR g
5 VPR LS Y RN &
° ¢ L“_I\\j."‘\}‘ z
£ v LA
2 0.4 L " ) 2
-15 10 -5 0 5 10 15
t(s) x10™

1 T T -
(b) ——datal
data2
0.99 data3 |
—data4
datas
098 F 1
0.97
0.96 |
0.95 . .
0.1 -0.08 -0.06 -0.04 -0.02 0 0.02
t(s) x10™

Fig. 8. Experimental results of the dynamic speckle normalized space—time cross-correlation function. (a) Initial output result of the cross-
correlation function. (b) Result of enlarging (a). The sample rate is 10 MHz, and the corresponding spot size from data 1 to data 5 are 2.69,

2.73, 2.81, 2.89, and 2.99 mm.

we focus a continuous wave laser whose wavelength is
0.532 pm on a diffuse target, and the observation system
collects the returned speckle field which is generated by the
laser beam illuminating the diffuse target surface. The distance
from the diffuse target to the observation system is 7.1 m. The
observation system consists of a beamsplitter mirror and two
point detectors. We change the focal length of the laser beam
focusing system to obtain different sizes of focusing spot.
Because of the parameters of the experimental system, the dis-
tance between the two detectors is very small (less than
1.5 mm), and we add a beamsplitter mirror between the pos-
itive lens and the detectors. The focal length of the positive lens
is 800 mm, and the diameter of the lens is 70 mm. The laser
beam profiler detection system directly gets the information of
the focusing spot size on the target, which helps us verify the
speckle metric performance. The signal processing system con-
verts the received information of speckle field intensity fluctu-
ations into speckle metric output. When the metric output is
obtained, the laser beam profiler is applied to replace the diffuse
target for obtaining the actual size of the corresponding focal

spot, so that the experimental results can be verified and ana-
lyzed. In the experiment, we use the guide rail to calibrate the
position of the focusing spot; this makes the laser beam profiler
be in the same position as the spot.

The experimental results of the correlation peak delay metric
are shown in Fig. 8. It can be seen from the experimental data
that as the size of the focal spot increases, the time delay of the
correlation peak also increases. This experimental result is con-
sistent with the results obtained by the theoretical derivation.

6. CONCLUSION

The characteristic time scale of speckle intensity fluctuations is
directly related to speckle dynamics, which are related to focal
spot size on the surface of the moving target. In this paper, we
propose a dual-detector cross-correlation method to estimate
the focal spot size of a remote moving diffuse object. The re-
lationship between the correlation peak delay and far-field focal
spot size is derived according to the dynamic speckle space—
time cross-correlation function. By the theoretical analysis,
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we can conclude that the time delay of correlation peak increases
with the focal spot size on the remote moving diffuse object.
Combined with theoretical analysis, the feasibility of the dual-
detector cross-correlation method is verified by simulation analysis.
Then we discuss the effect of the distance between two detectors on
the measurement accuracy, and the selection rule of the distance is
given according to Eq. (30). In this paper, the output of the metricis
consistent with its theoretical analysis results, and the performance
of the speckle metric is verified by experiments. This work provides
the basis for applying dynamic speckles to monitor the variation of

the far-field focusing beam width.
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