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Problem Description
The main goals are to build a setup to characterize the speckle effect in laser based display
applications and perform practical investigations to correlate the measured speckle contrast with
perceived image quality. It is necessary to identify important physical parameters that influence
speckle phenomena and identify possible quantitative measurements to characterize image
quality (e.g. speckle contrast, contrast, sharpness, resolution). Methods to perform
measurements will be analyzed and the setup will be implemented. The measurement setup will
be based on a B/W digital video camera with imaging optics matched to the detector geometry.

A simple theoretical model will be sought developed to analyze how the different parameters
affect the perceived image quality.

Speckle contrast and different methods to reduce speckle contrast will be studied and simple
theory compared to the measurements. Speckle contrast and transmission will be measured in
different configurations in the setup for e.g. an expanded laser beam that illuminates:
1. a screen
2. a vibrating screen (the frequency will be optimized to reduce the speckle contrast)
3. a stationary diffusor will be placed in front of the stationary screen
4. a diffusor will be modulated using different methods (vibration, rotation), the screen is
stationary
5. two diffusors, one stationary and one that is modulated, the screen is stationary
6. same as 5) but the screen is modulated
7. a Hadamard matrix (if possible) placed in the beampath in front of a stationary screen

If time allows, Ignis Display will build a simple RGB laser projector such that measurements can
be performed on a still image and later a video image. The goal is to correlate the measured
speckle contrast with perceived image quality, and find a suitable limit for the speckle contrast
level which is acceptable for HDTV applications.

It is desirable to design specific solutions to reduce speckle contrast in display systems based on
Ignis' line scan technology, and test out the most promising concepts.
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Supervisor: Astrid Aksnes, IET
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1. Introduction  

In the consumer display market there are many different technologies with many different factors 
which is better in some technologies than others. For some years laser light has been of interest to the 
display market manufacturers, because the light source can provide higher intensity light in projection 
displays, and it is also easy to make pictures with richer colored light providing light of frequencies 
not reachable for the conventional light sources. This will give a picture on a screen which can be 
enjoyed also at large distances and with the same time providing with light circuitry capable of giving 
a very high frame rate and refresh rate. With this feature a side effects are very apparent when 
connecting the display lasers instead of a conventional light source without doing anything else. The 
light from the laser source is very coherent, meaning that the light waves all inhabits the same phase 
and frequency and the observer will then detect effects from these waves having different wave path 
lengths interfering as discrete waves in the human retina and camera detector. This effect need to be 
taken in account and dealt with before releasing any display devices taking advantage from the intense 
laser light.  
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2. Theory 

2.1 What is speckle 

Speckle arise when coherent light is transmitted or reflected by a surface or a transparent film, and it is 
in fact used in many application as the important factor that is under evaluation. It is among other 
applications used to measure the roughness of a surface, in metrology and stellar speckle 
interferometry. In the following mathematical work there are some assumptions that need to be 
fulfilled(15).  

1. These are that the light has to be perfectly coherent,  

2. There are no phase fluctuations from the source,  

3. The media does not depolarize the light  

4. It is assumed that there are a very large amount of spreaders in the media spreading the light. 

 

For more info on the mathematics and theory of speckle see the references (16) (15) and (9). 

 

 

2.2 Speckle reduction methods in the near field 

 

The different speckle reduction methods is as follows: 

• Spatial averaging 

• Temporal averaging  

• Polarization diversity 

• Angle diversity 

• Wavelength diversity 

• Temporal and spatial coherence reduction. 

 

As Trisnadi(8) presents it, there are three parameters that speckle depend on. Angle, polarization and 
wavelength, and it is possible to achieve individual speckle configurations through diversification of 
these factors. When these speckle configurations are present within one integration time in the human 
eye or camera chip, the speckle patterns will overlap and add on an intensity basis.  

The coherence length of the laser is also of interest, many lasers have coherence lengths in the range 
that the display systems are working with. But the coherence is in fact the one factor one have to break 



3 

 

up and destroy to a certain level to obtain a speckle contrast reduction without destroying the contrast 
of the picture so much that it deteriorate the image quality.  

Diffractical optical element is a example of a device providing angle diversity to the speckle image. It 
is a big array of diffractical slits or a micro grating giving a modulated beam given by the slit opening 
of the grating holes.  

 

 

2.3 Objective and subjective speckle 

In (12) Subjective speckle is the speckle effects due to the observer himself including the numerical 
aperture of the detector and the position of the detector, the farther away from the screen the observer 
is the bigger the speckle will be detected. Objective speckle in the other hand is independent of the 
observer. (14) classifies objective speckle as the speckle stem from uneven illumination falling on the 
screen. The subjective is in (14) classified as the combination of roughness of the subject and finite 
aperture of the detector. 
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3. Choices made in this setup    

  

A lot of work were done to get the right equipment to the right price, and it is important that the 
camera had a very low intensity threshold limit so that it was possible to detect the small variance in 
intensity on the top of a high intensity signal. The camera had to provide a high precision in the 
intensity in each cell also when closing in on the saturation level. Cameras from Sony, Jai, Pulnix and 
Lumenera were evaluated and prices were sought after. Secondly the camera needed to have a 
software solution or a hardware solution which were possible to import data to Labview. Lumenera 
Lu075m was selected due to low price to feature coefficient. The camera had very easy to use software 
to adjust exposure times and gain term and the interface were USB 2.0 which is a high speed 
commercially common interface on new computers. The camera is also monochromatic giving the 
high precision in the intensity level on all intensities also towards saturation. There are many industrial 
standard cameras requiring a data acquisition card to boot, boosting the price of the system very much. 
But cameras with good features are coming with GigE or USB 2.0 to a reasonable price is coming, 
they are still a little more expensive than cameras requiring a data acquisition card. Such data 
acquisition cards were sought up on National Instruments(11) and prices were given in the response. 
The cheapest alternative was a Single channel color/monochrome framegrabber to around 500 €. The 
cameras requiring such cards are analog while the new cameras providing GigE and USB 2.0 interface 
has got an analog to digital converter (10)  

The detector was installed with a camera and a lens with 45mm lens to match the optics of a human 
eye. The picture that were evaluated were not modulated in any kind, it is possible to do this with a 
SLM, spatial light modulator like a GLV (Grating Light Valve) (7). But for simplicity the picture were 
made by a laser and a beam expander increasing the beam waist into a spot with 5mm diameter.  

