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Problem Description
poLight AS is developing an optical modulator chip for use in HDTV projection display based on
laser sources. The technology uses a polymer thin film where the surface can be modulated by use
of an electrical field. This effect is exploited when creating a tunable diffraction grating array that
by the use of line-scan optics can project a high resolution 2 mega pixel image in rear projection
TV.

Coherent laser illumination combined with a diffuse screen gives rise to unwanted speckle in the
projected image, which creates noise in the form of a granular pattern and thereby reduces the
image quality.

In this master thesis a general study of the speckle effect in laser based displays will be
performed and different methods to measure and characterize the effect identified.

The main goals are to give a theoretical basis to understand speckle, build a setup for
characterization of speckle in laser based displays, and perform practical measurements. It is
necessary to identify important physical parameters that influence speckle phenomena and
determine which quantitative measurements that can be performed (e.g. speckle contrast, speckle
size and autocorrelation). Methods to perform the measurements will be evaluated and the setup
realized. A main part of the setup will be based on a B/W digital video camera with imaging optics
that is adapted to the detector geometry.

Speckle contrast and different methods to reduce the speckle contrast will be studied. A
description of the physics behind the speckle will be attempted, as well as optical modeling.
Measurements of speckle contrast will be made for different experimental configurations to
reduce speckle contrast:

1. a diffuse screen
2. a rotated diffuse screen
3. a sinusoidal rotating grating implemented by means of a spatial light modulator

A Fourier Transform system will be built into the speckle contrast measurement setup to optimize
the positioning of the speckle reduction device.

Tools that will be used are e.g.:
- MATLAB
- ZEMAX optical system design software
- Spatial light modulator (SLM)

An evaluation of the measurements will be made and based on these results a suggestion will be
made for which speckle reduction technique to pursue.
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Abstract

Speckle arises when coherent light is re�ected from a rough screen and ob-
served by an intensity detector with a �nite aperture. Because speckle causes
serious image degradation when lasers are used as light sources in e.g. pro-
jectors, methods for reducing the speckle contrast need to be developed.
Di�erent speckle contrast reduction methods are investigated in this thesis,
such as a rotating di�user and a sinusoidal rotating grating. In addition,
speckle simulations with the optical system design software ZEMAX has
been explored.

A setup consisting of a 4-f imaging system with a rotating di�user in the
Fourier plane was developed in order to decide whether or not it is advanta-
geous to perform speckle reduction in the Fourier plane. Hence, measurement
series were performed with the rotating di�user placed at di�erent positions
in the 4-f imaging system for comparison. Measurement series were executed
both with an empty object plane and with a lens in it to spread the light in
the Fourier plane. Placing a rotating di�user in the Fourier plane does not
appear to be e�ective for speckle contrast reduction.

The last setup investigated was a transmissive spatial light modulator (SLM)
placed in the beam path. Sinusoidal rotating gratings created by means of
gray levels, to simulate a potential modulator based on a deformable polymer
layer, were implemented on the SLM. The gratings were rotated around their
centers, and in a spiral in order to reduce the speckle contrast. For the �rst
method the modulator speckle contrast was 34 % forN = 18 averaged images,
and for the second method it was 31 % forN = 36 averaged images, both with
a grating period of 4 pixels. Due to the drawbacks of the SLM optimal results
were not achieved, but the SLM is useful for a proof-of-concept. Further
measurements should be performed for this promising, novel method based
on a true sinusoidal grating.
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1. Introduction

Most of the projectors on today's market employ incandescent lamps as light
sources, but other sources, such as LEDs and lasers, are also available. The
decisive bene�ts of lasers compared to conventional sources are improved
color gamut, higher contrast, greater brightness and deeper focus [1]. In
addition, lasers provide a longer lifetime. There are however some drawbacks,
such as cost, availability of wavelengths, power consumption, cooling and
laser safety [2]. Yet, the main issue is speckle.

Figure 1.1 demonstrates how a laser emits coherent light onto an optically
rough screen. The light is scattered, and then detected by an intensity detec-
tor with a �nite aperture, e.g. an observer's eye. This makes the scattered
rays interfere either constructively, causing bright spots, or destructively,
causing dark spots, and thus creating a varying intensity pattern known as
speckle [3]. Practically all surfaces are known to be rough on the scale of
optical wavelengths [4].

Laser

Observer's
eye

Rough
surface

Figure 1.1: The origin of speckle.

1



Chapter 1

Since speckle imposes a serious degradation of the image quality, develop-
ing methods to reduce the speckle contrast is the key to make the laser a
favourable source. Some essential limitations to these methods are that they
should not reduce the laser intensity too much, or cancel out its other ad-
vantages. Another condition they have to satisfy is that the speckle contrast
should have a value below what is recognizable for the human eye, which is
approximately 5 % according to [5] and [6]. A common approach for reduc-
ing the speckle contrast is to degrade the spatial and/or temporal coherence
of the laser beam. This could be performed by placing a modulator, such
as a di�use object [7] or a di�ractive optical element [8], in the beam path
between the source and the imaging system.

In this thesis the investigated speckle reduction methods are a rotating dif-
fuser, and a sinusoidal rotating grating. A rotating di�user is positioned in
the Fourier plane of a 4-f imaging system and rotated discretely. The mea-
surements are performed with a lens in the object plane, and also with an
empty object plane. In order to inquire whether it is advantageous or not to
perform the speckle reduction in the Fourier plane, other positions between
the two lenses creating the 4-f imaging system are also investigated. Further-
more, a discretely rotated sinusoidal grating implemented on a transmissive
spatial light modulator is examined. Measurement series for di�erent grat-
ing periods are performed with the sinusoidal grating rotated both around
its center and in a spiral.

The speckle patterns are stationary for all the measurements, and an image
is captured for each rotation. Thus the modulator speckle contrast, that is
the speckle contrast caused by the rotating object, and its deviation from
the theoretical contrast can be calculated for each measurement series.

In addition, ZEMAX, which is an optical system design software, will be
employed for speckle simulations. The intention is to be able to simulate
di�erent methods for speckle reduction, e.g. a varying aperture and a rotating
di�user. However, to simulate a speckle pattern is the �rst challenge.
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2. Theory

2.1 Speckle statistics

First-order statistical properties of optical speckle will be presented in section
2.1. The statistics are from John W. Goodman's book Speckle Phenomena in

Optics: Theory and Applications [1], and further details of the calculations
can be found there.

The purpose is to �nd the probability density function of the intensity for the
sum of several speckle patterns. This function contains information about
how the speckle behaves, i.e. how the di�erent intensities in the speckle
pattern are distributed. Another goal is to �nd a function for the theoretical
speckle contrast when several statistically independent speckle patterns are
averaged. Before these functions can be derived the functions for a single
pattern has to be found.

2.1.1 Random phasor sum

A typical time-harmonic signal is expressed by

A(x, y; t) = A(x, y; t)cos[2πνot− θ(x, y; t)], (2.1)

where A(x, y; t) denotes the amplitude or the envelope of the signal, θ(x, y; t)
denotes the phase and ν0 gives the carrier frequency. In complex notation
the sinusoidal signal can be represented by

A(x, y; t) = A(x, y; t)ejθ(x,y;t), (2.2)

3



Chapter 2

where A(x, y; t) and θ(x, y; t) still represent the amplitude and the phase,
respectively. When several of these signals are added together they constitute
what is known as a random walk. This random phasor sum is given by

A = Aejθ =
1√
N

N∑

n=1

an =
1√
N

N∑

n=1

ane
jφn , (2.3)

where A is the resultant phasor, A is the length and θ is the phase of the
resultant phasor. Further, an is the nth component phasor in the sum. The
fraction 1√

N
is a scaling factor, where N is the number of phasor components.

The scaling factor is introduced to keep �nite second moments of the sum,
even when an approaches in�nity. At last an represents the length and φn
represents the phase of an. The resultant phasorA can be either constructive
or destructive depending on each component in the sum. This is shown in
�gure 2.1.

Im{A} Im{A}

Re{A} Re{A}

A

A

a1

a2

a3

a4

a1

a2a4

a3

Figure 2.1: Constructive and destructive random phasor sums of the resultant
phasor A.

For the calculations, the random phasor sum in equation (2.3) is divided into
its real and imaginary parts,

R = Re{A} =
1√
N

N∑

n=1

an cosφn

I = Im{A} =
1√
N

N∑

n=1

an sinφn.

(2.4)
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Theory

In order to �nd the probability density function of the intensity, the following
assumptions are made:

1. an and φn are statistically independent of am and φm for n 6= m, which
means that knowledge of one phasor's amplitude and/or phase does
not imply knowledge of another phasor's amplitude and/or phase.

2. an and φn are statistically independent, which means that knowledge
of a phasor's amplitude does not imply knowledge of the same phasor's
phase, and the other way around.

3. The phases φn are uniformly distributed between −π and π, which
means that all phase values are equally likely. Then the screen has to
be rough on the order of visible wavelengths.

These assumptions are the basis for the following calculations.

2.1.2 Means, variances and correlation of the resultant

phasor

The means of the real, R, and imaginary, I, parts of the resultant phasor
are calculated to be

E[R] = 0

E[I] = 0.
(2.5)

The third assumption imposes the expectation values of cosφn and sinφn to
be zero. The means of R and I are then equal to zero.

The variances of the real and imaginary parts of the resultant phasor are
found to be

σ2
R = E[R2] =

1

N

N∑

n=1

E[a2n]

2

σ2
I = E[I2] =

1

N

N∑

n=1

E[a2n]

2
.

(2.6)

Thus it is seen that also the variances of the real and imaginary parts of the
resultant phasor are identical,
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σ2
R = σ2

I . (2.7)

Finally, the correlation between the real and imaginary parts is considered.
The correlation coe�cient, ρ, is proportional to the covariance, Γ, by the
relation

ρ =
ΓR,I
σR, σI

, (2.8)

where σR and σI denotes the standard deviations of the real and imaginary
parts [9]. Hence the correlation coe�cient is seen to be

ρ ∝ ΓR,I = E[RI] = 0. (2.9)

This means that there is no correlation between the real and imaginary parts
of the resultant phasor given that all three assumptions are ful�lled.

2.1.3 Statistics of the length A and the phase θ of the

resultant phasor

When assuming that the number of phasor components, N , is large the real
and imaginary parts of the resultant phasor, given by (2.4), have a large
number of independent random variables. The central limit theorem is then
applicable [9]. It says that under certain general circumstances the statistics
of the sum of N independent random varibles are close to Gaussian when
N →∞.

There is no correlation between the real and imaginary parts of the resultant
phasor and the random variables are statistically independent because they
have a Gaussian distribution [9]. The joint probability density function for
the real and imaginary parts of the resultant phasor when considering the
results for the means, variances and correlation, given by equations (2.5),
(2.6) and (2.9), then becomes

pR,I(R, I) =
1

2πσ2
exp

(
−R

2 + I2
2σ2

)
, (2.10)

where σ2 = σ2
R = σ2

I .
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The joint probability density function of the length A and the phase θ is then

pA,θ(A, θ) =
A

2πσ2
exp

(
− A2

2σ2

)
, (2.11)

for A ≥ 0 and −π ≤ θ ≤ π, otherwise it is zero.

The next step is to �nd the marginal statistics of the length A and phase θ
separately. The marginal statistics of the length A is

pA(A) =
A

σ2
exp

(
− A2

2σ2

)
, (2.12)

for A ≥ 0. This is known as the Rayleigh density function.

The marginal statistics of the phase θ is found by integrating equation (2.11)
with respect to the amplitude A, which gives

pθ(θ) =
1

2π
, (2.13)

for −π ≤ θ ≤ π. Here it is used that the integral of the Rayleigh density
function must be unity.

2.1.4 Statistics of the intensity and the phase

The amplitude A is related to the intensity I by I = A2.

When there is a large number of random phasors, i.e. N is large, it is possible
to show that the amplitude A has a Rayleigh distribution. By using equation
(2.12), I is seen to have a negative exponential distribution,

pI(I) =
1

2σ2
exp

(
− I

2σ2

)
, (2.14)

where I ≥ 0. The expectation value of the intensity I is given by

E[I] = 2σ2 ≡ Ī . (2.15)

Then the probability density function of the intensity I is found to be
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pI(I) =
1

Ī
exp

(
−I
Ī

)
. (2.16)

This is known as fully developed speckle because the phases of the compo-
nent phasors are uniformly distributed. This gives the greatest variation of
intensity in the speckle pattern.

Figure 2.2 shows the distribution of the intensity. This means that there is
a large amount of speckle grains with low intensity and a small amount of
speckle grains with high intensity. This can be seen in the image in �gure
2.3, which is showing bright speckle grains on a black background.
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Scaled total intensity

Figure 2.2: Negative exponential distribution of the intensity. The graph is from
[1].
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Figure 2.3: Image taken in the laboratory showing a speckle pattern.

For fully developed speckle the second moment, variance and standard devi-
tation of the intensity are given by

I2 = 2Ī2

σ2
I = Ī2

σI = Ī .

(2.17)

The speckle contrast is a measure that shows how the �uctuations of intensity
in the speckle pattern behave with respect to the average intensity. The
contrast is de�ned by

C =
σI
Ī
. (2.18)

By using the standard deviation from equation (2.17) the contrast for fully
developed speckle becomes

C = 1. (2.19)

This means that the �uctuations of intensity are the same as the average
intensity, which would cause serious image degradation. To overcome this
the speckle contrast should be reduced. According to [5] and [6] a speckle
contrast of approximately 5 % is acceptable.
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2.1.5 Sums of speckle patterns

Two speckle patterns

The statistics of sums of fully developed speckle patterns on an intensity
basis will be investigated. The total intensity of two independent speckle
patterns is given by

Is = I1 + I2. (2.20)

From equation (2.16) it is seen that the probability density function of each
pattern is given by

p1(I1) =
1

I1
exp

(
−I1
I1

)

p2(I2) =
1

I2
exp

(
−I2
I2

)
.

(2.21)

The total probability density function is a convolution of the two proba-
bility density functions in equation (2.21). An easier way to �nd the total
probability density function is by means of the characteristic functions. The
characteristic function of the intensity �uctuations is a Fourier transforma-
tion of the probability density function,

MI(ω) ≡ E[ejωI ] =

∫ ∞

0

ejωIpI(I)dI =
1

1− jωĪ . (2.22)

Then the characteristic function of the sum is found by multiplication of the
characteristic functions of the two probability density functions,

Ms(ω) = M1(ω)M2(ω) =
1

1− jωI1
1

1− jωI2
. (2.23)

By performing an inverse Fourier transform the probability density functions
of the total intensity become

ps(Is) =
1

I1 − I2

[
exp

(
−Is
I1

)
− exp

(
−Is
I2

)]
when I1 > I2

ps(Is) =
Is
Ī2

exp

(
−Is
Ī

)
when I1 = I2 = Ī .

(2.24)
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Multiple speckle patterns

The calculations of the sum of N independent speckle patterns are similar
to the case of two independent speckle patterns. An extension of equation
(2.20) for N independent speckle patterns gives the total intensity,

Is =
N∑

n=1

In. (2.25)

Then the characteristic function for N speckle patterns becomes

Ms(ω) =
N∏

n=1

Mn(ω) =
N∏

n=1

1

1− jωIn
. (2.26)

When assuming that all the average intensities are similar, i.e. In = I0, the
probability density function of N speckle patterns is

ps(Is) =
IN−1s

Γ(N)IN0
exp

(
−Is
I0

)
=
NNIN−1s

Γ(N)IN
exp

(
−N Is

Ī

)
, (2.27)

where Ī = NI0 is the total mean intensity.

Figure 2.4 shows the intensity distribution of the probability density function
of speckle patterns for di�erent values of N . When N becomes large the
probability density function approaches a Gaussian distribution. Hence the
total speckle pattern will be smeared out and then less prominent compared
to the speckle patterns for small N .
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Figure 2.4: Probability density functions for di�erent values of N . The graph is
from [1].

