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Abstract 

 
If sound and noise from an engine, say a lawn mower, is to be reduced, it is of 
advantage to know from which part of the machine the noise is coming. 
An interesting medical application for localization of sound sources is 
optoacoustic imaging of tissue. A localization of the sound source in this case 
could be an useful tool for an early detection of high blood concentrations 
around tumors. Besides localization of primary sources, reconstruction of 
scattered or diffusive reflected fields could be a useful tool for studying opaque 
materials and objects. This could reveal abnormalities such as cavities or regions 
of different materials or densities in an object. 
 
In this thesis a scanning laser vibrometer is used to make quantitative two-
dimensional measurements of ultrasound (US) fields in air. The laser light 
traverses the measurement volume to and from a rigid reflector and determines 
the velocity of the change in optical path length, which at constant geometry 
only depends on the changes in index of refraction. Assuming adiabatic 
conditions, the refractive index rate is proportional to the sound pressure rate 
and quantitative measures of the sound field are possible to achieve. These 
recordings are used for digital reconstruction of the acoustic fields by use of 
phase conjugation. Both recordings and reconstructions of the sound fields are 
performed for several wavelengths by tuning the primary US transducer around 
its resonance frequency. Combining several reconstructions for different 
wavelengths enhances the depth resolution. This resolution is improved even 
further by applying a phase filter. It is shown that this reconstruction technique 
makes possible a very thorough localization of the primary source even for 
highly scattered US-fields.  
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1. Introduction 
 

In the society of today a growing awareness for our environment is shown. It 
becomes more and more important that the machines we use, both at work and 
at home such as cars, saws, lawn mowers or washing machines, are as user-
friendly as possible. This includes the sound these machines are producing when 
used. While for instance a car is supposed to produce “the right sound”, others 
are supposed to produce as little sound as possible. Therefore it can be of great 
importance to find out which parts are producing unwanted noise.  
Locating primary sound sources can also be used in acoustic imaging where 
objects are excited in order to emit sound. An interesting medical application is 
optoacoustic imaging of blood vessels in tissue. In this case blood vessels are 
excited by a laser pulse. These excited blood vessels will start to vibrate and 
emit ultrasound. A localization of the sound sources in this case could be useful 
tool for an early detection of high blood concentrations around tumors. 
Besides primary sources localization of secondary sources such as scattering or 
diffusively reflecting objects could be of use for the study of opaque materials. 
This could reveal abnormalities such as cavities or regions of different materials 
or densities in an object. 
 
This thesis presents a method for locating primary sound sources by making 
digital reconstructions from measurements of sound fields. A multi-wavelength 
technique is described which uses the phase properties in the reconstructions to 
suppress speckles and achieve high depth resolution. Even more use of the phase 
is taken when constructing a phase-filter which improves the depth resolution 
even further. An optical method for measurements of propagating sound fields 
in air is also presented. This measurement technique provides full field 
measurements through scanning. 
 
This thesis consists of this survey and three appended papers. The intention of 
the survey is to provide an introduction to both the measuring and the 
reconstruction technique. It contains the basic theory needed to understand the 
concept, for more details the reader is referred to the appended papers. The  
reader is also recommended to visit 
www.sirius.luth.se/expmek/people.asp?ID=42  
where links are given to simulations and some experimental results. A short 
summary of the appended papers is given in the end of this survey. 
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2. Measurements and visualizations of sound fields 

 
Today a variety of methods exists for measuring and visualizing sound fields. 
The earliest optical illustrations of sound phenomena in air were obtained by 
classical optical methods like the shadowgraph and Schlieren1. Since then many 
new techniques for studying index of refraction fields in transparent media like 
water and air have emerged. Lökberg used phase-modulated TV holography for 
measurements of sound fields in air radiating from harmonically vibrating 
objects2-4. Schedin et al used pulsed TV holography for measurements on 
transient sound fields5-6.  Runnemalm and Saldner7-8 recorded aerial standing 
waves inside a rectangular box and inside the sound box of a violin and a guitar. 
 