Diffusers were ordered from Edmund optics, these were sandblasted glass of different sand grain size. 
These were found to be so diffusing that it was not possible to use them in this setup. Failing any good 
industrial standard diffuser a plastic sheet from an ordinary clear plastic bag was used.  

In this setup the plastic bag functioned as a diffuser giving an angle diversity of the laser light 
removing some of the spatial coherence of the laser light and reducing the speckle contrast.  

The surface of this plastic film is rough compared to a wavelength and will make a speckle pattern on 
the screen, this speckle is then tried to be abolished.  
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3.1 The employed speckle reduction method 

In this setup the speckle reduction method used could be classified as angle diversity, although there 
are no controlled angle diversity in the sense that the projector resolution spot is that much bigger than 
the detector resolution spot. But the speckle from the modulated diffuser will be travelling on the 
screen making the intensity in each detector resolution spot fluctuate in time, being integrated in the 
detector. The effect of this will be that the intensity fluctuations out of one detector resolution spot 
would destroy the contrast of the picture we are trying to emphasize. It is not possible with this setup 
to find the numbers for the contrast of the picture itself because it does not have any contrast, it is 
homogenous.  

 

3.2 Expectations to the results of the chosen setup 

There are several factors one can put out as an important one before setting up the test bench. First and 
foremost the modulation needs to be a displacement of over one speckle size and the modulation speed 
must have to be higher than the refreshing rate of the human eye, set to 60Hz on the detector. This 
means that since the displacement is a sine curve that the maximum displacement would have to be a 
bit bigger than the minimum one speckle grain. We want it to have a RMS value around that 
displacement of one speckle. This means that the will have to   

In (6)  

(Trekke inn hastigheter fra ‘A practical Laser Projector’ (6) og displacement fra forsøk fra 1971 (2))  

 

De ulike faktorenes innspill i resultatene, polarisatorer, beamexpander, lasertype og divergensen. 
Kameraet, og linsejusteringen ned til chippen. Og ikke minst koherenslengden til laseren.  

 

Work with a rotator for diffusers were also initiated, but the work were terminated after some time due 
to practical problems in making the device. This device could have provided a better speckle reduction 
coefficient due to all the different areas of point spreaders that would be shifted within one integration 
time of the detector. This would in turn provide a better adjustment control for the speed of the 
diffuser in the beam   

There are several factors which one can alter in an optical setup to make the result a little different. 
Following, the main of this assignment, the different factors were altered to see the effects on the 
speckle size and the statistical properties of the image imported to Matlab. 

As presented in chapter 2 in this project a diffuser that can produce two speckle patterns that are 
statistically independent within one integration time of the detector one will be reducing the speckle 
contrast with a factor of 1,414, the square root of two. The displacement will not move the laserspot 
out of the original spot on the plastic film so the speckles will be statistically dependant because the 
same light spreaders were used in the two speckle images, giving a speckle reduction factor of under 
1,414. If the  
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With some adjustments it is possible to get the speckle grain size to a size that the camera array can 
dissolve, the best would be that the speckle size was about as big as 4 or 5 pixels, around 30 to 40 µm.   
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4. Practical results 

4.1 The 10 sets of test 

The chosen equipment for the setup: 
Brüel & Kjær Accelerometer Preamplifier type 2626. 
Brüel & Kjær Piezoelectric Accelerometer type 4344. (1) 
Brüel & Kjær PM Mini shaker type 4810. (2) 
Linear polarizer x 2 (3) 
Beam expander 20x, Edmund Optics (4) 
Copy Paper white (5) 
Oscilloscope 
DPSS laser (6) 
Plastic sheet from a plastic bag, clear type. (7) 
Plastic sheet from a plastic bag, clear type, mounted on a fixed arm. Not shown on the picture. 
Luminera Industrial digital Camera, LU075M (8) 
Lens, 45mm focus length, 2,5cm diameter (9) 
 

 

Figure 1, the setup with screen, diffuser, light source and detector plus optics. 
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The practical work are a series of tests with different factors being tweaked in each test set. The reason 
it is so many small series is to isolate different factor to easier address its role in this speckle reduction 
method.  

For all these series of tests the camera was set at a distance of 30cm from the screen. 

 

 

       Figure 2a, Without diffuser.  Figure 2b, With single fixed diffuser. 
 

 

                    Figure 2c, Single diff, 200hz modulation. Figure 2d, Single diff, 100hz mod. 
 

The first series of test also introduces the concept of absorption in the diffuser, the more diffusers we 
use the more the mean intensity drops. The two linear polarizers were adjusted in and ended up 
blending out a big portion of the laser light, absorption in the polarizers material and reflection in the 
optics in the beam expander also dims the intensity of the light a little.  That is why it is important to 
take account how many diffusers there are in the path of the light before one compares results from 
different settings, that is not taking the mean intensity data and as an important factor in this tests. This 
intensity drop is not very detectable when looking at the images. But there are no exceptions, the 
intensity always drops a little when introducing a module of any kind in the path of the light, this do 
not include optical intensifiers.  

It is not easy to detect any difference in the variance or intensity in the pictures in figure 1 to 4. 
Therefore algorithms in Matlab were used to find the statistics of the different images, numbers on the 
standard deviation of the intensity value and the mean intensity were found. The signal was filtered so 
that it was possible to extract the small frequency and small amplitude speckle noise information. This 
information was evaluated statistically using the std and mean function in Matlab. 
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The first set utilizes none, one and two diffusers. The two diffusers is put up 5millimeters from each 
other, the second one, farthest away from the screen, were modulated. These diffusers were positioned 
15cm from the screen. Gain in the video software were set to 1,7 and exposure to 16ms on all these 
test runs. The gain were set to a fixed value, the actual value is of no certain interest since the two 
linear polarizers is adjusted so that the camera do not reach saturation in any region of the image.  

