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Laser Speckle Simulation in Rotationally Symmetric
Triangulation Sensor
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Abstract  Speckle is the fundamental uncertainty factor in laser triangulation. A method to simulate the speckle in
rotationally symmetric triangulation was presented and the simulated image was obtained. In this kind of triangulation sensors,
the incident laser point will be imaged to a ring on the detector and the speckle is accordingly arc shaped. Properties of this
kind of speckle were studied. The speckle size in radius direction of the ring obeyed the subjective speckle, and is determined
by the number aperture of the optical system. In tangent direction of the ring, the speckle is essentially an objective speckle,
its size is determined by the optical path length from the object to the detector, the area of the incident laser spot, as well as
the radius of the imaged ring because of optical path was folded. Experiments showed that the simulation result was coincident
with speckle theory. Based on the simulation, an analysis of the uncertainty limits of rotationally symmetric triangulation
sensor was given. It shows that using the optical layout in our sensor, an uncertainty about 1/5 of traditional triangulation was
estimated with same optical system numerical aperture and grey centroid algorithm.
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1 Introduction

In quality assurance fast and precise measurements
of dimension are often demanded. Optical measurement
systems are the most suitable ways, and laser
triangulation systems are one of the most important
methods in them. Classical triangulation sensors are
well established''’, but the measurement result in some
cases like gaps or edges depends always on the angular
orientation of the sensor.

A rotationally  symmetric  structure  of  the
triangulation is a solution to overcome these problems.
The optical system of rotationally symmetric triangulation
(RST) can be realized by both reflecting ' and
refracting surfaces””' . An approach with reflecting
surfaces was chosen in [2 ], and an optical design
method was published by one of the authors to solve
this problem >’ .

The fundamental measurement uncertainty of laser
triangulation comes from laser speckle’”’. The laser
spot on the rough surface introduced different optical
path lengths, resulting in a randomly interference in
the image plane. This is the cause of laser speckle'®’.
Since the usage of laser triangulation, researchers are
dealing with laser speckle, because it affected the
detection of the position of the laser spot. The
uncertainty limit of classical laser triangulation sensor

is deduced in [5],[7].

no research for properties of laser speckle and how

But as authors know, there is

speckle affects the uncertainty limits in rotationally
symmetric triangulation sensor.

In this paper, the speckle in our RST sensor was
simulated. The statistical properties especially the size
of speckle were studied. The results of simulation and
experiment were compared and an analysis of the
uncertainty limits of rotationally symmetric triangulation
sensor was given. The article was arranged as follows.
The first section introduced the RST sensor and the
basic theory of laser speckle. The second section gave
the simulation results of the speckle and some basic
analysis of the results. The third section showed the

fundamental measurement uncertainty in our sensor and

the last section presented some concluding remarks and

following work of our sensor.

2 Rotationally symmetric triangu-lation
and laser speckle

The working principle of classical triangulation
sensor is as follows: A laser spot is projected to an
object. On the surface of the object the spot is
scattered in all directions. An optical system images a
part of the scattered rays to a detector and makes a spot
on the detector. A movement of the laser spot on the
object can be determined by measuring the movement
of the spot on the detector. It’ s a fast and easy task for
CCD or PSD detectors, but the orientation of the
sensor, the shape of the object, and other properties of
the object’ s surface will affect the measurement result.
Rotationally symmetric setting up is a good way to
resolve these problems. The basic layout of the optical
system is shown in Fig. 1. In this layout, the incident
laser point will be imaged to a ring. So the
displacement of the object will be expressed by the
radius of the ring. And the speckles in the ring will be

the fundamental uncertainty factor of radius detection.

Three rings of different
displacement

Detector—"" y

A

CAD model of the
= optical system

CAD model
of system

Fig. 1

Basic layout of an optical system with two mirrors

It is well known that when coherent light is
incident on a surface which is optical rough, a random
intensity pattern is formed. This granular random
pattern is known as speckle. For every point in space,
the optical lengths from points on a rough surface to it

are different and random. This results in a random
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interference, and this is called objective speckle. As
shown in Fig.2, when there is an optical system, there
will be some difference in the speckle pattern, and this
is named subjective speckle.
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(b) subjective speckle

Fig.2 The principle of two kinds of laser speckle

Because the speckle is essentially a statistical
phenomenon, its main properties are presented with
some statistical values. The probability distribution of

intensity I and phase 0 is denoted as:

0=yl o= ol )
(1)

- Tm<66<sT

1
po(0) = [ p(10)dl = {2w
N 0  otherwise
(2)
where (I) is the average intensity.

The second-order statistics, especially the first
zero point of auto-covariance gives out a good
estimation for the size of the speckle. The speckle size
in free space and imaging system were given as:

6, =0.61 - AL/R (3)
Sz =0.61 - A/NA (4)
where A is the wavelength of incident laser, L is the
distance from the detector to the surface, R is the

radius of incident laser spot, and NA is the number

aperture of the imaging system.

3 Simulation of the speckle in
rotationally symmetric traingu-

lation sensor

3.1 The simulation and result

As shown in Fig. 1, an ideal point in the incident
laser spot will make a ring in the image plane, and as
some previous experiments had shown, a little shift of
the point on the object surface will introduce a
corresponding shift of the ring in image plane. Then,
on the assumption that the optical system is a non-
aberration one, the e-field of a given point E(x,y) can

be calculated as -

E=YE, (5)

spot

where spot is all points in the illumination spot, and
the surface is rough enough to the wavelength of laser,
which means the initial phase distribution of scattered
wave is uniform in[ - 7, 7], then every E, can be
calculated as:

NA

NA 2 .
E, = E, TGXP(LTZL»)SIHC{ 27 [RO +

0.26 - <x-x;_)2+(y-y;>21} (6)

where E| is the amplitude of illumination spot, Z, is
the optical length (here is the § of the surface) , and §
is the height of the point in laser spot, A is wavelength
of illumination laser, R, is the current radius of the
ring, (x,,y,) is the centre of displaced ring in image
plane.