Zipser et al9-10 proposed scanning laser vibrometry for the measurement and 
visualization of sound fields, which also is the method used in this thesis. The 
rest of this chapter is devoted to the measuring principle, the basic theory is 
described and it shows how a two dimensional measurement is obtained from a 
three dimensional sound field. 

 
2.1 The laser vibrometer 

 
The laser vibrometer is basically a heterodyne interferometer. Consider Figure 
2.1 where the laser vibrometer is described. A laser beam is divided by a beam 
splitter into an object and a reference beam. The object beam travels trough a 
second beam splitter, reflects from an object and travels to the detector where it 
interferes with the reference beam. Depending on the optical path difference 
between these two beams, they will interfere constructively or destructively. 
Now, if the object is moving, the recorded intensity on the detector will vary 
with time, (the frequency of waves reflected from a moving object is Doppler 
shifted). Each time the optical path difference corresponds to an integer multiple 
of the laser wavelength there will be a maxima in the recorded intensity and 
when the optical path difference corresponds to half a wavelength there will be a 
minima. A displacement of the object of half a wavelength corresponds to a 
change in the optical path of a wavelength. Thus, from the detector signal, the 
velocity of the object can be determined. However, in this way no information 
about the direction of the movement will be obtained. This is solved by letting 
the frequency of the reference light be modulated with 40 MHz, which is much 
higher than the frequency of the vibrating object. A negative velocity of the 
object will thus result in an optical beat of frequency slightly lower than 40 MHz 
and a positive velocity in a frequency slightly higher than 40 MHz. 
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Figure 2.1. This is the schematics of the laser vibrometer head. The object beam and the 
reference beam interfere on the detector. The intensity recorded is time-dependent due to the 
movement of the object. Since the reference beam is frequency modulated the direction of the 
movement can be determined. 
 
 

2.2 Sound measurements using the vibrometer 
 
To use laser vibrometry for sound measurements, the vibrating object is replaced 
with a rigid reflector, and the distance between the vibrometer head and the 
reflector is kept constant, see Figure 2.2. If a sound field is propagating through 
the measurement volume there will be changes in air pressure and, assuming for 
instance adiabatic conditions, changes in the refractive index. Thus, even though 
the geometry of the experimental setup is constant, the probing beam of the 
vibrometer will experience a change in optical path due to the change in the 
refractive index. Since laser vibrometry is a point measuring method, and a field 
measurement most often is desired, the vibrometer has to scan over the area of 
interest. When such a scanning is performed, in order to obtain the phase 
relation between the measured points of the vibrating area or the sound field, 
each point is measured relative to a reference. For a sound field a microphone at 
fixed position can act as such a reference. With this method, both the amplitude 
and the phase of the sound field can be measured quantitatively. Scanning 
vibrometry can be used for single and multi-frequency repetitive object motions. 
In one single point even trancient events can be measured. 
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Figure 2.2. This is a 3D illustration of the principle of measuring sound fields using the 
vibrometer. If the geometry in the experimental setup is constant, the change in optical path 
will be due to a change in refractive index which in turn will depend on the pressure changes 
in air, the sound field. 
 
 

2.3 Obtaining 2D measurements 
 

All the measurements in this thesis are 2-dimensional, even though the sound 
fields in some experiments are 3-dimensional. In paper C, the 2-dimensionality 
was ensured in a more direct way by putting a glass plate in front of the 
reflector. This was done to make sure that all measured sound had propagated 
through the scattering object. The distance between the rigid reflector and the 
glass plate was such that the space between acted as a single mode waveguide 
for the propagating sound, and hence the propagating sound field is 2-
dimensional. However, it turns out that even without this glass-plate, a 2-
dimensional measurement will be obtained. In Figure 2.3, where a sound 
transducer is situated at the reflector plane, this phenomenon is illustrated. The 
probing beam of the vibrometer propagates through regions of high and low 
pressure in the measuring volume. Except for a small region ∆x near the 
reflector, these pressure variations will cancel out each other. Another effect of 
this sound distribution is that the exact positioning of the vibrometer along the 
x-axis is not important since the pressure variations become weaker and weaker 
further away from the reflector.  
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Figure 2.3. The figure shows how a 2-dimensional measurement can be obtained from a 3-
dimensional sound field. The high and low pressure regions of the sound field, which the 
probing beam of the vibrometer passes, will cancel out each other except for a narrow region 
∆x close to the rigid reflector. 
 