 

   Standard dev.  Mean Value  Contrast 
uten_diff  14,06  156,87  0,0896 
medsingeldiff  11,44  142,14  0,0805 
medsingeldiff100  11,34  143,54  0,079 
medsingeldiff200  10,79  142,20  0,0759 
medsingeldiff300  11,48  143,34  0,0801 
meddobeldiff0  9,46  131,60  0,0719 
meddobeldiff100  9,19  129,83  0,0708 
meddobeldiff200  9,75  131,40  0,0742 
meddobeldiff300  10,20  131,05  0,0778 

meddobeldiff500  10,68  107,31  0,0995 
Table 1. First set of tests 
 

The results clearly show a reduction of almost 10% when introducing a new diffuser as expected. The 
contrast also show a reduction of 10% or a reduction factor of 1,11 when introducing a fixed diffuser, 
another 6% or a reduction factor of 1.06 when modulating this diffuser with 200Hz. 
 
 
In the next set the distance between the two diffusers were set to 7,5cm, the diffuser farthest away 
from the screen is modulated on a 15cm distance from the screen, the fixed diffuser is then placed 
7,5cm from the screen and 7,5cm from the modulated diffuser. 

Picture  Standard dev.  Mean Value  Contrast 
utendiff  20,35  173,38  0,1174 
diff0  21,34  155,65  0,1371 

diff200  18,22  152,13  0,1198 

diff300  17,76  154,82  0,1147 
diff500  17,66  150,40  0,1174 
diff700  18,26  149,89  0,1218 

doublediff0  13,26  117,12  0,1132 
doublediff200  12,72  117,49  0,1083 
doublediff300  12,56  117,51  0,1069 
doublediff500  13,15  118,27  0,1112 

doublediff700  12,96  118,78  0,1091 
Table 2, Second set of tests 
 



10 

 

Here the same mean value drop occur then introducing the diffuser, but here the data gives a 17% 
higher speckle contrast when using one fixed diffuser than using no diffusers. This is unfortunate and 
stem from a flaw in the working process, and rerun of the whole set would be necessary to address 
this as a flaw. It is presumed it was a flaw because an accidental occurrence giving 17% higher 
speckle contrast is not believed to happen. Although the speckle contrast does not see that high of a 
reduction throughout this set, the biggest reduction factor is at the case where two diffusers are 
used one of them modulated with 200Hz. The Mean value in this set also drops drastically then 
adding the second diffuser maybe spreading the light so much that some are lost out of the cameras 
view. Since the diffusers are placed at a distance 7,5cm apart they will effectively spread the light 
much more than if they were placed next to each other. 

Still the highest reduction in this set is only 10% or a reduction factor of 1.11. This is despite the fact 
that the mean value of the intensity fell with 32%. 

 

 

In the third set the distance was set to 3,5cm, the modulated diffuser still positioned 15cm from the 
screen and the fixed diffuser 12,5cm from the screen. 

Picture  Standard dev.  Mean Value  Contrast 
doublediff0  13,96  123,08  0,1134 
doublediff200  13,80  124,71  0,1107 
doublediff300  13,91  124,30  0,1119 
doublediff500  14,23  125,11  0,1137 

doublediff700  14,46  124,83  0,1158 
Table 3, Third set of tests 
 

Here the modulation are 200, 300, 500 and 700 Hz, and the results seem to give a tendency that the 
contrast reduction is best at 200Hz but the reduction is only 2,4% or a reduction factor of 1,024. 

 

 

Fourth series there were taken two images that will be added up in intensity. The images were taken 
when the diffuser were moved 6mm perpendicular to the laser beam. The diffuser was 13cm from the 
screen. 

Picture  Standard dev.  Mean Value  Contrast 
nullmm  16,53  135,85  0,1217 
seksmm  16,77  134,70  0,1245 

sammen  11,83  135,52  0,0873 
Table 4, Fourth set of tests 
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These to pictures look the same and have almost the same contrast and mean value, but when they 
are added together the results here are very nice. The reduction is 28,3% or a reduction factor of 
1,3939 at so far from the theoretical 1.4141 reduction when adding two statistically independent 
speckle patterns. It would be great if this 6mm shift could be done within one integration time of the 
detector.  

 

The Fifth set introduces the concept of modulating the screen, without any other diffusers. 

Picture  Standard dev.  Mean Value  Contrast 
0  21,09  160,52  0,1314 
100 Hz  4,47  159,00  0,0281 
200 Hz  6,89  159,10  0,0433 
300 Hz  5,80  158,52  0,0366 
400 Hz  5,83  158,50  0,0368 
600 Hz  10,11  157,91  0,0640 
800 Hz  7,57  158,41  0,0478 
1000Hz  14,34  157,26  0,0912 

1200Hz  17,59  157,19  0,1119 
Table 5, Fifth set of tests 
 

With an angle of 30 degrees the optical path length difference with a modulation of the screen will be 
1+cos(30) multiplied by the peak to peak swing of the modulator. Here it is assumed that the screen 
were mounted in a way that it would fall back to the start position when the swing goes back and that 
the screen sheet follows the movement of the modulator at all times, the second assumption is that the 
sheet do not apply any workload to the modulator. This means the results from table 11 will be 
applicable in this case. The displacement is in fact maybe better than table 11 due to the element 
laying on the side not having the weight of the table as a brake in the system. The displacements in 
table 11  

The results from this set are very good for reducing speckle contrast, here a modulation of 100 Hz 
reduces the speckle contrast with 78,6% or a reduction factor 4,67. Here we can see that the speckle 
reduction becomes less and less when using high modulation frequencies, at 1200Hz the speckle 
reduction is only 15%, that is much compared to the other sets but very different from the result with 
frequencies up to 800Hz in this set. The reduction stays high   

 

Here also the picture alters when the modulator is turned on, this would greatly introduce blurring of 
the actual picture we would like to draw attention to. 