The simulation result image was shown in Fig. 3.
As a comparison, in Fig.3(b), the real speckle image
which is gotten by a microscope in Fig. 4 is also

presented.

(a) Speckle pattern from simulation  (b) Speckle pattern from microscope

Fig.3 Speckles in RST
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CCD

j optical system
of rotational
symmetric

Fig.4 Microscope system to get the real speckle image in the ring

3.2 Analysis of the simulation

Some basic parameters of the optical system in the
simulation are given in Fig. 5. From which the NA of
optical system can be determined and is about 0. 21.
And a laser spot whose radius is 50um is used in the

simulation.

115.727

40.086

67.919

Fig.5 Basic parameters of the sensor

By calculating the auto-covariance of simulation

image in radius and tangent direction, the size of

speckle can be estimated, as shown in Fig. 6.
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Fig.6 The auto-covariance function of the speckle

Fig. 7 gives the first zeros of auto-covariance

(speckle size) in radius and tangent directions as well

First zero of the autocoviarance(um)
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Fig.7  First zeros of auto-covariance in radius

and tangent directions, and theory values in

radius direction when NA changed from 0.05 to 0.30
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as the theoretical value in radius direction when NA
changed from 0.05 to 0.30. Because of overlapping of
speckles, it looks that the tangent speckle also changes
in the same way of the radius speckle.

Fig. 8 shows the first zeros of auto-covariance
(speckle size) with incident laser spot radius change
from 180pm to 420 um with step 60pum, it is apparent
that tangent speckle get smaller with a bigger spot, a
property of objective speckle shown in equal (3). The

radius size almost keeps constantly.
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Fig. 8 First zeros of auto-covariance in radius and tangent
directions, with the incident laser spot radius change

from 180pum to 420 um with step 60 pum

From these properties, conclusion can be drawn
that the speckles in rotationally symmetric laser
triangulation have different properties in tangent and
radius directions. Because the optical system can be
considered as a bended cylinder lens, so speckles in
the ring are crosses of a series of speckles in cylinder
lenses. From this base, the speckle size in the radius
direction is an objective speckle determined by the NA
of the mirror, as in equal (4), and the speckle size in
tangent direction is a subjective speckle determined by
the size of laser spot and the optical path length. But
because the optical path is folded by mirrors, the
tangent size of speckle will increase accordingly when

the radius size increases .

4 Uncertainty limit with grey centroid
algorithm

In order to find the wuncertainty limit of

displacement Z, the deviation of the peak detection in
the CCD (image) must be found. Firstly, the ring in
the image plane was considered as a series of normal
triangulations in each radius direction. Then in the
grey centroid algorithm, variance of measured radius of
the ring is:

var(r,) = ((r,)") = ({r )’

() o

where I(r) is the gray of points in radius direction.
We conduct 40 same simulations with different
random surfaces, take the standard deviation of grey

centroid as detected peak § ., in one point ,it can be

pea.

expressed as equation (8), and shown in Fig.9

8y = /var(r,,) =~ 1.2(pm) (8)

If in each direction the § ., is independent, given

pea
k directions, the mean ( exception) will have standard

= 1

deviation § but it is not the case because

peak = /*fpeak ,

of the tangent speckle.
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Fig.9 Standard deviations of grey centroid in radius

direction, with displacement Z from 2mm to 8mm

In one ring, peaks of speckles are certainly
somewhat dependent. From the simulation, there are
about 150 speckles in one ring circumference, then;

L, L2

gp?dk = 781]%1( =
[k /150

Because the magnification of the optical system M

=0.098(pm) (9)

is about 0. 2, so the uncertainty limit of the sensor is

about ; B
< _ O
o, =0 = 0.49(pm) (10)
As a comparison, the uncertainty limit in
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traditional  triangulation ~with  optical = parameters and tangent will affect the measurement uncertainty

presented in this article can be derived as [5] ;

Y S
T M 2msin(9'/2)

=2.46(pm) (11)
where M =0.2 is the optical magnification. Tt is about
5 times uncertainty in rotationally sensor.

It is apparent that in order to get less uncertainty
in the sensor, a good way is to increase the k or
decrease Emk in equal (9), which can be gotten by

using a lager NA of the optical system or a bigger

entrance pupil.
S Conclusion

In this paper, a simulation of laser speckle in

rotationally ~ symmetric  triangulation  sensor  was
presented. The pattern obtained from microscope and
simulation appeared an arc shape. Properties of this
speckle was studied, more attention was payed to the
second order statistic properties, such as auto-
covariance which means size of it. It was considered
that the speckle size in radius direction of the ring
obeyed the normal subjective speckle, and is
determined by the number aperture of the optical
system, while in tangent direction of the ring, the
speckle is essentially an objective speckle, its size is
determined by the distance from the object to the
entrance pupil, the area of the incident laser spot, and
the radius of the imaged ring. But because of the
folded optical path, it also changes linearly with the
radius size.

It was shown that the speckle size, both radius

limits. Using the optical layout in our sensor, an
uncertainty about 1/5 of traditional triangulation was
estimated with a grey centroid algorithm. In order to
get less uncertainty limit, an optical system with lager

NA should be used.

Some following work includes more precise

simulation using ray tracing, and use other algorithms
of peak detection to obtain a better measurement

uncertainty.
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