 
In Figure 2.4 measurements of a propagating ultrasound field in air with and 
without a glass plate is shown. No big difference between the two measurements 
can be observed. 
 

 
 (a) (b) 
 
Figure 2.4. In (a) the sound field is measured with a glass plate in front of the rigid reflector 
and in (b) without. No big difference between the two measurements can be observed. 
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3. Reconstruction of acoustical fields 
 

In the late sixties a lot of work was done in acoustical holography. Marom et al11 
obtained acoustical holograms by electric scanning of a piezo-electric crystal, on 
which two sonic beams interfered. From these holograms the images were 
optically reconstructed. Later the sonic reference beam was replaced by an 
electronic signal simulating an artificial plane wave12. Before this acoustical 
holography experiments were direct analogies of optical holography 
arrangements. Metherell and Spinak reported of an experiment with a stationary 
detector and a spatially scanning source13. The results showed that the acoustical 
hologram obtained was identical to the conventional “scanned detector” 
holograms. Metherell et al also described an experiment which obviated the 
need for a reference wave, real or simulated14. Taking advantage of linear 
detection, temporal acoustical holograms were recorded using a Sokolov 
ultrasound camera. In 1980 Williams and Maynard showed that the resolution 
limits due to the wavelength of the radiation in optical holography may not 
necessarily be valid for the acoustical holography15. A technique was presented 
which allowed the source vector intensity as well as the sound pressure 
amplitude to be imaged with a resolution independent of wavelength. 
During the following years Near-field Acoustic Holography (NAH) was 
proposed and developed16-19. This technique has since then mostly been used for 
studying sound radiation from vibrating structures20. In the end of the nineties 
Wu et al developed another technique, Helmholtz Equation Least Squares 
(HELS) method21-22, and it was used to reconstruct the acoustic field radiated 
from a vibrating bowling ball in23. The HELS method was later used to derive a 
hybrid near field acoustic holography method24 in order to reconstruct acoustic 
radiation from an arbitrary object in a cost-effective manner.  
The advantages of non-invasive medical diagnostic systems has motivated 
research in optoacoustics25-27 where ultrasonic waves inside biological tissue are 
generated with short laser pulses. This was applied by Hoelen et al who imaged 
blood vessels in chicken breasts28 and by Niederhauser et al who recorded 
optoacoustic waves with a Schlieren based detection method29. 
 
In the rest of this section a reconstruction technique based on the exact solution 
to the Helmholtz equation30 is presented. The principle and basic theory are 
described together with some illustrative examples from both real experiments 
and simulations. 
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3.1 Numerical propagation of waves 
 

If the complex amplitude at 0=z , )(ya , is known, the field in any plane in the 
half-space 0>z , ),( zyu  can be obtained through the exact solution to the 
Helmholtz equation30 for the field in any plane in the half-space 0>z  which is 
described by the equation 

 
(3.1) 

 
where )(~ va  is the fourier transform of the complex amplitude at 0=z , v  and w  
are  dimensionless spatial frequencies along the y- and z-direction respectively 

and 
λ
π2

=k  is the wavenumber. The last exponent in Equation 3.1 is the inverse 

Fourier transform kernel. Hence, to calculate the field at any plane 0>z  the 
known field at 0=z  must be Fourier transformed, multiplied with the phase 
factor and then back transformed. This procedure is easily performed using a 
computer and a  FFT-algorithm.  