 

 

 



12 

 

In the sixth set were set up like the fifth only here a fixed diffuser is introduced at 15cm distance from 
the screen. 

Picture  Standard dev.  Mean Value  Contrast 
0  12,75  137,57  0,0927 
100  2,78  136,94  0,0203 
200  3,56  136,81  0,0260 
300  4,69  136,75  0,0343 
400  5,87  136,73  0,0429 
600  8,19  137,00  0,0598 
800  10,67  137,51  0,0776 
1000  11,11  137,44  0,0808 

1200  12,75  137,86  0,0925 
Table 6, Sixth set of tests  
 

Here we see the same speckle contrast reduction, so the introduction of a fixed diffuser did not do any 
good to the speckle removal. It was only a loss term reducing the mean value with 14%. Here we see 
the same trend in the contrast increasing as the frequency increases over 100 Hz. But here the contrast 
increases evenly up to 1200 Hz mark. That is probably more right than what the last set showed on this 
matter. 

 

In the seventh set two diffusers were used and moved within each other and also in reference to the 
screen.  

Picture  Standard dev.  Mean Value  Contrast 
first  15,28  126,00  0,1213 
second  14,13  125,23  0,1128 
third  14,23  124,49  0,1143 
fourth  14,50  125,84  0,1152 
fifth  14,36  122,54  0,1172 

sixth  14,93  121,17  0,1232 
Table 7, Seventh set of tests 
 

Here the diffusers were close to each other on the first image increasing from 0,5cm in first image to 
8cm in fourth. And up to 0,5cm again letting the one farthest away from the screen catch up the 
diffuser that was closest to the screen.  The results are not very clear but it can be interpreted that 
the increase in distance has a higher speckle reduction effect up to a certain level. The distance in the 
second picture is 2cm and in the third picture 5cm. It looks like it does not help increasing the 
distance more when at 2cm giving a maximum contrast reduction of 7%.  
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The eight set utilizes only one diffuser which was modulated at three different distances from the 
screen. 

Picture  Standard dev.  Mean Value  Contrast 
9cm0freq  16,94  177,03  0,0957 
9cm100  15,60  175,31  0,0890 
9cm200  16,31  175,34  0,0930 
14cm0freq  17,32  173,38  0,0999 
14cm100  15,41  174,13  0,0885 
14cm200  17,08  172,71  0,0989 
17cm0freq  14,89  174,20  0,0855 
17cm100  15,71  173,84  0,0904 

17cm200  16,45  171,32  0,0960 
Table 8, Eight set of tests 
 

In this set the interesting part is looking at the cases with the same frequency but with different 
positions. The case where the diffuser is 9cm from the screen we see that the speckle contrast is 
right under 0,1 with no modulation and even closer to 0,1 with a distance of 14cm. Then it drops to 
0,0855 in the case where it is 17cm from the screen. Looking at the 100Hz modulation images it 
suggest a reversed case where the speckle contrast goes down a little when looking at the 9cm100 
and the 14cm100 images. The 17cm100 indicated a little increase again, which leads to the 
conclusion that these results are to close in values to prove that there are any coherence between 
the placement of the diffuser and speckle reduction. This could be because one diffuser alone do not 
spread so much that one can see the results on so small distances. 

 

In Ninth Set a simple fixed diffuser were moved transversally to different spots on the diffuser 
overlapping less and less with the area first illuminated in the first image. The second is four fifth of 
the area lighted by the first, the third is 3 fifth and so on. The fifth is illuminating a totally new area of 
the plastic film. This test is done to see whether a displacement to a 3 fifth of the area not overlapping 
any region on the plastic film. 

Picture  Standard dev.  Mean Value  Contrast 
first  9,76  85,25  0,1145 
second  8,92  83,76  0,1065 
third  9,15  83,98  0,1090 
fourth  8,92  83,64  0,1067 
fifth  8,99  82,78  0,1086 
sixth  9,05  86,25  0,1049 
first+second  5,73  61,25  0,0936 
first+third  5,40  61,48  0,0878 
first+fourth  5,11  61,01  0,0838 

first+sixth  5,38  62,68  0,0859 
Table 9, Ninth set of tests 
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By only looking at the contrast data and standard deviation this set does not give any interesting 
information, the reason why this set was included in the sets is to expand the idea introduced in the 
fourth set a little. In the fourth set the relocation was 6mm, but here the relocation is based on the 
spot size, slightly moving the spot out of the area it illuminates in the first picture. We can see that 
the speckle contrast falls when combining speckle images from plastic film with their center farther 
apart from that of the first image. This set was done with a not so good adjustment possibilities 
making the data a little bad.  

 

The tenths set is as ninth only with better equipment able to adjust the movement with a millimeter 
peg. 

Picture  Standard dev.  Mean Value  Contrast 
40mm  9,30  88,23  0,1054 
40point5mm  9,41  90,03  0,1045 
41mm  9,41  90,03  0,1045 
41point5mm  8,91  89,93  0,0991 
42mm  9,80  89,98  0,1089 
40point5mm + 40mm  5,69  64,03  0,0888 
41mm + 40mm  6,03  63,81  0,0945 
41point5mm + 40mm  5,55  64,06  0,0866 

42mm + 40mm  5,47  63,47  0,0882 
Table 10, Tenth set of tests 
 

The pictures names are the position of the millimeter peg.  And the 4 last lines are the addition of 
these divided by two. It was expected that the contrast value would drop more and more the farther 
away the two images that is combined are taken with. It seems that there are no such conclusion in 
this set. The only trend which one can be certain of is the drop in the speckle contrast when 
combining to different speckle patterns from two different pictures. The statistical independency of 
the small diffuser elements in the diffuser film does not seem to give any difference in the speckle 
here.  In retrospect thinking the laser spot Is 5mm wide on the film it would be interesting to go 
further with this set up to 5mm maybe it would be possible to see that the dependencies of the 
diffuser elements does play a role in the speckle reduction. 
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4.2 The displacement of the modulator 

One task includes getting the data from the accelerometer through a preamplifier and interpret the 
signals one get from the oscilloscope. The accelerator gives out a sine function as the Pulse/function 
generator is set to a sine. But the signal given out on the oscilloscope is the acceleration of the 
modulator, it need to be double-integrated back to displacement, so that we can investigate the 
maximum displacement at a given frequency and load.  