The mean value of the total intensity is

Is =
N∑

n=1

In, (2.28)

and the second moment of the total intensity is given by

I2s =
N∑

n=1

In
2

+ Is
2
. (2.29)

The variance of the total intensity is then

σ2
s = I2s − Is

2
=

N∑

n=1

In
2
. (2.30)

The speckle contrast is given by the standard deviation and the mean value
of the total intensity,
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C =
σs

Is
=

√∑N
n=1 In

2

∑N
n=1 In

. (2.31)

This function reduces to

C =
1√
N
, (2.32)

which is valid when all the N statistically independent speckle patterns have
the same mean intensity, that is In = I0. This can be shown to be the maxi-
mum attainable reduction of speckle contrast for any values of the individual
intensities In.

2.2 Fourier optics

The light intensity in a plane with coordinates x and y, perpendicular to the
direction of incoming light, is going to be examined. Then the interesting
quantities for Fourier theory are the positions (x, y) and the spatial frequen-
cies (νx, νy). The Fourier optics in sections 2.2 and 2.3 are from the book
Fundamentals of Photonics written by B.E.A. Saleh and M.C. Teich [10].

2.2.1 Fourier transforms

Looking at one dimension reduces the position to one coordinate (x) and one
corresponding spatial frequency (ν).

The fundamental spatial harmonic function in Fourier calculations is
F (ν)ej2πνx, where F (ν) is the complex amplitude and ν is the spatial fre-
quency. When several of these functions, which have their own complex
amplitude and frequency, are added together, they will form the function
f(x). Then the complex amplitude F (ν) is known as the Fourier transform
of the function f(x). This can be written as

F (ν) =

∫ ∞

−∞
f(x)e−j2πνxdx. (2.33)

The inverse Fourier transform is then

13
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f(x) =

∫ ∞

−∞
F (ν)ej2πνxdν. (2.34)

This can be used in the analysis of linear systems. A system is linear if the
superposition principle is valid; that is when the response of the sum of two
or more inputs is similar to each of the inputs' responses added together.

Similarly, the fundamental harmonic function for two variables can be writ-
ten as F (νx, νy)e

−j2π(νxx+νyy), where F (νx, νy) is the complex amplitude and
νx and νy are the spatial frequencies in the x and y directions, respectively.
When several of these functions are added together they will form the func-
tion f(x, y). The two-dimensional Fourier transform can then be written
as

F (νx, νy) =

∫ ∞

−∞

∫ ∞

−∞
f(x, y)ej2π(νxx+νyy)dxdy. (2.35)

The inverse Fourier transform is then

f(x, y) =

∫ ∞

−∞

∫ ∞

−∞
F (νx, νy)e

−j2π(νxx+νyy)dνxdνy. (2.36)

2.2.2 Linear shift-invariant systems

A system is shift-invariant if the output is shifted in the same direction and
by the same length as the input is shifted. Otherwise the output remains
the same. The output signal f2(x, y) of a linear system with the input signal
f1(x, y) is given by the integral

f2(x, y) =

∫ ∞

−∞

∫ ∞

−∞
h(x− x′, y − y′)f1(x′, y′)dx′dy′, (2.37)

where h(x − x′, y − y′) is the impulse-response function. This function de-
scribes how the output of a system responds to an incoming impulse.

The transfer function H(ν) is the Fourier transform of the impulse-response
function, and is related to the Fourier transforms F1(ν) and F2(ν) by

F2(ν) = H(ν)F1(ν). (2.38)
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A linear shift-invariant system can be described by either its impulse response
function h(x, y) or by its transfer function H(νx, νy).

2.2.3 Optical system

A plane wave can be seen as a spatial harmonic function

U(x, y, z) = Ae−j(kxx+kyy+kzz), (2.39)

where A is a complex constant and (kx, ky, kz) are components of the wave
vector ~k. These components are related by k2x + k2y + k2z = ω2

c2
= (2π

λ
)2.

Since f(x, y) can be expressed as a superposition of harmonic functions the
traveling wave U(x, y, z) can be seen as a superposition of plane waves.

When a plane wave is traveling through an optical system in the z-direction
it is given by U(x, y, 0) at the input plane. This is equal to the harmonic
function f(x, y) = Ae−j2π(νxx+νyy), where νx = kx

2π
and νy = ky

2π
are the spatial

frequencies and kx and ky are the angular spatial frequencies. When this
plane wave reaches the output plane it is given by U(x, y, d) = g(x, y). This
is shown in �gure 2.5.

Figure 2.5: A plane wave traveling through an optical system. The illustration
is from [10].

2.2.4 Optical Fourier transform

A wave is composed of several plane waves. The components of these waves
can be separated by use of a lens, and focused into one common plane known
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as the focal plane of the lens. The plane wave will arrive at the lens with small
angles θx and θy. When the angles are small, tan θx ≈ θx and tan θy ≈ θy.
Since f is the focal length, the point where the now paraboloidal wave is
focused will be (x, y) = (θxf, θyf). Hence, the lens will separate each of the
plane waves' contributions.

A beam of light is a resultant wave that consists of several plane waves
with a complex amplitude proportional to the Fourier transform F (νx, νy),
traveling with small angles θx = λνx and θy = λνy. Since the angles are
small, sin θx ≈ θx and sin θy ≈ θy, the light will be focused by a lens into
the focal point (x, y) = (θxf, θyf) = (λfνx, λfνx). Evaluated at the spatial
frequencies νx = x

λf
and νy = y

λf
the Fourier transform of the lens will be

proportional to the distribution in the output plane,

F (
x

λf
,
y

λf
) ∝ g(x, y). (2.40)

This is known as a 2-f imaging system, shown in �gure 2.6.

f f

Focal
plane

x

z

0x

f(x,y) g(x,y)

Fourier
plane

Lens

x = 0x 
f

Figure 2.6: The 2-f imaging system.

2.3 4-f imaging system

The 4-f imaging system is described by �gure 2.7. The system can be seen
as two subsystems put together, the �rst between the object plane and the
Fourier plane, and the second between the Fourier plane and the image plane.
Each subsystem is a Fourier-transformator. The focal length of the two lenses
are the same. The distances from each lens to the Fourier plane and from a
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lens to its respective object or image plane are all equal to the focal length,
hence the name 4-f.

f f

Lens

ff

Lens
Object
plane

Fourier
plane

Image
plane

x

x

f(x,y)

p(x,y) g(x,y)

z

Aperture

Figure 2.7: The 4-f imaging system.

After a beam of light enters through the object plane, it passes through
the �rst lens and becomes Fourier transformed. In the Fourier plane all the
spatial frequencies are separated in space, making it possible to �lter indi-
vidual frequencies. Then the light continues through the second lens, which
inversely transforms the light distribution back to the spatial domain. When
there is no mask blocking any of the spatial frequencies in the Fourier plane
there will not be any magni�cation and the image has the same transverse
light distribution as imposed by the object, but rotated 180 ◦.

Imagine that a transparency, e.g. an image of a person, is placed in the object
plane. The amplitude and phase distributions given by the transparency are
described by the complex function f(x, y). When the light passes the Fourier
plane, the mask works as a �lter that blocks some spatial frequencies and
transmits others, and it is described in terms of phase and amplitude by the
complex pupil function p(x, y). In the frequency domain, this function is
proportional to the transfer function H( x

λf
, y
λf

). Finally, the amplitude and
phase of the light in the image plane is given by g(x, y).

Right before the light passes the mask in the Fourier plane, the amplitude
and phase distribution f(x, y) has been transformed into F (νx, νx). Then
the mask is applied and produces H(νx, νx)F (νx, νx) which is equal to the
Fourier transform of G(νx, νx). In the image plane, G(νx, νx) has been inverse
transformed into g(x, y).

17



Chapter 2

2.4 Temporal and spatial coherence

A laser is a coherent light source, and speckle arises for such sources. Coher-
ence can be divided into two types, which are temporal and spatial coherence.

Temporal coherence is the coherence measured when light waves generated at
di�erent times interfere. The coherence time is how long a source maintains
its phase, and it is used to characterize the temporal coherence. A uniform
phase in a plane that is perpendicular to the propagation direction is known
as a perfect plane wave. This wave is said to be spatially coherent. All the
points in such a wave will have �uctuations that are identical [11].

The temporal coherence function G(τ) contains information about the in-
tensity, I = G(0), and also the degree of correlation, known as coherence, of
stationary light. Equation (2.41) provides a measure of coherence which is
not sensitive to the intensity. This equation is known as the complex degree
of temporal coherence.

g(τ) =
G(τ)

G(0)
=
〈U∗(t)U(t+ τ)〉
〈U∗(t)U(t)〉 , (2.41)

where its absolute value has to be less than unity and the di�erent forms of
U(t) are complex wave functions [10].

The mutual coherence function for temporal and spatial coherences is known
as

G(r1, r2, τ) = 〈U∗(r1, t)U(r2, t+ τ)〉, (2.42)

where the di�erent forms of U(r, t) also are complex wave functions. In a
normalized form this equation becomes

g(r1, r2, τ) =
G(r1, r2, τ)√
I(r1)I(r2)

, (2.43)

where I(r) denotes the intensity. This function is known as the complex
degree of coherence, and it is the cross-correlation coe�cient of U∗(r1, t) and
U(r2, t+ τ) which are random varibles. Its absolute value also has to be less
than unity [10].
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In order to reduce the spatial coherence it is possible to place a moving dif-
fuser in the beam path of the optical system, and hence produce independent
speckle patterns. This is shown in �gure 2.8.

Coherence Less coherence

Moving

diffuser

Figure 2.8: Moving di�user reduces spatial coherence.

2.5 Speckle size

There are two types of observable speckle [12], objective speckle and sub-
jective speckle. Objective speckle is when the pattern is re�ected from a
rough surface and on to a screen where it is observed, shown in �gure 2.9.
Subjective speckle is when the pattern is re�ected from a rough surface and
imaged on to a screen through a lens, displayed in �gure 2.10. The last case
is how the speckle will be observed in this thesis. It is possible to calculate
the subjective speckle size, σs, which is di�erent from the objective speckle
size, σo.

σs =
λb

D
, (2.44)

where λ is the wavelength, b is the distance from the lens to the screen and
D is the diameter of the lens. The aperture number is known to be

F =
f

D
, (2.45)

where f is the focal length. Thus the subjective speckle size becomes
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σs = (1 +m)λF, (2.46)

where m = (b−f)
f

is known to be the magni�cation of the imaging system.
From (2.46) it is seen that when the aperture is getting smaller, that is when
the aperture number, F , increases, the speckle size will become larger. This
can be applied in a speckle reduction system where the opening of an aperture
is varied, and thus produces independent speckle patterns.

Figure 2.9: Objective speckle. The illustration is from [12].

Figure 2.10: Subjective speckle. The illustration is from [12].
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3. Optical simulations in ZEMAX

ZEMAX is an optical system design software. For a complete description of
it see the User's Manual [13]. The software has several di�erent areas of ap-
plication, such as sequential lens design, analysis, optimization, tolerancing,
physical optics, non-sequential optical system design, polarization, thin-�lm
modeling and mechanical CAD Import/Export [14].

The intention of using the program is to simulate a 4-f imaging system for
speckle reduction [15], and the �rst challenge is to simulate speckle. First
the sequential mode of Zemax is explored. A beam expander is designed and
two lenses are inserted from the lens catalog. Further, a di�user is desired in
the setup, but because of the scattering restrictions in the sequential mode
the non-sequential mode has to be employed.

The speci�cations for the components used in the di�erent designs can be
found in the datasheets in appendices D.1 - D.10.

3.1 Sequential mode

In the sequential mode each surface of an object is described in the lens
data editor. The parameters are surface type, radius, thickness, glass type,
semi-diameter and conic. In addition it is possible to insert a comment.

Beam expander

In order to expand the laser beam a beam expander should be designed.
The lens data editor in �gure 3.1 is from the zip archive folder which is
attached to the article How to Design Afocal Systems from [16]. The semi-
diameter of the input beam has been changed to 0.6 mm, the thicknesses of
the expander and the collimator have been increased to 12.5 mm, and the
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distance between them has been set to 100 mm for them to correspond to
the actual components used in the laboratory. The 2D layout of the setup
before it has been optimized is shown in �gure 3.2.

Figure 3.1: Lens data editor for the beam expander before the design has been
optimized.

Figure 3.2: 2D layout of the beam expander before the design has been optimized.

The input beam has a wavelength of 532 nm and a diameter of 1.2 mm. The
beam expander has a 20× magni�cation. The output beam should then have
a diameter of 24 mm. The merit function editor is displayed in �gure 3.3.
The merit function is a numerical representation indicating how close the
optical system is to the speci�ed goals [13]. Here the target is 12.000 mm
and the value is 11.994 mm for the �rst operand in the editor.

Figure 3.3: Merit function editor for optimization of the beam expander.
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Optical simulations in ZEMAX

As a consequence of the optimization of the optical system the values in the
lens data editor change, which means that the layout changes too. This is
shown in �gures 3.4 and 3.5.

Figure 3.4: Lens data editor for the beam expander when the design has been
optimized.

Figure 3.5: 2D layout of the beam expander when the design has been optimized.

Lenses

In order to create a 4-f imaging system two lenses have to be inserted from
the lens catalog included in Zemax. They should be placed with the �at
surfaces against each other in order to reduce the spherical aberrations, and
hence the second lens has to be inverted. The surfaces of the second lens
are then switched, and the radius of the curved surface is set to be negative.
The lens data editor with the beam expander and the two lenses inserted is
shown in �gure 3.6. The layout of the 4-f imaging system is shown in 2D in
�gure 3.7(a) and as a shaded 3D model in �gure 3.7(b). The surface in the
middle of the two lenses indicates the Fourier plane.
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Figure 3.6: Lens data editor for the beam expander and the two lenses.

(a) 2D layout.

(b) Shaded 3D model.

Figure 3.7: 2D layout and shaded 3D model of the beam expander and the 4-f
imaging system.

In order to simulate speckle an object that scatters light is needed. Because
scattering is not possible in the sequential mode, the non-sequential mode
has to be employed.

24



Optical simulations in ZEMAX

3.2 Non-sequential mode

In the non-sequential mode each object is described in the non-sequential
component editor. The object types have some parameters in common, and
other parameters are speci�c for a certain type. The setup for a 4-f imaging
system, with a di�user in the object plane and an aperture in the Fourier
plane, is described in the non-sequential component editor in �gure 3.9, and
the components are described subsequently. A 2D layout of the setup is
displayed in �gure 3.8(a) and a shaded 3D model is shown in �gure 3.8(b).

(a) 2D layout.

(b) Shaded 3D model

Figure 3.8: 2D layout and shaded 3D model of the 4-f imaging system, with a
di�user in the object plane and an aperture in the Fourier plane.
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Optical simulations in ZEMAX

Source

A Gaussian source is placed in the non-sequential component editor. The
source represents a HeNe laser with a wavelength of 532 nm and output power
of 4 mW. The beam waist is set to have a radius of 12 mm, and consequently
the beam expander is left out of the design. The number of layout rays shown
in �gures 3.8(a) - (b) is 100, and the number of analysis rays is 5 millions in
order to achieve enough hits on the detector.

Di�user

A cylinder volume made of the material N-BK7 represents the di�user. The
object follows a Gaussian scattering at the front and the back face, and the
angle scattering is set to 10 ◦. The diameter of the di�user is 50.8 mm and
its thickness is 2 mm.

Lenses

There are two lenses placed in the optical setup in order to form a 4-f imaging
system. Their speci�cations are taken from the design in the sequential mode.
The second lens is inverted by rotating it 180◦ about the x-axis. The �rst
lens is placed a focal length from the di�user, and the second lens is placed
two focal lengths from the �rst lens.

Aperture

An aperture is placed in the Fourier plane, which is in the middle of the
two lenses. The aperture is made of an absorbtive rectangle with the size
60 mm× 60 mm. Then a circle with 5 mm radius made of air is placed at the
same position as the rectangle. The circle of air surrounded by an absorbtive
rectangle will thus let through parts of the laser beam and block the rest of
it.

Detector

At the end of the setup there is a coherent detector placed in the image plane
of the 4-f imaging system. The size of the detector is 5.8 mm× 4.9 mm and
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the number of pixels is 640× 480. Hence the size of each pixel is 9.06µm×
10.02µm. This is the same speci�cations as the CCD sensor in the camera.