  
3.2 Digital reconstruction using phase conjugation 

 
The method used for reconstruction in this thesis is phase conjugation. Consider 
Figure 3.1 where the principle is described. A sound field is emitted from a 
source situated to the left. At this point the sound field has the phase β=Φ , 
where β  is an arbitrary constant. After propagation a distance 0z  along the 
optical axis the sound field reaches the recording plane. Here the phase is equal 
to kr+=Φ β , where r is the distance from the transducer to any point in the 
recording plane. At this plane a quantitative measurement of the complex 
amplitude takes place. Only one single column of the sound field is measured. 
The sign of the measured phase is changed, phase conjugated, to )( kr+−=Φ β . 
This column of phase conjugated measured sound field is now considered as a 
source and is numerically propagated, using equation 3.1, in the positive z-
direction. After numerical propagation of the distance 0z , the phase will be 
equal to β−=Φ  and at this location an image of the source will be obtained. An 
example of this can be seen in Figure 3.2. In Figure 3.2 (a) the measured phase 
of the emitted sound field is plotted, the transducer is situated in the middle left. 
However, even if the whole sound field is measured, only a single line is used in 
the reconstructions. 
 
 

∫
∞

∞−

= dveevazyu ikyvikzw)(~),(
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Figure 3.1. This is a sketch of the reconstruction principle. The source, situated to the left, 
emits sound in the positive z-direction. At the recording plane only a single line of the 
complex amplitude is measured. The measured sound is then phase conjugated and 
numerically propagated in the positive z-direction. 

 
Therefore, the last column in Figure 3.2 (a) is used for the digital reconstruction 
of the sound field. The reconstructed phase is seen in Figure 3.2 (b). At z=100 
mm the reconstructed wave transforms from a convergent beam to a divergent 
beam. This reveals the position of the source. 

Figure 3.2. This is an illustrative example of the principle described in Figure 3.1. The 
measured phase of the sound field is shown in (a). The last column is used for reconstruction 
and the reconstructed phase and intensity is seen in (b) and (c) respectively. 

 
In Figure 3.2 (c), which is the reconstructed intensity, the source position is 
obtained from the high intensity spot. In this experimentally simple case, where 
an undisturbed sound field is measured, the location of the source can be 
determined very thoroughly from the reconstructed phase map. However, if the 
situation is more complex due to things like several primary sources, scattering 
or diffusive reflective objects, the reconstructed phase map will get more chaotic 
and it will not provide much useful information. Also the reconstructed intensity 
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map will be difficult to interpret, it will contain several high intensity spots 
(speckles). It is difficult to distinguish the spots of significance from the 
speckles. However, this problem is solved by the multi wavelength method, 
discussed in the next section. 
 

3.3 Multi wavelength recording and reconstruction 
 
In the previous section where the reconstruction principle were described and 
illustrated, see Figure 3.1 and Figure 3.2, one conclusion was that the phase of 
the reconstructed complex amplitude at the position of the source is independent 
of the wavelength. Thus, if the source is emitting at several frequencies, 
simultaneously or one at the time, and each complex amplitude of a certain 
wavelength is measured and reconstructed, all reconstructed complex 
amplitudes have the same phase at the location of the primary source. So when 
adding these reconstructed complex amplitudes together they will cancel each 
other out everywhere except at the source where they add up constructively. 
This is illustrated in a simulated case in Figures 3.3 (a), (b) and (c) for cosines 
waves. 
 

Figure 3.3. This is a simple simulation which illustrates the usefulness of adding 
reconstructions of different wavelengths together. In (a) a source emits cosine waves of 
different wavelengths measured at z=10. In (b) these measured waves are phase conjugated 
and propagated further in the positive z-direction. In (c) the reconstructed waves are added 
together, which gives a strong peak which reveals the position of the source. 
 