So when we double integrate the a factor here being w or 2лf, a 1/a2 factor will result making the 
displacement very much   

                                              (1) 

                                                    (2) 

 

 

 

Results without workload only measuring equipment 2,5g: 

Freq Voltnivå Aks-amp V.denom Vmax (m/s) V_RMS denominator displ. Amp displ.pp. 
10 0,00 0       3,95E+03 0,00E+00 0,00E+00 
30 0,25 3,46 1,88E+02 1,84E-02 1,30E-02 3,55E+04 9,75E-05 1,95E-04 
50 0,80 11,09 3,14E+02 3,53E-02 2,50E-02 9,87E+04 1,12E-04 2,25E-04 
70 2,00 27,72 4,40E+02 6,30E-02 4,46E-02 1,93E+05 1,43E-04 2,87E-04 
90 3,00 41,58 5,65E+02 7,35E-02 5,20E-02 3,20E+05 1,30E-04 2,60E-04 

100 3,00 41,58 6,28E+02 6,62E-02 4,68E-02 3,95E+05 1,05E-04 2,11E-04 
200 2,40 33,26 1,26E+03 2,65E-02 1,87E-02 1,58E+06 2,11E-05 4,21E-05 
400 2,00 27,72 2,51E+03 1,10E-02 7,80E-03 6,32E+06 4,39E-06 8,78E-06 
600 2,00 27,72 3,77E+03 7,35E-03 5,20E-03 1,42E+07 1,95E-06 3,90E-06 
800 2,00 27,72 5,03E+03 5,51E-03 3,90E-03 2,53E+07 1,10E-06 2,19E-06 
1000 2,00 27,72 6,28E+03 4,41E-03 3,12E-03 3,95E+07 7,02E-07 1,40E-06 
2000 1,80 24,95 1,26E+04 1,99E-03 1,40E-03 1,58E+08 1,58E-07 3,16E-07 
3000 1,75 24,25 1,88E+04 1,29E-03 9,10E-04 3,55E+08 6,83E-08 1,37E-07 
4000 1,60 22,17 2,51E+04 8,82E-04 6,24E-04 6,32E+08 3,51E-08 7,02E-08 

Table11. Results without workload 
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These are the results with 17,5g of load, the diffuser weighs 17,5g: 

Freq Volt lvl Aks-amp V.denom Vmax (m/s) V_RMS dipl. Denom displ. Amp displ.pp. 
10 0,00 0         0,00E+00 0,00E+00 
20 0,00 0         0,00E+00 0,00E+00 
30 0,30 4,16 1,88E+02 2,21E-02 1,56E-02 3,55E+04 1,17E-04 2,34E-04 
40 0,50 6,93 2,51E+02 2,76E-02 1,95E-02 6,32E+04 1,10E-04 2,19E-04 
50 1,00 13,86 3,14E+02 4,41E-02 3,12E-02 9,87E+04 1,40E-04 2,81E-04 
60 1,40 19,40 3,77E+02 5,15E-02 3,64E-02 1,42E+05 1,37E-04 2,73E-04 
70 1,60 22,17 4,40E+02 5,04E-02 3,57E-02 1,93E+05 1,15E-04 2,29E-04 
80 1,50 20,79 5,03E+02 4,14E-02 2,92E-02 2,53E+05 8,23E-05 1,65E-04 
90 1,40 19,40 5,65E+02 3,43E-02 2,43E-02 3,20E+05 6,07E-05 1,21E-04 

100 1,25 17,32 6,28E+02 2,76E-02 1,95E-02 3,95E+05 4,39E-05 8,78E-05 
150 1,00 13,86 9,42E+02 1,47E-02 1,04E-02 8,88E+05 1,56E-05 3,12E-05 
200 1,00 13,86 1,26E+03 1,10E-02 7,80E-03 1,58E+06 8,78E-06 1,76E-05 
300 0,85 11,78 1,88E+03 6,25E-03 4,42E-03 3,55E+06 3,32E-06 6,63E-06 
400 0,80 11,09 2,51E+03 4,41E-03 3,12E-03 6,32E+06 1,76E-06 3,51E-06 
500 0,95 13,17 3,14E+03 4,19E-03 2,96E-03 9,87E+06 1,33E-06 2,67E-06 
600 1,00 13,86 3,77E+03 3,68E-03 2,60E-03 1,42E+07 9,75E-07 1,95E-06 
700 1,00 13,86 4,40E+03 3,15E-03 2,23E-03 1,93E+07 7,16E-07 1,43E-06 
800 1,20 16,63 5,03E+03 3,31E-03 2,34E-03 2,53E+07 6,58E-07 1,32E-06 
900 1,50 20,79 5,65E+03 3,68E-03 2,60E-03 3,20E+07 6,50E-07 1,30E-06 
1000 1,80 24,95 6,28E+03 3,97E-03 2,81E-03 3,95E+07 6,32E-07 1,26E-06 
1100 2,60 36,03 6,91E+03 5,21E-03 3,69E-03 4,78E+07 7,54E-07 1,51E-06 
1200 2,55 35,34 7,54E+03 4,69E-03 3,31E-03 5,68E+07 6,22E-07 1,24E-06 
1300 2,75 38,11 8,17E+03 4,67E-03 3,30E-03 6,67E+07 5,71E-07 1,14E-06 
1400 1,00 13,86 8,80E+03 1,58E-03 1,11E-03 7,74E+07 1,79E-07 3,58E-07 
1500 2,75 38,11 9,42E+03 4,04E-03 2,86E-03 8,88E+07 4,29E-07 8,58E-07 
1600 1,45 20,10 1,01E+04 2,00E-03 1,41E-03 1,01E+08 1,99E-07 3,98E-07 
1700 1,00 13,86 1,07E+04 1,30E-03 9,17E-04 1,14E+08 1,21E-07 2,43E-07 
1800 0,60 8,32 1,13E+04 7,35E-04 5,20E-04 1,28E+08 6,50E-08 1,30E-07 
1900 0,45 6,24 1,19E+04 5,22E-04 3,69E-04 1,43E+08 4,38E-08 8,75E-08 
2000 0,15 2,08 1,26E+04 1,65E-04 1,17E-04 1,58E+08 1,32E-08 2,63E-08 
3000 3,00 41,58 1,88E+04 2,21E-03 1,56E-03 3,55E+08 1,17E-07 2,34E-07 
4000 0,40 5,54 2,51E+04 2,21E-04 1,56E-04 6,32E+08 8,78E-09 1,76E-08 