A ray trace has been performed and the detector viewer shows the simulated
speckle pattern in �gure 3.10.

Figure 3.10: Simulated speckle pattern.
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4. Instrumentation and methods

4.1 Components used in the laboratory setups

The components used in the subsequent speckle reduction methods are listed
in table 4.1. Datasheets for most of them can be found in appendices D.1 -
D.10.

Component Manufacturer Model

Laser Photonic Products 300-0088-01
DC power supply Mascot 719
Polarizers Edmund Optics NT52-557
Beamsplitter Edmund Optics NT49-004
Photodetector Thorlabs DET100A
Multimeter Simpson 464
Beam expander Edmund Optics NT55-582
Di�users Thorlabs DG20-(120,220,600,1500)
Lenses Thorlabs LA1050, LA1401
CCD camera Lumenera Lu070
Camera lens VS Technology L-VS-LD75
Spatial light modulator Holoeye LC 2002
Aperture and stop - -
Screen Stewart Filmscreen StudioTek 130 G3

Table 4.1: The components used in the laboratory setups.

4.2 Rotating di�user in the 4-f imaging system

In order to reduce the speckle contrast an idea is to place a rotating di�user
in the Fourier plane of a 4-f imaging system, which is described in section 2.3.
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The di�user will reduce the coherence of the laser beam, and an interference
pattern is created at the detector, as described in section 2.4. Ideally the
rotation should be done continuously within the integration time of a human
eye, which is 10− 20 ms according to [17] and [18]. This corresponds to ap-
proximately one frame of the CCD camera. There is no equipment available
at the laboratory to accomplish that, hence the di�user is rotated by hand
as a proof-of-concept. An image of the speckle pattern is captured for each
10 ◦ rotation of the di�user from 0 ◦ to 350 ◦. These images are averaged and
the relative speckle contrast is found for each measurement series.

In order to compare the results of the measurement series in the Fourier plane
it is necessary to conduct measurement series outside the Fourier plane, but
between the two lenses. Most of the measurements have been performed
at least two times in order to verify the results. The di�user used in all
the measurements have a grit size of 1500, because a shorter exposure time
results in less scattering as explained in more detail in section 5.1.3.

4.2.1 The general setup

The general setup is shown in �gure 4.1. A diode pumped solid state (DPSS)
laser module is emitting light with a wavelength of 532 nm. The laser light is
passed through two polarizers which control the intensity of the laser beam.
The �rst polarizer has the position 0 ◦ and the second polarizer has the po-
sition 50 ◦ in all the measurements.

A beamsplitter is located after the polarizers. A part of the beam is passed
on to the photodetector which is attached to a multimeter. The intensity of
the laser beam is checked during the measurements in order to monitor the
stability of the laser. The other part of the beam continues straight through
the beamsplitter, and the beam is expanded 20× by the beam expander.

After the beam has been expanded it reaches the 4-f imaging system, which
consists of an object plane, a lens, a Fourier plane, another lens and an image
plane. The lenses (LA1050) are asymmetrical and they have a focal length of
f = 100 mm. Both are placed with the curved surface facing the collimated
beam in order to minimize spherical aberrations. A di�user, which is rotated
discretely in the following measurements, is placed in the Fourier plane. The
laser beam should not cover the center of the di�user and is therefore passed
through the upper part of it.

At the end of the setup there is a CCD camera which captures the speckle
pattern and displays it on the computer by means of the program LuCam
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Capture v4.5.0. A lens with a focal length of f = 75 mm is attached to the
camera in order to focus the laser beam onto its CCD chip.

4.2.2 Speckle reduction methods

Empty object plane

One method investigated in order to reduce the speckle contrast is shown in
�gure 4.1. The di�user is rotated by hand and an image is captured for each
10 ◦ rotation, from 0 ◦ to 350 ◦. In order to determine whether it is reasonable
to do the speckle reduction in the Fourier plane several other positions be-
tween the two lenses should also be investigated. The ray propagation in the
4-f imaging system has been simulated with ZEMAX and is shown in �gure
4.2. In the Fourier plane the laser beam is focused into a very small spot and
hence the speckle grains created by the di�user are very large compared to
when the di�user is placed elsewhere.

Figure 4.2: The ray propagation in the 4-f imaging system with an empty object
plane.

A lens in the object plane

In order to spread the light in the Fourier plane a third lens (LA1401) with
a shorter focal length f = 60.0 mm, is placed in the object plane of the 4-f
imaging system. Otherwise the setup, shown in �gure 4.3, is identical to the
setup in �gure 4.1. An image of the setup in the laboratory is shown in �gure
4.4. The measurement series for this setup are also done with the di�user
at di�erent positions between the two lenses in the 4-f imaging system. The
ray propagation in the 4-f imaging system is displayed in �gure 4.5.
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Figure 4.4: The laboratory setup corresponding to the schematics in �gure 4.3.

Figure 4.5: The ray propagation in the 4-f imaging system with a lens in the
object plane.

Di�users with di�erent grit sizes, that is 120, 220, 600 and 1500, should also
be investigated for the current setup. It is necessary to determine whether
one of them is advantageous compared to the other ones. Measurement series
should be done in the Fourier plane and outside the Fourier plane of the 4-f
imaging system.
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4.2.3 Calibration of the setup

The laser is connected to a voltage source which is set to 8 V, and it has a
warm up time of about 30 minutes. The polarizers are set to 0 ◦ and 50 ◦,
respectively. It is important that the laser, the beamsplitter and the beam
expander are aligned so that the beam passes straight through the latter.

Figure 4.6 show the properties of the lenses used in the measurements. D is
the diameter of the lens, f is the focal length, R is the radius of curvature,
tc is the center thickness, nl is the index of refraction, fb is the length from
the back plane of the lens to the right focal point and ff is the length from
the front plane of the lens to the left focal point plus the center thickness of
the lens. H ′′ is the distance from the focal plane to the back plane of the
lens, and is given by equation

H ′′ = f − fb =
tc
nl
. (4.1)

tc

ff fb

f f

nl

D

R

H''

Figure 4.6: Properties of the lenses used in the measurements.

The speci�cations of the lenses are given for a wavelength of 633 nm in the
datasheet, appendix D.7, and they are summarized in table 4.2. It is then
necessary to do some calculations in order to get correct values for a wave-
length of 532 nm. The simpli�ed thick lens equation, from the datasheet, is
given by equation (4.2), and it is used to �nd the new focal length. The new
index of refraction is from the graph in the same datasheet.

1

f
= (nl − 1)

[
1

R

]
(4.2)
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Equation (4.1) is used to �nd the new back focal length, and then the new
front focal length is found by adding the thickness of the lens to the new back
focal length. The speci�cations achieved for the lenses when the wavelength
is 532 nm are shown in table 4.3. The diameter of the lens, the radius of
curvature and the center thickness remain the same.

D [mm] f [mm] R [mm] tc [mm] nl fb [mm] ff [mm]
LA1050 50.8 100.0 51.5 9.69 1.515 93.6 106.4
LA1401 50.8 60.0 30.9 16.29 1.515 49.2 70.8

Table 4.2: The speci�cations for the lenses when λ = 633 nm.

D [mm] f [mm] R [mm] tc [mm] nl fb [mm] ff [mm]
LA1050 50.8 99.1 51.5 9.69 1.519 92.8 105.5
LA1401 50.8 59.5 30.9 16.29 1.519 48.8 70.2

Table 4.3: The speci�cations for the lenses when λ = 532 nm.

By using the values in table 4.3 the distances between the components in
the 4-f imaging system can be found. A sketch with the distances applied is
illustrated in �gure 4.7. For the measurements without a lens in the object
plane the distance from the object plane to the back plane of the �rst lens is
105.5 mm.

LA1401 LA1050
Rotating

diffuser LA1050
Image

plane

116.2 mm 92.8 mm 92.8 mm 105.5 mm

Figure 4.7: Distances between the components in the 4-f imaging system.

The proper distance from the image plane to the CCD camera with the
lens attached has to be found. A screen was placed in the image plane and
strongly illuminated with an incoherent light source. The camera was then
adjusted so that the screen was in focus.
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4.3 Sinusoidal rotating grating

Another method for reducing the speckle contrast is to place a sinusoidal
rotating grating in the beam path of the laser. The sinusoidal grating will
di�ract the beam into a line of spots. When the grating is rotated the line
of spots will also rotate, and thus cover di�erent areas of the screen. Hence
independent speckle patterns will be created. The zeroth order maxima will
be stationary for all rotations, and therefore not contribute to changes in the
speckle patterns. In order to remove it without losing power a phase delay
of 4.8 radians will be employed [19]. The principle is shown in �gure 4.8. A
more thorough description of the method can be found in the article Speckle
reduction using a sinusoidal rotating grating written by Sigbjørn Vindenes
Egge in appendix A, where I have contributed with the measurements. A
poster of the subject is found in appendix B.

Beam

Sinusoidal grating

Di�raction pattern

4.8 rads

90°
70°

50°�Di�user

Figure 4.8: Principle of speckle reduction using a sinusoidal rotating grating. The
illustration is from the article in appendix A.

The sinusiodal grating is introduced by poLight AS through the spatial light
modulator with a deformable polymer layer (SLMDPL) [20]. The deformable
layer can assume a sinusoidal shape that is controlled by a 1D array of elec-
trodes. In order to rotate the sinusoidal grating poLight AS is working on
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implementing a 2D array of electrodes.

Because a sinusoidal rotating grating is not available at the moment a trans-
missive spatial light modulator (SLM) will be employed as a proof-of-concept.
The sinusoidal gratings are created by means of gray levels, and implemented
on the SLM. It is not possible to achieve a continuous rotation of the sinu-
soidal gratings, because of the inherent pixelation of the SLM. Consequently
the sinusoidal grating is rotated discretely from 0 ◦ to 170 ◦ with an angle
increment of 10 ◦, and an image is captured for each rotation. A rotation of
180 ◦ will give the same speckle pattern as when the grating is positioned at
0 ◦. The sinusoidal grating is also rotated in a spiral in order to get di�er-
ent intensity distributions for rotations of 0 ◦ and 180 ◦. Thus the grating is
rotated from 0 ◦ to 350 ◦, and an image is recorded for each 10 ◦ rotation.

Three measurement series will be performed for each method with di�erent
phase periods, that is 4, 8 and 12 pixels. As for the rotating di�user in the
4-f imaging system the recorded speckle patterns are to be averaged and the
modulator speckle contrast will be found for each measurement series.

4.3.1 The setup

The setup for speckle reduction using a sinusoidal rotating grating is shown
in �gure 4.9, and an image from the laboratory is displayed in �gure 4.10.
The DPSS laser module is emitting light with a wavelength of 532 nm and
it has an applied voltage of 8 V. The spatial light modulator is sandwiched
between a polarizer, positioned at 330 ◦, and an analyser, positioned at 0 ◦, in
order to obtain the desired range of phase retardation. When the sinusoidal
gratings are implemented into the SLM by means of the LC2002 Control

Program a di�raction pattern is created.

A �lter, which is used to remove undesirable di�raction maximas, followed
by a stationary di�user with a grit size of 1500 is placed a long distance from
the SLM, that is 78 cm from the SLM to the di�user. The 1500 grit is chosen
because it scatters light less than the di�users with lower grits, see section
5.1.3. The di�user is used to decorrelate and homogenize the beam.

Further, the light is re�ected onto the CCD camera by a screen, and the
speckle patterns are captured by means of the software program LuCam

Capture v4.5.0. The exposure time was 30 ms for all measurements, and no
gain was applied. A lens with a focal length of f = 75 mm is attached to
the camera in order to focus the beam onto the CCD sensor. The angle
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between the beam paths before and after hitting the screen is about 22 ◦.
Subsequently, the SLM and the �lter are described more thoroughly.

Voltage

source

Laser
Polarizer

SLM

Analyser

Computer

Camera

Filter Diffuser

Lens

Screen

Figure 4.9: The setup for speckle reduction using a sinusoidal rotating grating.

Figure 4.10: The laboratory setup corresponding to the schematics in �gure 4.9.

The spatial light modulator and the �lter

The intensity distribution of the di�raction pattern with a peak-to-peak
phase delay m results in the following equation [19],

I(x, y) ≈
(
A

λz

)2 ∞∑
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J2
q

(m
2

)
sinc2

(
2wy

λz

)

× sinc2
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(x− qf0λz)

]
.

(4.3)
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Here A is the area of the aperture, λ is the wavelength, z is the distance from
the aperture to the observation plane, Jq is a Bessel function of �rst kind and
order q, w is the half-width of the aperture and f0 is the spatial frequency
of the grating. The peak-to-peak phase delay is equal to 4.8 radians in order
to cancel out the central di�raction maxima.

Every pixel in the matrix forming the SLM is individually alternating the
phase of the laser beam, and can be considered as wave retarders [21]. A
completely black pixel, with gray level 0, will cause no retardation, and a
completely white pixel, with gray level 255, will cause a retardation of 2π
radians. The phase retardation as a function of gray level for the SLM, shown
in �gure 4.11, had to be measured because it was not linear. The function
was used to make a lookup-table for correction of the sinusoidal gratings
before they were implemented on the SLM. Such a correction is necessary
for the sinusoidal gratings to actually give a sinusoidal phase retardation.
A section of the matrix before and after the correction is shown in �gures
4.12(a) - (b).
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Figure 4.11: Phase retardation as a function of gray level for the SLM. The graph
is from the article in appendix A.
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(a) Before correction. (b) After correction.

Figure 4.12: Correction of the sinusoidal grating. The images are from the article
in appendix A.

When the SLM is turned o� its pixels act as a grating because of the low �ll
factor of 55 %. Thus a di�raction pattern, as illustrated in �gure 4.13(a), is
created. The distances between the spots at the �lter were about 12 mm in
both horizontal and vertical directions. The sinusoidal grating displayed on
the SLM causes the laser beam to di�ract each of these maximas, and they
will be centers for a line of spots, as shown in �gure 4.13(b). The spot sizes
changes with respect to the grating periods, i.e. shorter periods lead to larger
spots. The maximas created by the SLM are undesired, and hence a �lter
consisting of an aperture and a stop is employed. The aperture removes the
higher order maximas and their corresponding lines of spots, while the stop
blocks the zeroth order maxima. The �lter utilised is shown in �gure 4.13(c).
The stop has to cover the zeroth di�raction order completely, and its size is
therefore changed for the di�erent grating periods. The size of the aperture
opening is 9 mm for all the measurements, and the stop sizes are 3 mm, 2 mm
and 1.5 mm for grating periods of 4, 8 and 12 pixels, respectively.

4.3.2 Speckle reduction methods

There are two similar speckle reduction methods investigated for this setup.
In the �rst method the sinusoidal gratings are rotated around their centers,
and an image is captured for each 10 ◦ rotation from 0 ◦ to 170 ◦. The mea-
surements are performed for grating periods of 4, 8 and 12 pixels.

In the second method the sinusoidal gratings are rotated in a spiral with
their starting points in the center of the gratings. When the grating period
is 4 pixels the grating is shifted one pixel for a rotation of 10 ◦, two pixels for
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(a) (b) (c)

Figure 4.13: (a) The di�raction pattern caused by the pixels in the SLM. (b) Each
maxima will be the source of a line of spots when a sinusoidal grating is displayed
on the SLM. (c) The �lter, consisting of an aperture and a stop, removing undesired
elements. The illustrations are from the article in appendix A.

20 ◦, three pixels for 30 ◦, and then zero pixels for 40 ◦, one pixel for 50 ◦, and
so forth. The same shifting method is applicable to the phase periods of 8
and 12 pixels, where the maximum shifts are 7 and 11 pixels, respectively.

The shift theorem stated below [19] proves that the di�raction patterns for
the same grating periods in the two methods will not change when the grat-
ings are shifted:

If

F{g(x, y)} = G(fx, fy), (4.4)

then

F{g(x− a, y − b)} = G(fx, fy)exp[−j2π(fxa+ fyb)]; (4.5)

that is, translation in the space domain introduces a linear phase shift in the

frequency domain.