In (a) a source emits cosines waves of different frequencies. At z=10 these 
cosines waves are registered one by one. In (b) the registered waves are phase 
conjugated and propagated further in the positive z-direction. After propagation 
a distance of 10 the cosines waves are in phase again.  In (c) the waves are 
added together resulting in a strong peak at z=10. This is a useful way to 
enhance the information of interest and suppress speckles in a reconstructed 
intensity map. In Figures 3.4, 3.5 and 3.6 the efficiency of the multi wavelength 
method in a complex experimental situation is illustrated.  
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Figure 3.4. This is a full field measurement of the ultrasound propagating through a 
honeycomb structure where a random selection of cells is filled with steel wool. The 
transducer is visible as a dark spot to the left and the object of aluminium is visible between 
the two measurement areas. 
 
In Figure 3.4 a full field measurement of the ultrasound is shown. To the left the 
transducer is seen and between the measured fields an object is situated. The 
object is a honeycomb structure where a random selection of cells is filled with 
steel wool. The strong effect of this object is clearly seen on the sound field 
which have propagated through it. The ultrasound field on the right side of the 
object appears to be chaotic and does not resemble the circular field on the left 
side. On the right side cigar-shaped volumes which look like acoustical speckles 
are observed. In Figure 3.5 (a) and (b) the reconstructed phase and intensity are 
plotted respectively. The reconstruction is made from the last column in the 
measurement area on the right side of the object. Neither of these plots is able to 
provide much useful information about the primary source. If instead several 
measurements are made, when the frequency of the ultrasound is slightly 
changed, and for each measurement a reconstruction the resulting intensity map 
in Figure 3.6 (a) is obtained when combining the reconstructions by adding them 
together. Now an image of the source is obtained in shape of a high intensity 
spot located at z=265mm.  The length of this spot, or the depth resolution, in this 
case when 13 measurements and reconstructions were made in the frequency 
span 37.50 kHz – 40.50 kHz is 120 mm or about 13 wavelengths. In Figure 3.6 
(b) the phase for all reconstructed complex amplitudes along the z-axis at y=0 is 
plotted and it is clearly seen how the phases fall into a single line at the position 
of the source. Plotting the phase for several reconstructions of different 
wavelength can hence provide an even more accurate localization of the primary 
source. This behaviour of the phase in the reconstructions is exploited even 
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further as described in the next section where a phase filter method is 
introduced.  
 
 

 
Figure3.5. In (a) the reconstructed phase is plotted and in (b) the reconstructed intensity. This 
single wavelength reconstruction is made from the last column in the measurement area on 
the right side of the object in Figure 3.4. Neither the reconstructed phase or intensity provide 
information about the location of the source. 
 
 

 
Figure 3.6. In (a) the intensity of 13 reconstructions of different wavelength added together is 
plotted. This enhances the information of interest and suppresses the speckles very efficiently. 
This is because only at the location of the primary source will the different complex 
amplitudes have the same phase. This is illustrated in (b) where the phase for all 
reconstructed sound fields along the z-axis at y=0 is plotted. At z=265 mm the phases fall into 
a single line, which corresponds to the distance in Figure 3.4. 
 

 
3.4 A phase filter to improve depth resolution 

 
In section 3.1 it was stated that the phase of the reconstructed complex 
amplitude is independent of the wavelength at the location of the source. In 
section 3.2 this property of the phase was tested with an experimental example 
which also illustrated the usefulness with the multi wavelength technique, see 
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Figure 3.6. In this section a filter technique which improves the depth resolution 
in the reconstructions even further is described. From the standard deviation 
over the phases from different wavelength reconstructions a weight function 

seW −= , where [ ]As ,0∈  is the standard deviation after scaling, is derived. A is a 
scaling constant which determines the hardness of the filter, i.e. if A is close to 
zero the filter will have almost no effect while a higher A increases the depth 
resolution obtained after filtering. This weight function is multiplied with the 
intensity map obtained from adding reconstructed complex amplitudes for 
different wavelengths together. In Figure 3.7 this technique is applied on the 
intensity map in Figure 3.6 (a). 
 