Table12. Results with 17,5g workload 
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With a sinusoidal signal the RMS value of the speed will be found by simply dividing the amplitude 
with the root of 2. This value is interesting in this case due to comparisons with other works on this 
issue, where some operate with speed and other with displacement. The speed is found by integrating 
the acceleration once giving the denominator 2лf, so the speed is always a factor 1/2лf smaller than the 
acceleration. In the same way the displacement is a factor (1/2лf)2 smaller than the acceleration. 

Max displacement, looking at the ’displ.p.p’ column giving the peak-to-peak value of the sine, is at 50 
Hz mark with a displacement of almost 0,3mm with the 17,5g workload. Without workload max 
displacement was also around 0,3mm, but this is at 70Hz mark. These numbers show a much smaller 
displacement than that given in the data sheet of the PM Mini-Shaker type 4810 graphs which shows 
the response in displacement with a given load and frequency. This I probably due to miss earlier miss 
use and wear of the element. But such a big displacement as the data sheet provides is not necessary to 
reduce speckle in this setup.  

               

Figure 3. Performance limits of the 4810 Mini-Shaker 
 

 

Figure 11 shows that it is possible to reach a 6mm displacement at a limit up to 70 Hz, and over that 
the displacement goes in saturation. The bigger the payload the farther down on the frequency axis the 
saturation point comes. This means that it is theoretically not possible to achieve the maximum 
displacement of 6mm on frequencies over 70Hz. This plot shows that it is, if possible, best to 
modulate with a low frequency. At the same time due to the detector frame rate the modulation needs 
to be higher than 60Hz. So if one wishes a higher displacement one need to modulate with frequencies 
around the saturation point for the given payload. 
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To comment a little further on the results for the frequencies that were believed to be the key 
frequencies for use in such optical setups, the displacement at 200Hz is almost a tenth of what it is at 
100Hz. This will indicate that if the displacement is close to the limit or too small at 200Hz, that is the 
displacement is in the same order as the speckle size, the 100Hz mark would be the preferred 
frequency when modulation both the diffuser and/or the screen. The eye has a refresh rate of slower 
than 100Hz so all signals with frequency 100Hz or higher the human eye cannot detect any 
fluctuations in the signal. Here the detector were set to a smaller frequency of 60Hz giving the 100Hz 
modulated signal enough time to at least take one period of the signal in one integration time limit. 
This is for integrating over the different diffracted images we make with a moving diffuser and to 
provide for the speckle in the signal to be reduced like in an human eye with the same setup.  

 

4.3  Calculation of the flying middle of the beam curvature  

To find the variance of the beam form, the intensity variation perpendicular to the beam,  the signal 
has to be compared to the filtered out beam form so that one can get the small frequency and low 
amplitude information on top of the beam form. This information is the noise from speckle. To do that 
a summing algorithm were used to find the mean in every fraction of the curvature. In the code in 
appendix A.1 several iterations with different length were used. It is very much possible just to use a 
second for-loop if all were of the same length, but the results of the lengths of these samples are 
somewhat empirical. It is beneficial to adjust individual iteration with regards to finding the right 
sample length and the right could be if could be put inside another for-loop. Small  

The mode-image of the laser comes in as an important factor, it is not intended to filter the signal so 
much that the mode intensity variation is mistakenly included in the intensity variation due to speckle. 
The intensity curve used in this work is in fact not a Gaussian curve but rather a Gaussian curve 
multiplied by a mode intensity variation, this is apparent when expanding the beam as were done in 
this work, and this mode variation can be detected easily by looking at the pictures.  

Due to this mode intensity variation there is no given limit for the filtering, and this filtering may be 
one of the biggest sources of error in this setup when trying to find certain numbers of the speckle 
information statistics. As mentioned in expectations to the practical work the speckle grains should be 
bigger than 3x3 pixles and should not be bigger than 7x7 so that the mean operation could use 
iterations of length around 15 to even out this noise. 

To evaluate the iteration number and the mistake one make when reducing the number of iterations an 
example from the sixth set is presented.  
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    Figure 4, Curvature with 100 Hz 
 

 

Figure 5, 5 iterations   Figure 6, 12 iterations 
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Figure 7, the noise info after 5 iterations  Figure 8, the noise info after 12 iterations 
 

 

Using the algorithms on the picture taken with 100Hz modulation in the sixth set 12 iterations gives: 

Standard deviation =    2.8298,  Contrast =    0.0224 

Compered to 5 iterations: 

Standard deviation =    2.7147, Contrast =    0.0215 

 

The figures 7 and 8 show 5 and 12 iteration respectively indicating that the mistake when using the 5 
iteration case instead of the 12 is not that great, also making the computer work less per image when 
processing many pictures and lines in each picture. The numbers also gives a good support for using 
fewer iterations than 12 without big mistake. The number of iterations for the test are random, it is not 
the case that 12 iterations is the best and the correct amount of iterations. 