The idea is that the shifting of the rotating gratings in the second method
will result in a change of the intensity distribution in the spots. Hence more
independent speckle patterns will be obtained compared to the �rst method
where there is no shifting. Because 0 ◦ and 180 ◦ rotations should result in
di�erent speckle patterns, an image is captured for each of the 10 ◦ angle
increments from 0 ◦ to 350 ◦. Thus a better speckle contrast reduction should
be achieved.
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4.4 Post-processing of the speckle patterns

Both the di�user positioned in the 4-f imaging system and the sinusoidal
grating implemented on the SLM are rotated discretely with an angle incre-
ment of 10 ◦. An image is captured for each rotation, and saved in the folder
corresponding to its measurement series.

When n independent elements contribute in the speckle reduction, the total
speckle contrast is given by [1]

C = c1 · c2 · · · cm · · · cn. (4.6)

The contribution imposed by the rotating element is known as the modulator
speckle contrast, cm, while the rest of the contributions are caused by other
elements in the setup. The speckle reduction achieved without the rotating
element is known as the reference contrast, given by Cref = c1 · c2 · · · cm−1 ·
cm+1 · · · cn, which corresponds to

cm =
C

Cref

. (4.7)

Hence the contrast reduction caused by the rotating element has been iso-
lated. In this thesis, C is the contrast of the average speckle pattern, while
Cref is the average contrast of a set of speckle patterns.

The recorded images have to be averaged in order to calculate the modulator
speckle contrast. For di�erent numbers of averaged images, N , the speckle
patterns are chosen with the same angle increment, ∆α, from one image to
the next, given by

∆α =
360 ◦

N
. (4.8)

Thus, a larger amount of averaged images requires a smaller angle increment.
For the measurement series with the sinusoidal grating rotated around its
center, 360 ◦ changes to 180 ◦ in equation (4.8).

The MATLAB code used to create the graphs that display the modulator
speckle contrasts for N averaged images and their deviations from the theo-
retical contrast is found in appendix C, and described subsequently.
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An image of the background light is captured for each measurement series,
and subtracted from the speckle patterns. To avoid negative matrix elements,
negative values are treated as errors and set to zero. The outer edges of
the images are removed to avoid potential edge e�ects caused by the CCD
sensor. The intensities of the speckle patterns within one measurement series
are scaled in order to achieve equal mean intensities for all images. At last,
the modulator speckle contrasts are found for di�erent numbers of averaged
speckle patterns for the measurement series, as well as the deviations from
the theoretical contrast.
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5. Results

The brightness for all the speckle patterns displayed throughout section 5
has been increased in order to show the variations of the intensities better.

5.1 Rotating di�user in the 4-f imaging system

5.1.1 Empty object plane

The images in �gures 5.1(a) - (f) show the speckle patterns at 0 ◦ for each of
the measurements. The measurement series are performed between the two
lenses in the 4-f imaging system shown in �gure 4.1, and the distances given
beneath each image are measured from the back plane of the �rst lens to the
front plane of the di�user. The Fourier plane is located where the speckle
grains are largest, that is at 9.4 cm from the back plane of the �rst lens.

In order to reduce the speckle contrast images recorded for each rotation of
10 ◦, from 0 ◦ to 350 ◦, have to be averaged. This results in the images shown
in �gures 5.2(a) - (f), which represents the average speckle patterns when 36
images are averaged for each measurement series.

The graph in �gure 5.3 displays the modulator speckle contrast, which is
described in the theory, when N = 2, 3, 4, 6, 9, 12, 18, 36 images are averaged
for all series of measurements. The modulator speckle contrast is compared to
the theoretical contrast of N independent images, which is given by C = 1√

N
in section 2.1, and the deviation in percent is showed by the graphs in �gures
5.4(a) - (b).
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(a) 3.4 cm (b) 7.0 cm (c) 9.3 cm

(d) 9.4 cm (e) 10.2 cm (f) 15.2 cm

Figure 5.1: Speckle patterns at 0 ◦ for each measurement series at di�erent posi-
tions in the 4-f imaging system.

(a) 3.4 cm (b) 7.0 cm (c) 9.3 cm

(d) 9.4 cm (e) 10.2 cm (f) 15.2 cm

Figure 5.2: Average of 36 speckle patterns for each measurement series at di�erent
positions in the 4-f imaging system.
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Figure 5.3: Modulator speckle contrast for N averaged images for the measure-
ment series at di�erent positions in the 4-f imaging system.
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(a) Measurements close to theory.

(b) Measurements far from theory.

Figure 5.4: Deviation of modulator speckle contrast from theory for N averaged
images for the measurement series at di�erent positions in the 4-f imaging system.
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5.1.2 A lens in the object plane

A lens is placed in the object plane of the 4-f imaging system, as shown in
�gure 4.3, in order to spread the light in the Fourier plane, and then avoid
that just a small spot is illuminated. The images in �gures 5.5(a) - (e) show
the speckle patterns at 0 ◦ for each series of measurements. The measurement
series are performed at di�erent positions between the two similar lenses in
the 4-f imaging system. The distances beneath the images in the �gures are
from the back focal plane of the �rst lens to the front plane of the di�user.
Calculations, displayed in �gure 4.7, show that the Fourier plane is close to
9.3 cm from the back plane of the �rst lens. As opposed to the measurement
series with an empty object plane the speckle grains are about the same size.

In order to achieve speckle reduction the images captured for each rotation of
10 ◦, from 0 ◦ to 350 ◦, have to be averaged. This leads to the images shown
in �gures 5.6(a) - (e) which display averaged speckle patterns for 36 di�erent
images for each measurement series.

The graphs in �gures 5.7(a) and 5.7(b) display the modulator speckle con-
trast and its deviation from theory in percent for N = 2, 3, 4, 6, 9, 12, 18, 36
di�erent speckle patterns for each measurement series.
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(a) 3.4 cm (b) 6.8 cm (c) 9.3 cm

(d) 11.8 cm (e) 15.2 cm

Figure 5.5: Speckle patterns at 0 ◦ for each measurement series at di�erent posi-
tions in the 4-f imaging system.

(a) 3.4 cm (b) 6.8 cm (c) 9.3 cm

(d) 11.8 cm (e) 15.2 cm

Figure 5.6: Average of 36 speckle patterns for each measurement series at di�erent
positions in the 4-f imaging system.
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(a) Modulator speckle contrast for N averaged images.

(b) Deviation of modulator speckle contrast from theory for N averaged
images.

Figure 5.7: Modulator speckle contrast and its deviation from theory for N
averaged images for the measurement series at di�erent positions in the 4-f imaging
system.
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5.1.3 Di�users with di�erent grit sizes

In order to �nd out whether the speckle reduction was dependent on the
di�users or not, di�erent grit sizes were investigated. The images in �gures
5.8(a) - (d) show the speckle patterns at 0 ◦ when the di�erent di�users are
placed in the Fourier plane. The images in �gures 5.9(a) - (d) display the
average of the 36 di�erent speckle patterns when rotating the di�user with a
10 ◦ angle increment from 0 ◦ to 350 ◦.

The graphs in �gures 5.10(a) and 5.10(b) show the modulator speckle contrast
and its deviation from the theoretical contrast when the di�users are placed
in the Fourier plane of the 4-f imaging system. It is seen that the di�user
with 600 grit has a larger deviation from theory than the other di�users, and
that is the reason why it is left out in the subsequent measurements. Table
5.1 show the exposure times for the di�erent di�users.

Di�user 120 grit 220 grit 600 grit 1500 grit
Exposure time 12.0 ms 13.0 ms 6.0 ms 8.0 ms

Table 5.1: The exposure time for di�users with di�erent grit sizes positioned in
the Fourier plane of the 4-f imaging system.

In order to determine the exposure times for the di�erent di�users some
test images were captured. It is important that the maximum intensity
of the images do not exceed 255, because then the images are saturated.
Nevertheless, it is preferable that the images have a maximum intensity close
to 255 for them to be as bright as possible.

Further, the same measurements were performed outside the Fourier plane,
at the position 11.8 cm from the back plane of the �rst lens. Hence the
speckle patterns for 0 ◦ are shown in �gures 5.11(a) - (c), and the average of
the 36 di�erent speckle patterns can be seen in �gures 5.12(a) - (c). Here the
di�user with a grit size of 600 was left out.

The graphs in �gures 5.13(a) and 5.13(b) present the modulator speckle
contrast and its deviation from the theoretical contrast when the di�users
are located 11.8 cm from the back plane of the �rst lens. The exposure times
for the di�erent di�users are shown in table 5.2.
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Di�user 120 grit 220 grit 1500 grit
Exposure time 15.0 ms 15.0 ms 8.0 ms

Table 5.2: The exposure time for di�users with di�erent grit sizes positioned
11.8 cm from the back plane of the �rst lens in the 4-f imaging system.

Since the modulator speckle contrast for the di�erent di�users are similar the
one with the shortest exposure time is preferable. That is because a shorter
exposure time results in less scattering. The di�user with a grit size of 1500
has thus been used in all the measurement series.

53



Chapter 5

(a) 120 grit (b) 220 grit (c) 600 grit

(d) 1500 grit

Figure 5.8: Speckle patterns at 0 ◦ for di�users with di�erent grit sizes positioned
in the Fourier plane of the 4-f imaging system.

(a) 120 grit (b) 220 grit (c) 600 grit

(d) 1500 grit

Figure 5.9: Average speckle patterns of 36 di�erent images for di�users with
di�erent grit sizes in the Fourier plane of the 4-f imaging system.
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(a) Modulator speckle contrast for N averaged images.

(b) Deviation from theoretical contrast for N averaged images.

Figure 5.10: Modulator speckle contrast and its deviation from theoretical con-
trast for N averaged images when a rotating di�user with di�erent grit sizes posi-
tioned in the Fourier plane of the 4-f imaging system.
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(a) 120 grit (b) 220 grit (c) 1500 grit

Figure 5.11: Speckle patterns at 0 ◦ for di�users with di�erent grit sizes positioned
11.8 cm from the back plane of the �rst lens in the 4-f imaging system.

(a) 120 grit (b) 220 grit (c) 1500 grit

Figure 5.12: Average speckle patterns of 36 di�erent images for di�users with
di�erent grit sizes positioned 11.8 cm from the back plane of the �rst lens in the
4-f imaging system.
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(a) Modulator speckle contrast for N averaged images.

(b) Deviation from theoretical contrast for N averaged images.

Figure 5.13: Modulator speckle contrast and its deviation from theoretical con-
trast for N averaged images when a rotating di�user with di�erent grit sizes is
positioned 11.8 cm from the back plane of the �rst lens in the 4-f imaging system.
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5.2 Sinusoidal rotating grating

5.2.1 Rotation around the center

In this method the sinusoidal gratings were rotated around their centers for
each of the measurement series, that is for grating periods of 4, 8 and 12
pixels, and an image was captured for each rotation. A speckle pattern for a
rotation of 30 ◦ and a grating period of 12 pixels is shown in �gure 5.14(a).
In order to reduce the speckle contrast the images captured for each 10 ◦

rotation from 0 ◦ to 170 ◦ had to be averaged. The average speckle pattern
for N = 18 di�erent images is shown in �gure 5.14(b). Similar images can
be obtained for 4 and 8 pixels grating periods.

(a) (b)

Figure 5.14: (a) Speckle pattern at 30 ◦ for a grating period of 12 pixels. (b)
Average speckle pattern for N = 18 with 12 pixels grating period.

The modulator speckle contrasts for the di�erent periods of the sinusoidal
gratings for N = 2, 3, 6, 9, 18 di�erent speckle patterns are displayed in �gure
5.15(a). Their deviations from the theoretical contrast, C = 1√

N
, are shown

in �gure 5.15(b). Table 5.3 gives the values of the modulator speckle contrasts
for all N .

Period [px] 4 8 12
cm(N = 2) 0.71 0.72 0.73
cm(N = 3) 0.60 0.60 0.59
cm(N = 6) 0.45 0.46 0.49
cm(N = 9) 0.39 0.43 0.45
cm(N = 18) 0.34 0.39 0.42

Table 5.3: Summary of the modulator speckle contrasts for all measurements.

58



Results

(a) Modulator speckle contrasts for N averaged images.

(b) Deviations of modulator speckle contrasts from theoretical contrast for
N averaged images.

Figure 5.15: Modulator speckle contrasts and their deviations from theory for
N averaged images for the measurement series with a sinusoidal grating rotated
around the center of the grating.
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5.2.2 Rotation in a spiral

In this method the sinusoidal gratings were rotated in a spiral with their
starting points in the center of the gratings, and an image was captured for
each rotation. A speckle pattern recorded for 12 pixels grating period at
30 ◦ is displayed in �gure 5.16(a). For these measurement series an image is
captured at each 10 ◦ angle increment from 0 ◦ to 350 ◦, and they had to be
averaged in order to reduce the speckle contrast. Figure 5.16(b) shows the
average speckle pattern for N = 36 di�erent images when the grating period
is 12 pixels. The grating periods of 4 and 8 pixels will result in similar images.

(a) (b)

Figure 5.16: Speckle patterns at 30 ◦ for each measurement serie for di�erent
grating periods.

The graph in �gure 5.17(a) shows the modulator speckle contrasts for N =
2, 3, 4, 6, 9, 12, 18, 36 di�erent images for all three grating periods. The graph
in �gure 5.17(b) displays their deviations from the theoretical contrast. The
values for the modulator speckle contrasts for all N are given in table 5.4.

Period [px] 4 8 12
cm(N = 2) 0.87 0.88 0.85
cm(N = 3) 0.59 0.60 0.60
cm(N = 4) 0.62 0.63 0.64
cm(N = 6) 0.50 0.52 0.52
cm(N = 9) 0.38 0.43 0.47
cm(N = 12) 0.38 0.42 0.46
cm(N = 18) 0.33 0.40 0.44
cm(N = 36) 0.31 0.38 0.42

Table 5.4: Summary of the modulator speckle contrasts for all measurements.
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(a) Modulator speckle contrasts for N averaged images.

(b) Deviations of modulator speckle contrasts from theoretical contrast for
N averaged images.

Figure 5.17: Modulator speckle contrasts and their deviations from theory for N
averaged images for the measurement series with a sinusoidal grating rotated in a
spiral.
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6. Discussion

6.1 Optical simulations in ZEMAX

According to the theory in section 2.5 the speckle size should become larger
with a smaller aperture opening. Simulations with several aperture openings
have been tested in ZEMAX, but all of them result in the same speckle size,
which is shown in �gure 3.10. It is very di�cult to simulate the scattering
properties of a di�user, and it is reasonable to believe that the di�user sim-
ulated in this setup does not qualify as a true di�user. Therefore it is not
certain that the pattern displayed in �gure 3.10 represents speckle grains.
Hence, simulating speckle turned out to be harder than expected, and due
to the time limit for this thesis further experiments were not attempted.

6.2 Rotating di�user in the 4-f imaging system

For the case with an empty object plane in the 4-f imaging system the images,
when the di�user is positioned at 0 ◦, are displayed in �gure 5.1. They show
that the speckle grains have very di�erent sizes when the di�user is located
at di�erent positions between the two lenses. The speckle grains are largest
when the di�user is located in the Fourier plane, that is 9.4 cm from the
back plane of the �rst lens, and they become smaller the closer the di�user
is positioned towards one of the lenses in the 4-f imaging system. When the
di�user is close to the second lens, that is 15.2 cm from the back plane of the
�rst lens, more light is scattered and less light is incident on the CCD sensor.
Consequently the images have dark outer edges.

The graphs in �gures 5.3 and 5.4(b) show that the modulator speckle contrast
in the Fourier plane �uctuates, and it is far from the theoretical contrast
for almost all N . A reason may be the large sizes of the speckle grains
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in the Fourier plane, seen in �gure 5.1(d), causing them to overlap more
frequently. As a consequence the speckle patterns will not be statistically
independent. In addition, it is important to position the di�user exactly
in the Fourier plane, but the short Rayleigh range [10] makes this di�cult.
Thus, even a slight misalignment of the di�user can cause incorrect results.
The same graphs also show that when the di�user is close to the second lens,
the modulator speckle contrast has a large deviation from the theoretical
contrast, i.e. 74 % deviation for 36 averaged images. This is due to the
nonuniform intensity distribution on the CCD sensor and the dark outer
edges of the images.