 
Figure 3.7. This is the intensity map obtained when using the phase filter derived from the 
standard deviation over the phases. 
 
The depth resolution obtained using the phase filter is only 25 mm or about 2.8 
wavelengths.  
 

4. Conclusions and future work 
 

The digital reconstruction method described in this thesis is an useful tool for 
locating primary sound sources. The combination of several reconstructions for 
different wavelengths, multi-wavelength, efficiently enhances the information of 
interest and suppresses the speckles. Even when the sound field is subjected to 
highly scattering objects this method provides intensity maps which make 
possible a very thorough localization of the sound source. The multi wavelength 
technique only provides images of primary sources since only there the 
reconstructions for different wavelength have the same phase. It has also been 
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shown that this phase relationship between the reconstructions can be used to 
construct a phase filter which improves the depth resolution even further down 
to only a few wavelengths. The laser vibrometer has proven to be an excellent 
instrument for sound measurements.  Besides beautiful two dimensional images 
and animations of the propagating sound field, see 
www.sirius.luth.se/expmek/people.asp?ID=42, quantitative data for the complex 
amplitude is obtained. 
 
The next step in this project will be to use multiple sources in the measurements 
and then in the reconstruction locate each individual source. This case has 
successfully been numerically simulated, see Figure 4.1. 
 

 
Figure 4.1. This is an intensity plot for a simulated case of multiple emitting sources. In (a) 
three sound sources are emitting in the positive z-direction. The last column in (a) is used for 
reconstruction. The multi-wavelength reconstruction is plotted in (b) and the phase filtered 
reconstruction in (c). All three sources are visible in the reconstruction. 
 
In (a) three sound sources and their emitted field is plotted and in (b) and (c) the 
multi-wavelength reconstruction and the phase filtered reconstruction, 
respectively, which reveals the position of all three sources. This could be used 
for imaging blood vessels28. Another similar experiment, which will be 
performed, is to use a single primary source and some scattering or diffusively 
reflecting objects which will work as secondary sources. By compensating the 
phase it might be possible make the reconstructions for different wavelength to 
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have the same phase at an arbitrary plane and hence locate the scattering objects 
by scanning along the z-axis. 
The reconstruction algorithm will also be tested in 3D simulations and 
eventually in 3D experiments. It is also planned to do experiments and 
reconstructions for light-waves instead of sound (digital holography). 
Simulation software for a two dimensional case has been developed using 
matlab. A screenshot from the graphical interface is shown in Figure 4.2 where a 
reconstruction has been made of “a happy face”. Each white pixel in the original 
image represents a diffusively reflecting object point. The whole image is 
simulated to be illuminated with a plane wave. The reflected light is then used to 
make a multi-wavelength reconstruction. However, instead of phase conjugation 
the complex amplitude is multiplied with a numerical ideal lens and hence the 
happy face is shown upside down in the reconstruction. 
 

 
 

Figure 4.2. A screenshot of the simulation software when the reconstruction of a happy face 
has been made. 
 
Introductory experiments have also been made by Busch31 in a diploma work 
carried out at the division of Experimental Mechanics. She recorded holograms 
of a micrometer scale which was out of focus. Then by replacing a real lens with 
a numerical one of different focal length the electromagnetic field were 
reconstructed at different planes. This way the scale was brought into focus.  
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This diploma work is available on my website, 
www.sirius.luth.se/expmek/people.asp?ID=42.  
This site also contains links which show animations from measurements on 
ultrasound fields, simulations and some experimental results such as digital 
reconstructions. 
 
 

5. Summary and conclusions of appended papers 
 
A digital multi-wavelength reconstruction technique has been developed that 
localizes primary sound sources in scattered sound fields from laser vibrometry 
recordings.  The appended papers are listed in table 1 according to their content.  
The chapter then ends with a summary and some conclusions for each paper. 
 