The percentage of error one make when using 5 iterations instead of 12 is 4%. And as long as all the 
pictures in the same set were run with the same iterations that error is of no further concern. 
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4.4 Measured Speckle size 

To find the actual speckle grain size we need to look at an example image and evaluate the period of 
the small fluctuations. This is to verify that a large enough displacement was used in the practical 
work. The first picture in the 4th set has been used as an example; here a single fixed diffuser is used 
giving the actual speckle grains we wish to move.  

          

Figure 9, Direct plot of a line in the picture. 

         

Figure 10, Filtered out signal, signal without speckle. 
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Figure 11, Speckle signal filtered out of the curvature. 

     

Figure 12, The speckle grains zoomed in to a range of 50 pixels. 
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Figure 12 shows a zoomed image of the speckle signal and it is possible to count the number of 
speckle grains in the range 150 to 200. Within this range there are roughly 10 tops giving the speckle 
grain size of 5 pixels which are 7.4 µm wide. So one speckle is in this picture 37 µm wide. Remember 
that the tops in figure 12 are not in fact 10, but the speckles are also not centered on the line this plot is 
taken from. The speckle size is the period of the lowest frequency component in the picture.   
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5. Discussion 

There were sadly no time for deriving a mathematical model for speckle in this project, this would 
have been very interesting and would be able to show the mathematical nature of speckle and diffusers 
in a more thorough manner giving the bigger view on the total picture of the problem of speckle. A 
Hadamard matrix(16) would also be a would have been produced as a single device and the production 
process for such prototypes are very high.  

Could have been better to adjust up the intensity so that all the pictures were taken with highest 
possible mean intensity and all the images were taken with intensity near saturation. The tests were 
run with the same gain factor and the same polarizer adjustments regardless of number of diffusers. 
Adjusting the gain or polarization opening would maybe give a little better ground for comparing the 
numbers for the contrast a little better. 

The tests that required two modulators also were canceled due to that it was a challenge just getting 
hold of one modulator making it more time consuming or expensive to get a hold on two of them. This 
is unfortunate because the results are not believed to be that much better than just one type of 
modulation isolated, so that would be interesting to point out. This effect is due to the nature of the 
method, given the work of Trisnadi(8) and the maximum speckle reduction. The two methods of 
modulation would fall in the same category of angle diversity making them inmultipliable. It is 
possible to achieve a better reduction but that is only when each one of them are not optimal in the 
isolated cases, but this factor will be smaller than if two methods of different category was used. These 
categories are given in chapter 2 in this project.   

It could also be interesting to add some testing with the modulation of the position of the laser module 
directly making the laser beam path shift back and forth in space with a little marginal value. But the 
only modulator available was a big vibration table with a hard nozzle making it incapable of providing 
the modulation required by such methods. 

A modulation of the intensity of the signal driving the modulator would be very interesting in the 
screen modulation case looking at smaller displacements at any given frequency. 

In retrospect the third set should be run with the same test points as in the second set. The sets are 
alike but the fact that the distance between the diffusers was changed.  If the sets were built up with 
the same test points the data would be more interesting providing a comparable ground for the two 
sets. 

There were a few things that could have been done better so that one could be hundred percent sure 
that the data given is the correct one for that test point.  

A source of error could be the filtering of the beam form. It could be introducing big errors due to the 
fact that it is no absolute value of iterations in the process or any specific frequency components that 
can be removed without destroying the intensity that would be detected when there was no speckle in 
the system. It has however been show that the mistake one make when doing 5 iterations with 9 
segments instead of 12 is not that great. But it could be that it is better using segments of different 
lengths in the different iterations.  

When it comes to the displacement it is in fact too small for frequencies over 100 Hz, giving the 
optimal frequency for this setup to be 100Hz. The speckle grains were measured to be half that of the 
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100Hz displacement but over two times that of the 200 Hz displacement with a 17,5g of workload. 
The speckle were exactly of the size that was  
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6. Conclusion  

A lot of work remains on this issue to find a good solution for reducing speckle, this work has shown 
one method for reducing speckle trying to classify the diffuser as a possible method for reducing 
speckle in any way for a consumer market display system. The results show positive trends in this 
method and also the modulation of the screen itself. In this work the screen was a little sheet of paper, 
but the challenging task of testing a vibrating screen and use of plastic films as diffusers in big scale 
consumer displays maybe is carried out by a company as this report is written or maybe also many 
years ago. The use of plastic films in such systems does not give any troubles with the dimensions, the 
film is small and it is room for many such modules in a projector. Whether such films really are good 
enough for such systems will first be answered when it is implemented and tried out with this system.  
But from the results of this work it will demand more than just a modulated diffuser or a modulated 
screen. If only one of the methods should be implemented in a prototype it would first be interesting to 
carry out work with a modulated screen, this method showed to have good potential. This will also not 
have to be one of the complicated parts in the projector but in fact a second product belonging to the 
projector.  
The results are not clear on the fact that it is usable in display systems or not, and it will probably  
smooth out the different pixels in the picture when applied to a display system with chromatic light 
and a changing image like a raster-scanned(9) or a line-scanned(9) display system. If the resolution 
spot division do not follow the rules given in chapter 2 of this report, the picture will be smeared out 
and the contrast of the picture will soar. 
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8. Appendix 

A.1 Matlab Code 

A.1.1 Code for filtering the beam profile 

function[]=midling() 
 I=imread('andreserie\diff.bmp');%E=finnemidtrad()  
U(1:640) = I(360,1:640);%husk å benytt finnemidtrad() for hvert bilde først 
P=uint16(U); 
figure(1);  
plot(P); 
%-------------------------------------------- 
 
Q=zeros(640,1); 
Q(1:5)=P(1:5); 
for(i=5:636) 
    Q(i)=(P(i-4)+P(i-3)+P(i-2)+P(i-1)+P(i)+P(i+1)+P(i+2)+P(i+3)+P(i+4))/9;     
    i=i+1; 
end 
Q(637:640)=P(637:640); 
figure(2); 
plot(Q) 
%-------------------------------------------- 
 