The modulator speckle contrasts, shown by the graphs in �gures 5.3 and
5.4(a), for the rest of the measurement series are fairly similar, and the
deviation from theory ranges from about 4 − 15 % for 36 averaged images.
Hence it will not be advantageous to place the di�user in the Fourier plane of
the 4-f imaging system, nor close to the second lens, compared to elsewhere
between the two lenses in the 4-f imaging system.

In order to spread the light in the Fourier plane a third lens with a shorter
focal length was placed in the object plane of the 4-f imaging system. The
speckle patterns, when the di�user is positioned at 0 ◦ for di�erent locations
between the two lenses, are shown in �gure 5.5, and it is seen that they have
about the same grain size.

Further, the graphs in �gure 5.7 show that the modulator speckle contrasts
for N averaged images are fairly similar. The deviations from the theoretical
contrast ranges from about 4−12 % for 36 averaged speckle patterns, and the
closer the di�user is located towards the �rst lens of the 4-f imaging system
the closer is the modulator speckle contrast to the theoretical contrast. As
a result the Fourier plane does not seem to be advantageous for this case
either.

Di�users with di�erent grit sizes were also investigated, both in the Fourier
plane and outside of it. Figure 5.8 shows the speckle patterns when the dif-
fusers are positioned at 0 ◦ and located in the Fourier plane. The speckle
patterns for the di�users with grit sizes of 120, 220 and 1500 are similar, but
the speckle pattern for the di�user with 600 grit is di�erent. Instead of uni-
formly distributed speckle grains it is seen that there are more bright speckle
grains towards the center of the CCD sensor. The same is seen in �gure 5.9(c)
when 36 speckle patterns are averaged. The graph in �gure 5.10(b) shows
that the 600 grit di�user has a larger deviation from the theoretical contrast
compared to the other di�users, and hence it is left out for the measurement
series performed outside the Fourier plane.
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Figures 5.10 and 5.13 show that for the other measurement series the mod-
ulator speckle contrasts are close to the theoretical contrast, and also fairly
similar. A short exposure time is desirable because it results in less scatter-
ing. Tables 5.1 and 5.2 show that the di�user with 1500 grit requires the
shortest exposure time, and hence it has been chosen for the measurement
series.

Literature, such as [22], [23], [24] and [25] indicate that the Fourier plane of a
4-f imaging system could be advantageous for performing speckle reduction.
Indeed none of them propose to place a di�user in the Fourier plane, but, as
can be seen in [26], [27] and [28], rotating or moving a di�user is an e�ective
method for speckle reduction. Therefore it was reasonable to believe that
the speckle reduction measurements performed in the Fourier plane could
prove to be superior compared to other measurement series. However, when
considering the results achieved for a rotating di�user located in the Fourier
plane compared to a rotating di�user positioned elsewhere the method does
not appear to be advantageous.

6.3 Sinusoidal rotating grating

When the gratings are rotated around their centers, their deviations for the
modulator speckle contrasts compared to the theoretical contrast are shown
in �gure 5.15(b). It is seen that the deviations increase when the number of
averaged speckle patternsN increases. Because a smaller angle increment will
cause the di�raction patterns to overlap more, this is as expected. Further,
it is seen that the deviations are closer to theory when the grating periods
are shorter. This is also as expected, because the 4 pixels grating period
will create spots that are larger and more separated than the spots for the
grating periods of 8 and 12 pixels. Thus the di�raction patterns for the 4
pixels grating period will overlap the least, and the di�raction patterns for
the 12 pixels grating period will overlap the most.

The deviations for the modulator speckle contrasts compared to the theory
when the gratings are rotated in a spiral show similar behaviour, and are
displayed in �gure 5.17(b). When N = 2 the angle increment is given by
∆α = 360 ◦

2
= 180 ◦, see section 4.4, and consequently the images for 0 ◦ and

180 ◦ rotations are averaged for each of the grating periods. The averaged
images have deviations from theory between 20 and 25 %, and as a result they
have a large dependence. According to the shift theorem, see section 4.3.2,
the di�raction spots for 0 ◦ and 180 ◦ rotations are perfectly overlapping.
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However, if the two images had been alike the modulator speckle contrast
would have been 1, but because it is not this indicates that the images have
slightly di�erent intensity distributions.

When N = 3 and N = 9, tables 5.3 and 5.4 show that the modulator
speckle contrasts are similar for the two methods. For the second method
the angle increments are given by ∆α = 360 ◦

3
= 120 ◦ and ∆α = 360 ◦

9
= 40 ◦,

respectively. Hence none of the images have a rotation di�erence of 180 ◦

and a larger independence is achieved, as can be seen in �gure 5.17(a). For
N = 36 a modulator speckle contrast of 0.31 is achieved for a grating period
of 4 pixels. In comparison, a contrast of 0.34 is obtained for N = 18 when
the grating is rotated around its center. Consequently rotation in a spiral is
promising and should be investigated further.

There are some drawbacks when it comes to the SLM used in the measure-
ments. The steps of the sinusoidal gratings made of gray levels are more
discretized for smaller grating periods. Furthermore, the gray levels ranged
from 0 − 198 for the corrected sinusoidal gratings, thereby not using the
maximum dynamic range of the SLM, which is 0 − 255. Moreover, because
of the multiple maximas created by the SLM and their di�raction patterns
shown in �gure 4.13(b), spots from undesired maximas would pass through
the aperture and mix with the desired spots. A larger grating period causes
less mixing because the di�raction spots are closer to their respective zeroth
order maximas. In addition, fewer grating periods are covered by the laser
beam when the grating periods are larger, and thus equation (4.3) becomes
less valid. Hence it could be fortunate to repeat the measurements with a
beam expander positioned in front of the SLM.
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7. Conclusion and further work

The intention with ZEMAX was to simulate a 4-f imaging system for speckle
reduction, and the �rst challenge was to simulate speckle. It turned out
to be a very challenging task, and as a consequence it was decided to end
the simulations because of the time frame of this thesis. However, the work
should be continued in a doctorate study. Other optical design and simulation
software may be more suited to model speckle.

Further, a di�user was rotated discretely with an angle increment of 10 ◦ from
0 ◦ to 350 ◦ in the Fourier plane of a 4-f imaging system. The di�user was
also placed at other positions between the two lenses forming the imaging
system for comparison. Measurement series were performed both with an
empty object plane and with a lens in the object plane in order to spread the
light at the Fourier plane. When the object plane was empty the modulator
speckle contrast was �uctuating compared to the theoretical contrast for the
measurement series performed in the Fourier plane. Other positions resulted
in a modulator speckle contrast much closer to the theoretical contrast. When
the lens was placed in the object plane the modulator speckle contrasts were
fairly similar and close to the theoretical contrast. Hence, the results impose
that the Fourier plane of a 4-f imaging system is not an advantageous position
for performing speckle contrast reduction with a rotating di�user.

Lastly, sinusoidal rotating gratings made of gray levels were implemented on
a transmissive spatial light modulator. Measurement series were performed
with the sinusoidal gratings rotated discretely around their centers from 0 ◦

to 170 ◦ and in a spiral from 0 ◦ to 350 ◦, both with an angle increment of
10 ◦. The last method implied that the shifting of the sinusoidal gratings was
not ideal to attain independent speckle patterns for rotations of 0 ◦ and 180 ◦,
but the rotation from 180 ◦ to 350 ◦ contributed to some additional speckle
reduction. The modulator speckle contrasts for 4 pixels grating periods was
0.31 for N = 36 averaged images when the SLM was rotated in a spiral,
and 0.34 for N = 18 averaged images when the SLM was rotated around its
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center. The results from both methods indicate that rotation of sinusoidal
gratings are promising for speckle contrast reduction, but because of the
drawbacks of the SLM it is di�cult to achieve good results. As a consequence,
an SLM with a better �ll factor and less discretization should be investigated.
Moreover, a beam expander should be inserted in front of the SLM for the
beam to cover even more grating periods. In addition, further measurements
should be done with an improved method for rotating the sinusoidal gratings
in a spiral, i.e. a method that results in independent speckle patterns for
rotations of 0 ◦ and 180 ◦.

By combining several reduction methods it is possible to achieve a better
reduction of the speckle contrast, e.g. [26] and [29] suggest to employ several
di�users. It has also been proposed to use multiple light sources [30]. Hence,
it could be interesting to place more than one SLM in the beam path in
order to reduce the speckle contrast even further, and achieve the targeted
5 % speckle contrast.
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Sinusoidal rotating grating

A novel idea for a speckle reduction modulator is based on diffraction and rota-
tion. A beam of coherent light is passed through a sinusoidal phase grating which 
diffracts the light into a line of spots on a diffuser. When rotated, these spots will 
cover different areas of the diffuser and produce independent speckle patterns if 
the zeroth order is removed. A phase grating with a retardation difference of 4.8 
radians will extinct the zeroth order without loosing power [2]. In a laser projector 
the diffuser would be followed by a light homogenizer with an image SLM at the 
end.

Introduction

The coherent nature of laser light introduces the problem of speckle in laser display projectors. Speckle are random spatial intensity fluctuations which arise when coherent 
light is reflected off a rough surface. A novel idea for speckle reduction in laser display projectors uses the rotation of a diffraction pattern. To test the principle a test configu-
ration was implemented. The setup consisted of sinusoidal phase gratings patterned on a transmissive spatial light modulator (SLM), with each phase grating rotated with 
respect to the previous one. 

Speckle Reduction Using a Sinusoidal Rotating Grating

Laser speckle

Improved color gamut, higher contrast, deeper focus, and higher brightness  are 
some of the advantages of using laser light contra incandescent lamps in display 
projectors [1]. However, coherent light causes interference when reflected off a 
rough screen and creates a random pattern of varying intensity over the image. 
This noise pattern is called speckle and has to be reduced to an acceptable level 
without impairing the benefits of a laser light source or its power too much.

Speckle reduction methods are based on reducing the coherence of light. A par-

tially coherent beam produces a time-varying interference pattern that is aver-
aged during the integration time of the eye. The speckle contrast is defined as
C = 1/√N for the sum of N independent speckle patterns. To get a good viewing 
experience C < 0.1.
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Laboratory setup

Results

The sinusoidal grating period was varied to characterize speckle contrast as a 
function of period. In each measurement series an image of the speckle pattern 
was recorded for each rotation, and average images were calculated for various 
angle increments.
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Figure 1: Diffraction on a sinusoidal 

phase grating with a peak-to-peak 

phase difference of 4.8 radians produces 

a pattern with a vanishing zeroth order. 

Rotation of the diffraction pattern cre-

ates independent speckle patterns.

Figure 4: Speckle patterns produced by a sinusoidal grating with a period of 4 pixels. Left: Example of an individual 

speckle pattern, rotated 30 degrees. Right: The speckle contrast is reduced by averaging 18 individual patterns.

Figure 3: A sketch of the laboratory setup.

The grating period ranged from 4 to 8 pixels. Results were compared with the 
speckle contrast of the sum of N independent speckle patterns. The results are 
promising with deviation from minimum speckle contrast of 16 % when averaging 
6 patterns with period of 4 pixels.

Laboratory setup continued
 
To obtain the desired range of phase modulation the SLM was sandwiched be-
tween two polarizers. In order to decorrelate and homogenize the beam it was 
passed through a diffuser. The light was reflected off a Stewart Filmscreen and 
imaged onto a CCD. The laser power was continuously monitored by a photode-
tector.

Laser

Multimeter

Laser power
supply

Photodetector

Polarizer

Camera

Computer

Di"user Filter

SLM

Lens

Screen Analyzer

Figure 5: Speckle contrast as a 

function of the number of images 

averaged together. The black line 

shows the contrast of the sum of N 

independent speckle patterns, 

while the red and blue lines are the 

experimental contrasts for 4 and 8 

pixels grating periods, respec-

tively.

The proposed modulator is intended to 
be implemented by a 2D SLM with a 
deformable polymer layer (SLMDPL) 
[3]. For proof-of-concept the sinusoidal 
phase grating was implemented in 
discretized steps on a Holoeye LC 
2002 SLM (800x600 px). Its phase re-
tardation as a function of gray scale 
was linearized by a lookup-table.

Figure 2: Phase retardation imposed by the SLM as a 

function of gray level, for the wavelength 532 nm.

Conclusion
 
The measurements indicate that the sinusoidal rotating grating principle for 
speckle contrast reduction is promising. Better results are expected when a true 
sinusoidal grating is implemented.

Beam
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C. MATLAB code

C.1 Load images

Ibg=imread('bg.bmp');

%Load the background image

N=0;

M=36;

for N = (1:M)

num = (N-1)*10;

st = int2str(num);

str = strcat(st,'.bmp');

I(N).Ia = imread(str);

%Load the speckle patterns

Isub(N).Ia = I(N).Ia-Ibg;

%Subtract the background image

Icrop(N).Ia = Isub(N).Ia(41:440,41:600);

%Remove the edges

Iscale(N).Ia = (double(Icrop(N).Ia)/mean2(double(Icrop(N).Ia)))

*mean2(double(Icrop(1).Ia));

%Scale the images

max(max(Icrop(N).Ia))

%Maximum intensities

min(min(Icrop(N).Ia))

%Minimum intensities

mean2(Iscale(N).Ia)

%Mean intensities

end
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C.2 Analyse images

K=0;

for K = (1:36)

Ci(K).std = std2(Icrop(K).Ia)/mean2(Icrop(K).Ia);

%Speckle contrast of individual speckle patterns

end

L = [36 18 12 9 6 4 3 2];

a = [0 0 0 0 0 0 0 0];

N=0;

M=0;

for N = (1:8)

Imean = zeros(400,560);

for M = (1:(L(1)/L(N)):L(1))

Imean = Imean+Iscale(M).Ia;

%Sum of L speckle patterns

a(N)=a(N)+Ci(M).std;

%Sum of speckle contrasts of individual speckle

patterns

end

mean(N).Im = Imean/(L(N));

%Mean intensity of L speckle patterns

Cref(N)=a(N)/L(N);

%Average contrast of individual speckle patterns

Cave(N)=std2(mean(N).Im)/mean2(mean(N).Im);

%Contrast of averaged speckle pattern

Cm(N)=Cave(N)/Cref(N);

%Modulator speckle contrast

Ctheory(N)=1/((L(N))^(0.5));

%Theoretical contrast

D(N)=100*(((Cm(N))-(Ctheory(N)))/(Ctheory(N)));

%Deviation from theoretical contrast

end
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MATLAB code

C.3 Create graphs

figure(1)

grid on

hold on

plot(L,Cm,'r.-')

plot(L,Ctheory,'k.-')

xlabel('N (number of images)')

ylabel('Modulator speckle contrast')

axis([0 36 0 1])

figure(2)

grid on

hold on

plot(L,D,'r.-')

xlabel('N (number of images)')

ylabel('Deviation from theory (%)')

axis([0 36 -2 16])
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D. Datasheets

D.1 Datasheet for the laser
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Key features
● Visible light λ = 532nm
● Output power 0.9mW and 4mW
● Circular beam 1.2mm typ.
● Adjustable lens
● Modulation 0-1kHz
● Compact and self-contained
● High reliability
Applications
● Industrial alignment
● Medical alignment
● Scientific equipment

The 300-0088 series DPSS green laser
diode module offers a circular output
beam of 1.2mm diameter with beam
divergence of <2.0mrad, output power 
of 0.9mW or 4mW, an operating voltage
of 4-6V at an operating current of
350mA maximum, and operating
temperature  from +10oC to +30oC.
Power stability is better than 5% 
over 7 hours.