 Table 1 Contents of appended papers 

Paper A B C 
Laser vibrometer Recordings x x x 
Scattered ultrasound fields   x 
Single-wavelength reconstruction x x x 
Multi-wavelength reconstruction  x x 
Phase filter   x 

 
 
Paper A: Reconstructing two-dimensional acoustic object fields by use of 

digital phase conjugation of scanning laser vibrometry 
recordings 

 
Authors: L. Zipser, H. Franke, E. Olsson, N-E. Molin and M. Sjödahl 
 
Summary: The possibilities to locate the source from reconstructions of a 

sound field were investigated. For this purpose a measurement 
technique for sound fields was introduced as well as the 
numerical reconstruction method. Both phase maps and intensity 
maps were analysed in order to localize the sound source. 

 
My part: I performed the reconstructions and wrote the body part of the 

paper. The experiments were performed by Zipser and Franke in 
HTW, Dresden. 

 
Conclusions: Using laser vibrometry both qualitative and quantitative 

measurements of soundfields in transparent media can be 
obtained. The recordings are two-dimensional projections of 
three-dimensional sound fields. Reconstructing the acoustic 
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field using phase conjugation provides an intensity map which 
reveals the position of the transducer. A reconstructed phase 
map is also obtained in which the position of the source can be 
determined by locating the spot where the sound wave converts 
from a convergent to a divergent beam. 

 
 
Paper B: Scattered ultrasound fields measured by scanning laser 

vibrometry 
 
Authors: E. Olsson, N-E. Molin, M. Sjödahl, L. Zipser, H. Franke 
 
Summary: By tuning an ultrasound transducer around its resonance 

frequency several measurements of the sound field for different 
wavelengths using scanning laser vibrometry was obtained. 
Each recording were used for reconstructing the sound fields 
and all reconstructions were added together in order to obtain an 
intensity map that accurately gives the position of the source. A 
reconstruction of an ultrasound field propagating through a 
semitransparent object, a ceramic plate, was also studied. In the 
full field measurement of the sound field no effects other than 
damping was observed on the transmitted sound field. No trace 
of the object could be seen in the reconstructions. 

 
My part: The experiments were performed at HTW in Dresden, Germany, 

together with Zipser and Franke during my visit there. I made 
the reconstructions and wrote most of the manuscript. 

 
Conclusions: A combination of the reconstructions for acoustic fields of 

different wavelengths provides an intensity map with an 
improved resolution compared to a single reconstruction.  

 
 
Paper C: Locating primary sound sources in scattering media using 

multi-wavelength digital holographic reconstruction 
 
Authors: E. Olsson, M. Sjödahl, L. Zipser 
 
Summary: In this paper multi-wavelength digital holographic 

reconstructions of scattered ultrasound fields were studied. The 
measurements of the sound field were made with a scanning 
laser vibrometer, now at LTU in Luleå. Lumps of steel wool 
were positioned in between the transducer and the measurement 
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line in order to disturb the sound. The ultrasound transducer was 
tuned around its resonance frequency in order to obtain a 
broadening of the spectral content of the sound source. Using 
the properties of the phase of the reconstructed complex 
amplitudes a phase filter was constructed which improved the 
depth resolution even further. 

 
My part: I made the measurements as well as the reconstructions, and the 

phase filter was constructed together with Mikael Sjödahl. I 
wrote most of the paper. 

 
Conclusions: Due to speckles reconstructions from recordings of a scattered 

ultrasound field are hard to interpret. However, adding several 
reconstructed complex amplitudes together efficiently enhances 
the information of interest and suppresses the speckles. The 
depth resolution obtained when 16 reconstructions were made 
from recordings in the frequency interval 37.0 kHz 40.0 kHz 
and added together was about 11 wavelengths. By applying a 
phase filter this depth resolution was improved even further 
down to 2.8 wavelengths. 
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