Y(1:5)=Q(1:5); 
for(i=5:636) 
    Y(i)=(Q(i-4)+Q(i-3)+Q(i-2)+Q(i-1)+Q(i)+Q(i+1)+Q(i+2)+Q(i+3)+Q(i+4))/9;     
    i=i+1; 
end 
Y(637:640)=Q(637:640); 
figure(3); 
plot(Y) 
%-------------------------------------------- 
 
E(1:4)=Y(1:4); 
for(i=5:636) 
    E(i)=(Y(i-4)+Y(i-3)+Y(i-2)+Y(i-1)+Y(i)+Y(i+1)+Y(i+2)+Y(i+3)+Y(i+4))/9;     
    i=i+1; 
end 
E(637:640)=Y(637:640); 
figure(4); 
plot(E); 
%-------------------------------------------- 
 
W(1:4)=E(1:4); 
for(i=5:636) 
    W(i)=(E(i-4)+E(i-3)+E(i-2)+E(i-1)+E(i)+E(i+1)+E(i+2)+E(i+3)+E(i+4))/9;     
    i=i+1; 
end 
W(637:640)=E(637:640); 
figure(5); 
plot(W) 
%-------------------------------------------- 
 
A(1:4)=W(1:4); 
for(i=5:636) 
    A(i)=(W(i-4)+W(i-3)+W(i-2)+W(i-1)+W(i)+W(i+1)+W(i+2)+W(i+3)+W(i+4))/9;     
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    i=i+1; 
end 
A(637:640)=W(637:640); 
figure(6); 
plot(A) 
%-------------------------------------------- 
 
Z(1:4)=A(1:4); 
for(i=5:636) 
    Z(i)=(A(i-4)+A(i-3)+A(i-2)+A(i-1)+A(i)+A(i+1)+A(i+2)+A(i+3)+A(i+4))/9;     
    i=i+1; 
end 
Z(637:640)=A(637:640); 
figure(7); 
plot(Z) 
%-------------------------------------------- 
 
S(1:4)=Z(1:4); 
for(i=5:636) 
    S(i)=(Z(i-4)+Z(i-3)+Z(i-2)+Z(i-1)+Z(i)+Z(i+1)+Z(i+2)+Z(i+3)+Z(i+4))/9;     
    i=i+1; 
end 
S(637:640)=Z(637:640); 
figure(8); 
plot(S) 
%-------------------------------------------- 
 
V(1:4)=Z(1:4); 
for(i=5:636) 
    V(i)=(S(i-4)+S(i-3)+S(i-2)+S(i-1)+S(i)+S(i+1)+S(i+2)+S(i+3)+S(i+4))/9;     
    i=i+1; 
end 
V(637:640)=S(637:640); 
figure(9); 
plot(V) 
%-------------------------------------------- 
 
D(1:4)=V(1:4); 
for(i=5:636) 
    D(i)=(V(i-4)+V(i-3)+V(i-2)+V(i-1)+V(i)+V(i+1)+V(i+2)+V(i+3)+V(i+4))/9;     
    i=i+1; 
end 
D(637:640)=S(637:640); 
figure(10); 
plot(D) 
%-------------------------------------------- 
 
F(1:4)=D(1:4); 
for(i=5:636) 
    F(i)=(D(i-4)+D(i-3)+D(i-2)+D(i-1)+D(i)+D(i+1)+D(i+2)+D(i+3)+D(i+4))/9;     
    i=i+1; 
end 
  
F(637:640)=D(637:640); 
figure(11); 
plot(F) 
%--------------------------------------------- 
 
G(1:5)=F(1:5); 
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for(i=6:635) 
    G(i)=(F(i-5)+F(i-4)+F(i-3)+F(i-2)+F(i-1)+F(i)+F(i+1)+F(i+2)+F(i+3)+F(i+4)+F(i+5))/11;     
    i=i+1; 
end 
  
G(636:640)=F(636:640); 
figure(12); 
plot(G) 
%-------------------------------------------- 
 
J(1:5)=G(1:5); 
for(i=6:635) 
    J(i)=(G(i-5)+G(i-4)+G(i-3)+G(i-2)+G(i-1)+G(i)+G(i+1)+G(i+2)+G(i+3)+G(i+4)+G(i+5))/11;     
    i=i+1; 
end 
  
J(636:640)=G(636:640); 
figure(13); 
plot(J) 
%-------------------------------------------- 
M(1:5)=G(1:5); 
  
for(i=6:635) 
    M(i)=(J(i-5)+J(i-4)+J(i-3)+J(i-2)+J(i-1)+J(i)+J(i+1)+J(i+2)+J(i+3)+J(i+4)+J(i+5))/11;     
    i=i+1; 
end 
  
M(636:640)=J(636:640); 
figure(14); 
plot(M) 
  
%int16 for å få negativt fortegn 
K= int16(U); 
N= int16(M); 
G=K-N; 
plot(G); 
%Utregning av kontrast. 
STD=std(G) 
%neste trinn er å fjerne de ytterste samplene for å forhindre at det 
%spolerer kontrastmålingen. 
C=STD/(mean(U)) 
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A.1.2 Code for finding the middle of the picture 

 

function[]=finnemidtrad() 
  
I=imread('tiende/test1.bmp'); 
qmax=0; 
istor=0; 
for(i=1:480); 
    N(1:640)=I(i,1:640); 
    k=mean(N); 
    if k>qmax 
        W(1:640)=N; 
        qmax=k; 
        istor=i; 
    end 
    i=i+1; 
end 
qmax 
istor 
plot(W) 
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A.2  Datasheets 

A.2.1 Mini‐ Shaker type 4810 
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A.2.2 Preamplifier type 2626 
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A.2.3 Diode Pumped Solid State Laser 
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2.2.4 Lumenera industrial monochromatic camera 
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