The DPSS (Diode Pumped Solid State)
laser diode module has been designed
as a complete laser diode solution for
OEM use.
It consists of an anodised aluminium
housing, laser diode, drive circuit and
user-adjustable collimating lens.
Electrical connections are made via
external flying leads. 

laser diode solutions

60.0 mm

1
4

.0
 m

m

532nm DPSS Green Laser Diode Module



da
tas

he
et

laser diode solutionsIssue F:12/05

Heat Sinking
If the case temperature of the laser diode exceeds its maximum specification, premature or catastrophic failure may occur. To ensure the
maximum life of the laser diode, it is recommended that an additional electrically insulated heatsink of at least 50 sq cm be used.
Thermal transfer cream can be used to improve contact and heat dissipation. Do not restrict air circulation around the device.
Power Connections
These DPSS laser diode modules require a regulated input voltage of 4-6V. Connections are made via the 3 pre-tinned external flying leads, 
(red is positive, black is negative, yellow is modulation).
WARNING: The housing is internally connected to the positive supply rail. Damage to the external anodised surfaces will result in the housing
being at positive potential.
Specifications subject to change without notice.  E&OE

Specifications (Tc=250C)

ITEM / PART no. 300-0088-00 300-0088-01
Wavelength 532nm 532nm
Output Power (±10%) 0.9mW 4.0mW
Beam Size (typ 1/e2) 1.2 mm 1.2 mm
Beam Circularity ≤ 1.3:1 ≤ 1.3:1
Beam Divergence ≤ 2.0 mrad ≤ 2.0 mrad
Warm up Time 4-5 minutes 4-5 minutes
Power Stability (over 7 hours after warm up at constant temperature) < 5% < 5%
Power Stability (over operating temperature range) ≤ 20% ≤ 20%
Mode TEM00 TEM00

Operating Voltage 4-6V DC 4-6V DC
Operating Current (250C) < 300mA < 350mA
Operating Temperature (ambient) +100C to +300C +100C to +300C
Storage Temperature -400C to +600C -400C to +600C
Housing Material Anodised Aluminium Anodised Aluminium
Weight 40g 40g
Lifetime MTTF (typ) 5000 hours 5000 hours
Modulation 0 to 1kHz, 5V=ON, 0V=OFF0 to 1kHz, 5V=ON, 0V=OFF
Mechanical 14mm ± 0.1mm diameter, 60mm length (66mm including rear cable strain relief)

PHOTONIC PRODUCTS UK LIMITED
Pierce Williams, Sparrow Lane 

Hatfield Broad Oak, Hertfordshire CM22 7BA, UK
Telephone: +44 (0) 1279 717170
Facsimile: +44 (0) 1279 717171

E-mail: sales@photonic-products.com
www.photonic-products.com

PHOTONIC PRODUCTS USA
Telephone: +1 714-841-1960

E-mail: salesusa@photonic-products.com
PHOTONIC PRODUCTS GERMANY

Telefon: +49 (0) 8142 / 669 8364
E-mail: salesgermany@photonic-products.com

www.photonic-products.com

Laser Safety
The light emitted from these devices has been set in accordance with IEC60825. However, staring into the beam,
whether directly or indirectly, must be avoided. IEC60825 classifies laser products into three different categories
depending on light emitted, wavelength and eye safety.
CLASS II
“Caution”, visible laser light less than 1.0mW. Considered eye safe, normal exposure to this type of beam will not
cause permanent damage to the retina.
CLASS IIIR
“Danger”, visible laser light between 1.0mW and 5.0mW. Considered eye safe with caution. Focusing of this light into
the eye could cause some damage.
CLASS IIIB
“Danger”, infrared (IR), and high power visible lasers considered dangerous to the retina if exposed.
NB: It is important to note that while complying with the above classifications, unless otherwise stated, our laser
diode products are not certified and are designed solely for use in OEM products. The way in which the device is
used in the final product may alter its original design classification, and it is the responsibility of the OEM to ensure
compliance with the relevant standards.

DPSS green
laser diode 

module
532nm



Appendix D

D.2 Datasheet for the polarizers

Speci�cations

Diameter Tolerance Threaded diameter ±0.1mm
Clear Aperture Outer Dia - 5mm (typical)
Operating Temperature −15◦C to 70◦C (5◦F to 158◦F)
Polarization E�ciency 95%
Transmission, single 30% typical over 400-700nm
Transmission, crossed 0.15% average over 400-700nm

Technical Image
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Datasheets

D.3 Datasheet for the beamsplitter

Overall Speci�cations

Substrate N-BK7
Dimensional Tolerance ±0.1mm
Beam Deviation ±2 arcmin
Surface Accuracy 1/8 λ
Surface Quality 40-20
Clear Aperture >90%
Bevel 0.3mm × 45◦

Beamsplitter Coating Speci�cations

Design Wavelength 430-670nm VIS
Coating Type Hybrid
AR Coating <0.5% 430-670nm
Transmittance 45% ± 5%
Absorption <10%
Polarization <6%

Technical Image
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D.4 Datasheet for the photodetector
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PO Box 366, 435 Route 206N, Newton, NJ 07860 

Ph (973) 579-7227, Fax (973) 300-3600, http://www.thorlabs.com 

DET100A Operating Manual – Large Area Silicon Detector 

Description:
The Thorlabs DET100A is a ready-to-use large area photo detector.  The unit comes complete with a photodiode 
and internal 12V bias battery enclosed in a rugged aluminum housing.  The DET100A includes a removable 1” 
optical coupler (SM1T1), providing easy mounting of ND filters, spectral filters, fiber adapters (SMA, FC and ST 
style), and other Thorlabs 1” stackable lens mount accessories.  

The DET100A includes two #8-32 tapped mounting holes with a 0.25” mounting depth, while the DET100A/M has 
two M4 tapped mounting holes. A 12V A23 battery is included. 

Specifications: 
Electrical  General

Detector:   Silicon PIN  On / Off Switch: Slide 

Active Area
4
:   75.4mm

2 
(Ø9.8mm)  Battery Check Switch: Momentary Pushbutton 

Wavelength Range: !" 400 to 1100 nm  Output: BNC (DC Coupled) 

Peak Wavelength: !p 970 nm (typ)  Package Size: 2.8”x1.9” x 0.83” 

Peak Response (typ): #(!p)" 0.65 A/W (typ)    70mm x 48mm x 21mm 

Shunt Resistance: Rsh >10M!  PD Surface Depth:  0.20” (5.1mm) 

Diode Capacitance: CJ 300pF  Weight: 0.2 lbs 

Rise/Fall Time: tr 43ns (max.)  Accessories: SM1T1 Coupler 

Linearity Limit (Current):  1mA   SM1RR Retainer Ring 

(Power):  1.5mW (min @ !P)  Storage Temp: -20 to 70$C 

NEP (750nm):   3.9x10
-14

 W/%Hz (max.)  Operating Temp: 10 to 50$C 

Bias Voltage: VR  10 V (9V min)  Battery: A23, 12VDC, 40mAh 

Dark Current
2
: ID 100nA (600nA max.)  Low Battery Voltage

3
(See ‘Battery Check’) 

Output Voltage: VOUT  0 to 10V  VOUT (Hi-Z): ~9V 

Damage Threshold:   100mW/cm
2

 VOUT (50&): ~400mV 

1. All measurements performed with a 50& load unless stated otherwise. 
2. Measured with specified Bias Voltage. 
3. Assumes the battery voltage drops below 9.6V. The reverse protection diode generates a 0.6V drop. 
4. Specified to Aperture size; detector size is 10 x 10mm square. 

Figure 1 – Typical DET100A Spectral Responsivity Curve 
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Operation
Thorlabs DET series are ideal for measuring both pulsed and CW light sources. The DET100A includes a reversed-
biased PIN photo diode, bias battery, and ON/OFF switch packaged in a rugged housing. The BNC output signal is 
the direct photocurrent out of the photo diode anode and is a function of the incident light power (P) and wavelength 

( ). The Spectral Responsivity, !( ), can be obtained from Figure 1 to estimate the amount of photocurrent to 
expect. Most users will wish to convert this photocurrent to a voltage (VOUT) for viewing on an oscilloscope or DVM. 
This is accomplished by adding an external load resistance, RLOAD. The output voltage is derived as: 

VOUT = P * !( ) * RLOAD

It should be noted that the load resistor will react with the photodetector junction capacitance (CJ) to limit the 

bandwidth. For best frequency response, a 50" terminator should be used. The bandwidth (fBW) and the rise-time 
response (tR) can be approximated using the diode capacitance (CJ) and the load resistance (RLOAD) as shown 
below: 

fBW = 1 / (2 * # * RLOAD * CJ) 
tR = 0.35 / fBW 

For maximum bandwidth, we recommend using a 50" coax cable with a 50" terminating resistor at the opposite 
end of the coax. This will also minimize ringing by matching the coax with its characteristic impedance. If bandwidth 
is not important, you may increase the amount of voltage for a given input light by increasing the RLOAD.  

BATTERY

ON/OFF

1K
R

0.1uF
C

2

BNC

RLOAD

DIODE

PROTECTION

+

SWITCH
NOISE
FILTER

VBIAS

VBAT

PHOTO
DETECTOR

VBIAS VOUT

 
Figure 2 – Circuit Schematic 

Setup
$ Unpack the optical head, install a Thorlabs TR-series ½” diameter post into one of the #8-32 (M4 on /M version) 

tapped holes, located on the bottom and side of the sensor, and mount into a PH-series post holder.  

$ Attach a 50" coax cable (i.e. RG-58U) to the output of the DET. Select and install a terminating resistor to the 
remaining end of the cable and connect to a voltage measurement device. See the ‘Operation’ Section to 

determine resistor values. Thorlabs sells a 50" terminator (T4119) for best frequency performance and a 
variable terminator (VT1) for output voltage flexibility. Note the input impedance of your measurement device 
since this will act as a terminating resistor. A load resistor is not necessary when using current measurement 
devices. 

$ Power the DET on using the power switch. To check battery voltage, see ‘Battery Check’ below. 

$ Install any desired filters, optics, adapters, or fiber adapters to the input aperture. Caution: The DET100A was 
designed to allow maximum accessibility to the photodetector by having the front surface of the diode flush with 
the outside of the DET housing. When using fiber adapters, make sure that the fiber ferrule does not crash into 
the detector. Failure to do so may cause damage to the diode and / or the fiber. An easy way to accomplish this 
is to install a SM1RR retaining ring (included with the DET100A) inside the 1” threaded coupler before installing 
the fiber adapter 

$ Apply a light source to the detector. 

Battery Check and Replacement 
Battery Check 
Thorlabs new DET series includes a battery check feature that will allow the user to monitor the bias voltage on the 
output BNC. Simply hold down the “VBIAS OUT” bottom located on the bottom edge of the unit. The bias voltage will 

be output to the BNC. If a high impedance load is used (>10k"), the output will be equal to the bias voltage. This 

feature includes a 1.05k" current limiting resistor (RCL) to prevent excessive loading of the battery if using small 

terminating resistors. For example, a 50" load resistor with a 10V bias will produce a 200mA current without this 
resistor. This will significantly decrease lifetime of the battery. The output bias voltage will be dependent on the load 
resistor as described below. The A23 battery voltage characteristics show that the charge level is almost depleted as 
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the voltage drops below 10V. For this calculation we assume 9.6V since VBAT = low battery voltage – one diode drop 
(0.6V) = ~9V. The detector will continue to operate until the battery charge is completely drained, however these 
numbers provide a reference point at which the battery should be replaced. 

VOUT = VBAT [RLOAD/ (RLOAD+RCL)] 

For VBAT (min) = 9V, RLOAD = 50 , and RCL = 1050  
VOUT = 410mV 

1000
RCL

50
RS

BNC
VBIAS OUT

VBAT

PUSHBUTTON
SWITCH

RLOAD

ON/OFF

DIODE

PROTECTION
BATTERY

+

VOUT

 
Figure 3 – Battery Check Schematic 

Battery Replacement 
Thorlabs delivers each DET with an A23 12V battery installed. This battery is readily available at most retail stores, 
as well as through Thorlabs. The battery supplied will deliver about 40 hours with a 1mA load, roughly equivalent to 
a continuous 1.5mW light source at peak wavelength. The supply current when the unit is on and no light is applied 
is very small and should not significantly degrade the battery. 

Locate the battery cap directly above the output BNC. Unthread the cap and remove the battery. Install the new 
battery into the cap, negative side in, and thread back into the DET. Be careful not to cross thread the cap into the 
housing. The DET includes a protection diode to prevent damage if the battery is installed backwards. The battery 
direction is located on the housing. 

Troubleshooting 
There is no signal response. 

- Verify that the power is switched on and all connections are secure. 
- Verify the proper terminating resistor is installed if using a Voltage measurement device. 
- Verify that the optical signal wavelength is within the specified wavelength range. 
- Verify that the optical signal is hitting the detector active area. 
- Connect the DET to an oscilloscope without a terminating resistor installed. Most general purpose 

oscilloscopes will have a 10M  input impedance. Point the detector toward a fluorescent light and verify that 
a 60Hz (50Hz outside the US) signal appears on the scope. If so the device should be operating properly 
and the problem may be with the light source or alignment.  

There is an AC signal present when the unit is turned off. 
The detector has an AC path to ground even with the switch in the OFF position. It is normal to see an output 
response to an AC signal with the switch in this state. However, because the detector is unbiased, operation in this 
mode is not recommended. 

The output appears AC coupled with long rise times and the power switch ON. 
This is usually an indication that the battery level is low and needs to be changed.  See the Battery Check and 
Replacement Section. 

Maintaining the DET100A 
There are no serviceable parts in the DET100A optical sensor. The housing may be cleaned by wiping with a soft 
damp cloth. The window of the detector should only be cleaned using isopropyl alcohol and optical grade wipes. If 
you suspect a problem with your DET100A please call Thorlabs and an engineer will be happy to assist you. 

Contact 
Americas 
Thorlabs Inc. 
435 Route 206 North 
Newton NJ 07860 
USA 
Ph: (973) 579-7227 
Fax: (973) 300-3600 
www.thorlabs.com
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Email: 
techsupport@thorlabs.com

Europe 
Thorlabs GmbH 

Gau!str. 11 
85757 Karlsfeld 
Germany 
Ph: +49 (0) 8131-59-56-0 
Fax: +49 (0) 8131-59-56-99 
www.thorlabs.com
Email: 
Europe@thorlabs.com

UK and Ireland 
Thorlabs, LTD. 
1 Saint Thomas Place, Ely 
Cambridgeshire CB7 4EX 
Great Britain 
Ph: +44 (0) 1353-654440 
Fax: +44 (0) 1353-654444 
www.thorlabs.com
Email: 
sales.uk@thorlabs.com

Scandinavia 
Thorlabs Sweden AB 
Box 141 94 
400 20 Göteborg 
Sweden 
Ph: +46-31-733-30-00 
Fax: +46-31-703-40-45 
www.thorlabs.com
Email: 
Scandinavia@thorlabs.com

Japan
Thorlabs Japan, Inc 
5-17-1, Ohtsuka 
Bunkyo-ku,Tokyo 112-0012 
Japan 
Ph: +81-3-5977-8401 
Fax: +81-3-5977-8402 
www.thorlabs.jp
Email: 
sales@thorlabs.jp



WEEE
As required by the WEEE (Waste Electrical and Electronic Equipment Directive) of the European Community and 
the corresponding national laws, Thorlabs offers all end users in the EC the possibility to return “end of life” units 
without incurring disposal charges. 
 
This offer is valid for Thorlabs electrical and electronic equipment 

  sold after August 13
th
 2005  

  marked correspondingly with the crossed out “wheelie bin” logo (see fig. 1) 

  sold to a company or institute within the EC  

  currently owned by a company or institute within the EC  

  still complete, not disassembled and not contaminated 
 
As the WEEE directive applies to self contained operational electrical and electronic products, this “end of life” take 
back service does not refer to other Thorlabs products, such as 

  pure OEM products, that means assemblies to be built into a unit by the user (e. g. OEM laser driver cards)  

  components  

  mechanics and optics  

  left over parts of units disassembled by the user (PCB’s, housings etc.).   
 
If you wish to return a Thorlabs unit for waste recovery, please contact Thorlabs or your nearest dealer for further 
information. 
 

Waste treatment on your own responsibility 
If you do not return an “end of life” unit to Thorlabs, you must hand it to a company specialized in waste recovery. Do 
not dispose of the unit in a litter bin or at a public waste disposal site. 
 

Ecological background 
It is well known that WEEE pollutes the environment by releasing toxic products during decomposition. The aim of 
the European RoHS directive is to reduce the content of toxic substances in electronic products in the future. 
The intent of the WEEE directive is to enforce the recycling of WEEE. A controlled recycling of end of live products 
will thereby avoid negative impacts on the environment. 
 

 
 

Crossed out “wheelie bin” symbol 
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Appendix D

D.5 Datasheet for the beam expander

Speci�cations

Beam Expansion Power 3X, 5X, 10X, 15X, or 20X
Entrance Aperture 2.0mm maximum

[Optimized for 1.0mm (1/e2)]
Exit Aperture Entrance Beam ×

Magni�cation (27mm Max)
Focus Range 1.2m to ∞
Optics Coating 1/4 λ MgF2 @ 632.8nm
Design Wavefront Error 1/4 λ @ 632.8nm
System Length (L) of
Complete Assembly
3X 114.95mm
5X 107.5mm
10X 118.0mm
15X 120.5mm
20X 122.5mm
Diameter 50.0mm
Mount C-Thread (1"-32 TPI)
Housing Black Anodized Aluminum
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Beam Expander Mounting Con�gurations
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Technical Image
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Ground Glass Diffusers

ITEM# $ £ € RMB DESCRIPTION

DG10-120 $ 12.90 £ 8.95 € 11,50 ¥ 109.00 Ø1.0" Ground Glass Diffuser, 120 GRIT

DG10-220 $ 12.90 £ 8.95 € 11,50 ¥ 109.00 Ø1.0" Ground Glass Diffuser, 220 GRIT

DG10-600 $ 12.90 £ 8.95 € 11,50 ¥ 109.00 Ø1.0" Ground Glass Diffuser, 600 GRIT

DG10-1500 $ 12.90 £ 8.95 € 11,50 ¥ 109.00 Ø1.0" Ground Glass Diffuser, 1500 GRIT

DG20-120 $ 15.00 £ 10.40 € 13,40 ¥ 126.70 Ø2.0" Ground Glass Diffuser, 120 GRIT

DG20-220 $ 15.00 £ 10.40 € 13,40 ¥ 126.70 Ø2.0" Ground Glass Diffuser, 220 GRIT

DG20-600 $ 15.00 £ 10.40 € 13,40 ¥ 126.70 Ø2.0" Ground Glass Diffuser, 600 GRIT

DG20-1500 $ 15.00 £ 10.40 € 13,40 ¥ 126.70 Ø2.0" Ground Glass Diffuser, 1500 GRIT

Ground glass diffusers are the most economical diffusers and are useful for a
variety of applications. Four grades of grit/grind are offered providing fine,
medium, and coarse scattering. A finer grind provides a higher transmittance,
while a more coarse grind creates a greater amount of diffusion at the expense
of transmission. Mounted versions are set in an engraved SM1 (Ø1") or SM2
(Ø2") lens tube. 

n Offered in 120, 220, 600, and 1500 Grit Polishes
n Polished for Greater Uniformity than Sand Blasting

Specifications
n Material: N-BK7
n Clear Aperture: >90%
n Surface Quality: 80-50 Scratch-Dig
n Polished Surface Flatness: <4λ
n Diameter Tolerance:* +0.00/-0.25 mm
n Thickness:* 2.0 ± 0.2 mm

ITEM# $ £ € RMB DESCRIPTION

DG10-120-MD $ 26.50 £ 18.40 € 23,60 ¥ 223.80 SM1-Mounted Ground Glass Diffusers, 120 GRIT

DG10-220-MD $ 26.50 £ 18.40 € 23,60 ¥ 223.80 SM1-Mounted Ground Glass Diffusers, 220 GRIT

DG10-600-MD $ 26.50 £ 18.40 € 23,60 ¥ 223.80 SM1-Mounted Ground Glass Diffusers, 600 GRIT

DG10-1500-MD $ 26.50 £ 18.40 € 23,60 ¥ 223.80 SM1-Mounted Ground Glass Diffusers, 1500 GRIT

DG20-120-MD $ 34.70 £ 24.10 € 30,90 ¥ 293.10 SM2-Mounted Ground Glass Diffusers, 120 GRIT

DG20-220-MD $ 34.70 £ 24.10 € 30,90 ¥ 293.10 SM2-Mounted Ground Glass Diffusers, 220 GRIT

DG20-600-MD $ 34.70 £ 24.10 € 30,90 ¥ 293.10 SM2-Mounted Ground Glass Diffusers, 600 GRIT

DG20-1500-MD $ 34.70 £ 24.10 € 30,90 ¥ 293.10 SM2-Mounted Ground Glass Diffusers, 1500 GRIT

Round, Unmounted Ground Glass Diffusers

Round, Mounted Ground Glass Diffusers

ITEM# $ £ € RMB DESCRIPTION

DG100X100-120 $ 42.80 £ 29.70 € 38,00 ¥ 361.50 100 mm x 100 mm, Ground Glass Diffuser, 120 GRIT

DG100X100-220 $ 42.80 £ 29.70 € 38,00 ¥ 361.50 100 mm x 100 mm, Ground Glass Diffuser, 220 GRIT

DG100X100-600 $ 42.80 £ 29.70 € 38,00 ¥ 361.50 100 mm x 100 mm, Ground Glass Diffuser, 600 GRIT

DG100X100-1500 $ 42.80 £ 29.70 € 38,00 ¥ 361.50 100 mm x 100 mm, Ground Glass Diffuser, 1500 GRIT

100 mm x 100 mm, Square, Unmounted Ground Glass Diffusers

*Unmounted
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AR

Coating

Plot on

Page 589

N-BK7: Plano-Convex Lenses (Page 1 of 2)

Plano-Convex optics are best used where one
conjugate point (object distance S or image
distance S') is more than five times the other.
The performance of this lens shape is near best-
form for either focusing collimated light or for
collimating a point source.

Specifications
n Material: N-BK7
n Wavelength Range:

350 nm – 2.0 µm
n Design Wavelength:

633 nm (n = 1.515)
n Diameter Tolerance: 

+0.00/-0.10 mm

n Focal Length Tolerance: ±1%
n Surface Quality: 

40-20 Scratch-Dig
n Centration: ≤3 arcmin
n Clear Aperture: >90%

N-BK7 Plano-Convex Lenses: Diameter < 25.0 mm

COATING* WAVELENGTH $ £ € RMB

-A 350 - 700 nm $ 9.20 £ 6.40 € 8,20 ¥ 77.70

-B 650 - 1050 nm $ 9.20 £ 6.40 € 8,20 ¥ 77.70

-C 1050 - 1620 nm $ 12.20 £ 8.45 € 10,90 ¥ 103.10

Standard Broadband AR Coatings
To order the lens with a standard broadband AR Coating, add the
coating code to the Item#, and then add the coating cost to the lens
price. Example: LA1116 Coated with a 350-700 nm Broadband AR
Coating is LA1116-A, and the cost is $18.00 + $9.20 = $27.20. 

R

DIA

Plano-Convex

* Edge thickness given before 0.20 mm at 45° typical chamfer.

** See the Lens Mount Section, Starting on Page 237.

DIA f PRICE UNCOATED (For Coated Lens Add Suffix) R t
c

t
e* f

b SUGGESTED

ITEM# (mm) (mm) $ £ € RMB (mm) (mm) (mm) (mm) MOUNT**

LA1252 25.0 25.4 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 51.50 3.60 2.06 97.60

LA1255 25.0 50.0 $ 20.00 £ 13.90 € 17,80 ¥ 168.90 25.80 5.30 2.07 46.50 LMR1

LA1257 25.0 75.0 $ 19.00 £ 13.20 € 16,90 ¥ 160.50 38.60 4.10 2.02 72.30 See Page 238

LA1251 25.0 100.0 $ 19.00 £ 13.20 € 16,90 ¥ 160.50 51.50 3.60 2.06 97.60

LA1253 25.0 200.0 $ 18.00 £ 12.50 € 16,00 ¥ 152.00 103.00 2.80 2.04 198.20

N-BK7 Plano-Convex Lenses: Diameter = 25.0 mm

Please refer to our website for complete models and drawings.

* Edge thickness given before 0.20 mm at 45° typical chamfer.

** See the Lens Mount Section, Starting on Page 237.

Selection continues on the next page

DIA f PRICE UNCOATED (For Coated Lens Add Suffix) R t
c

t
e* f

b SUGGESTED

ITEM# (mm) (mm) $ £ € RMB (mm) (mm) (mm) (mm) MOUNT**

LA1116 6.0 10.0 $ 18.00 £ 12.50 € 16,00 ¥ 152.00 5.2 2.5 1.5 8.4

LA1470 6.0 12.0 $ 16.80 £ 11.70 € 15,00 ¥ 141.90 6.2 2.3 1.5 10.5
LMRA6 and

LA1222 6.0 15.0 $ 16.80 £ 11.70 € 15,00 ¥ 141.90 7.7 2.1 1.5 13.6
LMR05

LA1700 6.0 30.0 $ 16.50 £ 11.50 € 14,70 ¥ 139.40 15.5 1.8 1.5 28.8
See Page 238

LA1576 9.0 12.0 $ 18.70 £ 13.00 € 16,70 ¥ 158.00 6.2 3.0 1.5 9.7 LMRA9 and

LA1472 9.0 20.0 $ 16.80 £ 11.70 € 15,00 ¥ 141.90 10.3 2.5 1.5 18.3
LMR05

LA1540 12.7 15.0 $ 18.70 £ 13.00 € 16,70 ¥ 158.00 7.7 5.1 1.8 11.6

See Page 238

LA1074 12.7 20.0 $ 18.40 £ 12.80 € 16,40 ¥ 155.40 10.3 4.0 1.8 17.4

LA1560 12.7 25.0 $ 17.10 £ 11.90 € 15,20 ¥ 144.40 12.9 3.5 1.8 22.7

LA1289 12.7 30.0 $ 16.80 £ 11.70 € 15,00 ¥ 141.90 15.5 3.2 1.8 27.9
LMR05

LA1304 12.7 40.0 $ 16.40 £ 11.40 € 14,60 ¥ 138.50 20.6 2.8 1.8 38.1
See Page 238

LA1213 12.7 50.0 $ 16.30 £ 11.30 € 14,50 ¥ 137.70 25.8 2.6 1.8 48.3

LA1207 12.7 100.0 $ 16.30 £ 11.30 € 14,50 ¥ 137.70 51.5 2.2 1.8 98.6

LA1859 18.0 20.0 $ 19.60 £ 13.60 € 17,50 ¥ 165.60 10.3 7.1 1.8 15.3

LA1270 18.0 25.0 $ 18.70 £ 13.00 € 16,70 ¥ 158.00 12.9 5.5 1.8 21.4 LH1

LA1085 18.0 30.0 $ 18.20 £ 12.70 € 16,20 ¥ 153.70 15.5 4.7 1.8 26.9 See Page 242

LA1119 18.0 50.0 $ 18.20 £ 12.70 € 16,20 ¥ 153.70 25.8 3.4 1.8 47.7

*Contact Tech Support for custom coatings.
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N-BK7: Plano-Convex Lenses (Page 2 of 2)

DIA f PRICE UNCOATED (For Coated Lens Add Suffix) R t
c

t
e* f

b SUGGESTED

ITEM# (mm) (mm) $ £ € RMB (mm) (mm) (mm) (mm) MOUNT**

LA1740 75.0 85.0 $ 38.20 £ 26.50 € 34,00 ¥ 322.60 43.8 24.2 3.0 69.0

LA1238 75.0 100.0 $ 38.20 £ 26.50 € 34,00 ¥ 322.60 51.5 19.2 3.0 87.3 LMR75

LA1002 75.0 150.0 $ 36.60 £ 25.40 € 32,50 ¥ 309.10 77.3 12.7 3.0 141.6 See Page 238

LA1353 75.0 200.0 $ 34.30 £ 23.80 € 30,50 ¥ 289.70 103.0 10.1 3.0 193.4

DIA f PRICE UNCOATED (For Coated Lens Add Suffix) R t
c

t
e* f

b SUGGESTED

ITEM# (mm) (mm) $ £ € RMB (mm) (mm) (mm) (mm) MOUNT**

LA1951 25.4 25.4 $ 21.50 £ 15.00 € 19,10 ¥ 181.60 13.1 11.7 1.8 17.7

LA1805 25.4 30.0 $ 21.00 £ 14.60 € 18,70 ¥ 177.40 15.5 8.6 2.0 24.3

LA1027 25.4 35.0 $ 20.40 £ 14.20 € 18,20 ¥ 172.30 18.0 7.2 2.0 30.2

LA1422 25.4 40.0 $ 20.10 £ 14.00 € 17,90 ¥ 169.80 20.6 6.4 2.0 35.8

LA1131 25.4 50.0 $ 19.60 £ 13.60 € 17,50 ¥ 165.60 25.8 5.3 2.0 46.5

LA1134 25.4 60.0 $ 19.40 £ 13.50 € 17,30 ¥ 163.90 30.9 4.7 2.0 56.9

LA1608 25.4 75.0 $ 19.20 £ 13.40 € 17,10 ¥ 162.20 38.6 4.1 2.0 72.3

LA1509 25.4 100.0 $ 18.50 £ 12.90 € 16,50 ¥ 156.30 51.5 3.6 2.0 97.6 LMR1

LA1986 25.4 125.0 $ 18.50 £ 12.90 € 16,50 ¥ 156.30 64.4 3.3 2.0 122.9 See Page 238

LA1433 25.4 150.0 $ 18.00 £ 12.50 € 16,00 ¥ 152.00 77.3 3.1 2.0 148.0

LA1229 25.4 175.0 $ 17.90 £ 12.50 € 15,90 ¥ 151.20 90.1 2.9 2.0 173.1

LA1708 25.4 200.0 $ 17.80 £ 12.40 € 15,90 ¥ 150.40 103.0 2.8 2.0 198.2

LA1461 25.4 250.0 $ 17.60 £ 12.30 € 15,70 ¥ 148.70 128.8 2.6 2.0 248.3

LA1484 25.4 300.0 $ 17.60 £ 12.30 € 15,70 ¥ 148.70 154.5 2.5 2.0 298.3

LA1172 25.4 400.0 $ 17.60 £ 12.30 € 15,70 ¥ 148.70 206.0 2.4 2.0 398.4

LA1908 25.4 500.0 $ 17.60 £ 12.30 € 15,70 ¥ 148.70 257.6 2.3 2.0 498.5

LA1978 25.4 750.0 $ 17.60 £ 12.30 € 15,70 ¥ 148.70 386.3 2.2 2.0 748.5

LA1464 25.4 1000.0 $ 17.30 £ 12.00 € 15,40 ¥ 146.10 515.1 2.2 2.0 998.6

N-BK7 Plano-Convex Lenses: Diameter = 25.4 mm (1")

N-BK7 Plano-Convex Lenses: Diameter = 50.8 mm (2")

N-BK7 Plano-Convex Lenses: Diameter = 75 mm

* Edge thickness given before 0.20 mm at 45° typical chamfer. ** See the Lens Mount Section, Starting on Page 237.

DIA f PRICE UNCOATED (For Coated Lens Add Suffix) R t
c

t
e* f

b SUGGESTED

ITEM# (mm) (mm) $ £ € RMB (mm) (mm) (mm) (mm) MOUNT**

LA1274 30.0 40.0 $ 25.30 £ 17.60 € 22,50 ¥ 213.70 20.6 9.0 2.5 34.1

LA1102 30.0 50.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 25.8 7.3 2.5 45.2

LA1765 30.0 75.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 38.6 5.5 2.5 71.3

LA1031 30.0 100.0 $ 21.80 £ 15.20 € 19,40 ¥ 184.10 51.5 4.7 2.5 96.9

LA1907 30.0 150.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 77.3 3.1 1.6 147.0 See Page 238

LA1541 30.0 200.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 102.8 2.8 1.7 196.8

LA1832 30.0 250.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 128.3 2.6 1.7 246.6

LA1419 30.0 300.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 156.6 2.5 1.8 296.3

LA1237 30.0 500.0 $ 22.00 £ 15.30 € 19,60 ¥ 185.80 255.9 2.3 1.8 495.2

N-BK7 Plano-Convex Lenses: Diameter = 30 mm

LMR30

DIA f PRICE UNCOATED (For Coated Lens Add Suffix) R t
c

t
e* f

b SUGGESTED

ITEM# (mm) (mm) $ £ € RMB (mm) (mm) (mm) (mm) MOUNT**

LA1401 50.8 60.0 $ 31.50 £ 21.90 € 28,00 ¥ 266.00 30.9 16.3 3.0 49.2

LA1145 50.8 75.0 $ 29.10 £ 20.20 € 25,90 ¥ 245.80 38.6 12.5 3.0 66.7

LA1050 50.8 100.0 $ 25.80 £ 17.90 € 23,00 ¥ 217.90 51.5 9.7 3.0 93.6

LA1384 50.8 125.0 $ 25.70 £ 17.90 € 22,90 ¥ 217.10 64.4 8.2 3.0 119.6

LA1417 50.8 150.0 $ 25.30 £ 17.60 € 22,50 ¥ 213.70 77.3 7.3 3.0 145.2

LA1399 50.8 175.0 $ 25.30 £ 17.60 € 22,50 ¥ 213.70 90.1 6.7 3.0 170.6 LMR2

LA1979 50.8 200.0 $ 25.30 £ 17.60 € 22,50 ¥ 213.70 103.0 6.2 3.0 195.9 See Page 238

LA1301 50.8 250.0 $ 25.20 £ 17.50 € 22,40 ¥ 212.80 128.8 5.5 3.0 246.4

LA1256 50.8 300.0 $ 26.90 £ 18.70 € 23,90 ¥ 227.20 154.5 5.1 3.0 296.6

LA1725 50.8 400.0 $ 27.10 £ 18.80 € 24,10 ¥ 228.90 206.0 4.6 3.0 397.0

LA1380 50.8 500.0 $ 27.10 £ 18.80 € 24,10 ¥ 228.90 257.3 4.3 3.0 497.2

LA1727 50.8 750.0 $ 27.10 £ 18.80 € 24,10 ¥ 228.90 386.3 3.8 3.0 747.5

LA1779 50.8 1000.0 $ 27.10 £ 18.80 € 24,10 ¥ 228.90 515.1 3.6 3.0 997.6

AR

Coating

Plot on

Page 589

* Edge thickness given before 0.20 mm at 45° typical chamfer. ** See the Lens Mount Section, Starting on Page 237.

* Edge thickness given before 0.20 mm at 45° typical chamfer. ** See the Lens Mount Section, Starting on Page 237.

* Edge thickness given before 0.20 mm at 45° typical chamfer. ** See the Lens Mount Section, Starting on Page 237.
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!" Global electronic shutter 

!" Excellent sensitivity 

!" High speed USB2.0 (480Mbits/sec) 

!" Color or monochrome, interline, 
progressive scan, 640 x 480 resolution   

!" 60 fps at full 640 x 480                                      
100+ fps 320x240 (binning mode)  

!" Auto white balance & s/w adjustable 
exposure 

!" On-board image buffer 

!" GPI/Os for control of peripherals and 
synchronization of lighting (4in/4out) 

!" FCC Class B, CE Ready 

!" Select 8 or 10-bit pixel data 

!" Simplified cabling - video, power and full 
camera control over a single USB cable 

!" Direct Show compatible 

!" C-Mount provided 

!" USB cameras are software compatible with 

Windows# 98 SE, Windows Me, Windows 
2K and Windows XP operating systems.   

!" Complete SDK available. 

Lumenera’s Lu070 series of cameras are designed to
be used in a wide variety of industrial applications,
particularly in low light conditions. Color and
monochrome product models are available. 
 
With 640x480 resolution and on-board processing these
cameras deliver outstanding image quality and value for
industrial and scientific imaging applications.   
 
Electronic Global Shutter provides capabilities similar to
a mechanical shutter, allowing simultaneous integration
of the entire pixel array, and then stopping exposure
while image data is read out.  Ideal for capturing objects
in high speed motion.  
 
Uncompressed images in live streaming video and still-
image capture are provided across a USB2.0 digital
interface.  No frame-grabber is required.  Advanced
camera control is available through a complete Software
Developer’s Kit, with sample code available to quickly
integrate camera functions into OEM applications. 
 
Hardware and software based synchronization trigger is
provided standard.  On-board memory is available for
frame buffering.  Lu070 series cameras are offered in
both enclosed and board-level form.  Custom form
factor (sizes) can be provided. 
 
All Lumenera products are supported by an experienced
team of software developers and application engineers.
We understand your imaging needs and are here to
help you with your integration and development.
Products come with a full one (1) year warranty.

Lu070 
USB2 VGA Camera 



 

 

Specifications           Lu070 
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Image Sensor  1/3” format, 5.8mm x 4.9mm array 

Effective Pixels 640 x 480, 7.4um square pixels 

Frame Rate 60 fps at 640x480, 100+ fps 320x240 (binning)  

Sensitivity High 

Exposure Auto / Manual 

White Balance  Auto / Manual 

Dimensions (W x H x D)  2.00 x 2.50 x 1.63 inches (board level) 

2.25 x 3.85 x 1.56 inches (enclosed) 

Mass  ~150g / 300g 

Power Requirement  USB bus power, or external 6VDC, 500mA 

Power Consumption  ~2.5Watts  

Operating Temperature  -10° C to +50° C  

Operating Humidity  20%-80%, Non-condensing  

Interface Connector Standard USB cable 

Lens Mount  C-Mount (CS-mount option)  

Frame Buffer  10 frame buffer (optional expansion to 50 frames) 

Ordering Information 

Lu070M  – Monochrome Camera Module 

Lu070C – Color Camera Module 

 

Lu075M  – Enclosed Monochrome Camera 

Lu075C  – Enclosed Color Camera 

 

LuSDK  – Software Developer’s Kit 

Monochrome Response 

Full customization 
available to meet your 
exact needs! 

Color Response 
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text

4-40 Machine Screw Hole
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Enclosed Camera 
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Mechanicals      Lu070

OEM Board-Level Camera 
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Most industrial CCD cameras and lenses use C-mount. But there 

are some different mounts still used in machine vision application 

such as CS-mount, NF-mount, F-mount, etc.

Some remote head CCD cameras use special mount with small 

diameter (12 to 17mm).

Three chip CCD cameras have a prism in front of the sensor, for 

this reason mechanical back is shorter (max. 4mm) than single chip 

CCD cameras.

Terms and Definitions

Space

Flange WD (Working Distance)

Lens WD 
(Working Distance)

Mechanical WD

(Working Distance)

Flange Back

1. Mount Type 2. CCD Size

DOF

(Depth 

of Field)

   FOV 

  (Field of View)

Lens Diameter

Ability of the Lens to Support Sensor Size Area Sensor

Only this area

will be imaged

If sensor is too big

Vignetting

(Tunnel effect)

or shading

Image circle of the lens

8.8mm

6.6mm 11
m

m

4.8mm 8m
m

3.6mm 6m
m

2.7mm 4.5
m

m

12.7mm

9.5mm

1“

15.9
m

m

Smaller CCD  

size is OK

Maximum  

CCD size 

Wrong Sensor SizeOptimum Sensor Size

Image circle

CCD

Converters and Extension Tubes FOV

FOV

FOV

CCD

CCD

CCD

WD

WD

Shorter WD

Rear Converter (Extender) is used to obtain smaller FOV without 

changing WD from the lens original specification. 

Rear converters are placed between lens and camera.

Extension tubes (Spacer) are used for fixed focal length lenses such 

as CCTV lenses to allow WD shorter than MOD (Minimum Object 

Distance). Result: A smaller FOV can be obtained by introducing 

extension tubes between the lens and camera.

Standard

Lens with rear  

converter

Lens with 

extension tube

Extension tube

Rear converter

Calculations of Optical Parameters

Optical magnification is “work“ done by the lens. Defined as the ratio between the sensor size and the FOV.

 Calculation of field of view (FOV)

          Sensor size (V or H)
 FOV =

 _____________________

         Optical Mag.

 Calculation of optical magnification

                      Sensor size (V or H)
 Optical Mag. = 

______________________

                       Required FOV (V or H)

H
FOV

Sensor Size Ch

f

WD

Cv

V

Rear End Accessories

Extension tubes

Converters

Front End Accessories

Filters (protector, IR cut filter, 

bandpass, polarizer etc.), prism 

or mirror

Calculation of focal length (f)

WD x Cv or Ch

f =  __________________

FOV (V or H)

General Informations

2/3“

1/2“ 1/3“

1/4“

4.8mm6.4mm

3.6mm
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Lenses for Large Sensors / Distortionless Lenses

L-Series for 1“ Sensor with Lock-Screws for Focus and Iris

P. O. No. Max. Sensor Size Mount Focal Length F-Stop MOD in mm
Dimension in mm 

( DxL)
Filter Threat

L-SV-L12513 1“ C f=12.5mm F:1.3-C 300 47.0 x 59.0 M43 P=0.75

L-SV-L2514 1“ C f=25mm F:1.4-C 500 45.0 x 28.0 M43 P=0.75

L-SV-L5013 1“ C f=50mm F:1.3-C 1.000 52.0 x 52.0 M49 P=0.75

L-SV-L5018 1“ C f=50mm F:1.8-C 1.000 42.0 x 48.5 M40.5 P=0.5

L-SV-L7513 1“ C f=75mm F:1.3-C 1.000 60.0 x 71.3 M58 P=0.75

Megapixel Distortionless Macro Lenses

P. O. No. Max. Sensor Size Mount Focal Length F-Stop MOD in mm
Dimension in mm 

( DxL)
Filter Threat TV Distortion

L-VS-LD10 1/2“ C f=10mm F:2.2-C 89.3-500.1 32.0 x 25.8 M27 P=0.5 < –0.05%

L-VS-LD25 2/3“ C f=25mm F:1.9-C 90.8-190.5 32.0 x 26.35-30.5 M27 P=0.5 < +0.02%

L-VS-LD35 2/3“ C f=35mm F:1.8-C 95.7-142.4 32.0 x 36.5-43.5 M27 P=0.5 < –0.03%

L-VS-LD50 2/3“ C f=50mm F:2.5-C 213-503.7 32.0 x 46.4-53.7 M27 P=0.5 < +0.05%

L-VS-LD75 2/3“ C f=75mm F:3.5-C 245.9-527.7 32.0 x 70.8-85.5 M27 P=0.5 < –0.02%

SV-PH Series Pinhole Lenses

P. O. No. Max. Sensor Size Mount Focal Length F-Stop MOD in mm Dimension in mm ( DxL)

L-SV-PH085 2/3“ C f=8.5mm  F:2.8 0.9 20.5 x 86.7

L-SV-PH04 1/2“ C f=4mm  F:2.5 0.2 23 x 121.6

Vibration-Resistent Macro Lens (Megapixel Distortionless)

P. O. No. Max. Sensor Size Mount Optical Magnification WD in mm TV Distortion Dimension in mm ( DxL)

L-VS-MC0510 *1 2/3” C x0.5 – x1.0 75.2 – 121.2 0% Length 49.4 – 72.5

L-VS-MC0510S *2 2/3” C x.0.5 – x1.0 72.3 – 118.3 0% 31 x 64.5 – 87.6

L-VS-MC024 2/3” C x0.24 – x0.8 121.2 – 213.3 < 0.1% Length 49.3 – 65.9

L-VS-MC024S *2 2/3” C x0.24 – x0.8 118.3 – 210.4 < 0.1% 31 x 52.2 – 68.8

L-VS-MC0103 1/2“ C x0.1 – x0.3 182.7 – 489.7 < 0.1% Length 42.9 – 52.1

L-VS-MC0510-“x“ *3 2/3“ C x0.5 – x1.0 75.2 – 121.2 0% Length 49.4 – 72.5

SV-L-Series for 1” CCD’s

• especially designed for large sensors

• small F-number, large aperture

• usable for low-light situations

VS-LD-Series – Distortionless Macro Lenses

• especially designed for macro applications

• changeable magnification, working distance brightness

• iris with click balls

• nearly no tv-distortion

• compact size, little shading

VS-MC-Series – Machine Vision Macro Lenses

• especially designed housings for machine vision use

• vibration resistant, less shading, high resolution very small distortions

• UV and IR lenses available
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>> Spatial Light ModulatorsLC 2002

Spatial Light Modulators

HOLOEYES Spatial Light Modulator (SLM) systems are based on 

liquid crystal microdisplays. These devices can modulate light 

spatially in amplitude and phase, so they act as a dynamic optical 

element. The optical function or information to be displayed can be 

taken directly from the optic design or an image source and can be 

transferred by a computer interface. 

Implementation is very easy due to the smart system architecture 

and by an easy addressing using VGA or DVI signals directly from a 

computer graphics card.

LC 2002

The LC 2002 is an easy-to-use spatial light modulator system based 

on an translucent LC microdisplay designed for prototyping in 

industrial development and research. It can be used to modulate 

light spatially, where the modulation function can be electrically 

addressed by a computer using a MS Windows software. Also 

strong laser pulses can be shaped by applied phase functions. The 

LC 2002 supports several display formats with a max. resolution of 

832 x 624 pixels. High transmission efficiency and optimal contrast 

properties guarantee excellent optical quality. Minimized dimen-

sions of the device enable easy integration into optical systems.

The highest potential of SLMs is the use as a dynamic phase 

modulating device, which acts as an addressable diffractive element. 

Besides display applications particular laser applications, such as 

beam splitting and beam shaping, diffractive optics, digital hologra-

phy and biological laser applications are the main applications and 

challenges for SLMs. Even though the realization of a zoom lens 

without moving parts is one of the goals for a SLM implementation.



Applications

+   Display Applications

+   Beam Splitting

+   Laser Beam Shaping

+   Coherent Wavefront Modulation

+   Phase Shifting

+   Optical Tweezers

+   Digital Holography

+   Laser Pulse Modulation

The spatial light modulator LC 2002 can be plugged directly to the VGA graphic card of your PC or notebook and 

behaves like an external monitor. Live addressing with the frame rate of the graphic card and the function as a MS 

Windows desktop is one reason why this spatial light modulator is so comfortable to use. The device is driven by 

a HOLOEYE driver software that runs on all MS Windows platforms. This convenient software for controlling all 

relevant parameters (e.g. contrast, image geometry) is delivered with the kit. Besides that, a simple programming 

interface allows the frequently required flexibility for incorporating the device in industrial systems. Furthermore a 

tailored SLM application software allows the simple generation of diverse dynamic optical functions like gratings, 

lenses, axicons and apertures as well as the calculation of diffractive optical elements (DOE) from user defined 

images. The complete kit contains the modulator, a video splitter and all relevant cables for monitoring the 

addressed image data. Due to its small size and the transmittive display, the LC 2002 can easily be applied into 

optical systems by using the mounting ring which is also be supplied with the kit. To guarantee the best perfor-

mance, individual configuration measurements for each device are performed by HOLOEYE in advance.

Main Features:

Display Features:

Special Optical Features:

Software Features:

Liquid Crystal Microdisplay (Transmission)

SVGA Resolution (800 x 600 Pixels)

60 Hz Image Frame Rate

Full Developers Kit (easy to run using a standard PC)

Microsoft Windows Driver Software

Application Software

Amplitude or Phase Modulation

2 π Phase Shift @ 532 nm

Intensity Ratio of 1000:1 @ 633 nm Coherent Light Source

Pixels: 800 x 600

Pixel Pitch: 32 µm

Fill Factor: 55%

Panel Size: 21 x 26 mm

Addressing: 8 Bit (256 Pixel Values)

Signal Format: VGA, SVGA

Driver: Brightness / Contrast / Geometry / Gamma Control

Application: Basic DOE computations; Generation of optical functions 

(Circular Aperture, Fresnel Zone Lens, Axicon, Single and Double Slit ...); 

Gratings (incl. Blazed and Sinusoidal)
HOLOEYE Photonics AG

Albert-Einstein-Str. 14

12489 Berlin, Germany

Phone +49 (0)30 63 92 36 60

Fax      +49 (0)30 63 92 36 62

contact@holoeye.com

www.holoeye.com
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