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ABSTRACT
This paper reports first measurements of particles with the new measurement technique "Global Phase Doppler"
(GPD). In contrast to other planar particle sizing methods, this technique uses two laser light sheets to illuminate
the measurement area. The optical configuration and a processed measurement example are illustrated in the
Figure. With this configuration, each illuminating laser sheet will contribute a glare point for each visible
scattering order. The far-field interference pattern will exist corresponding exactly to the interference pattern
produced using a phase Doppler system. The difference to the phase Doppler technique is that the GPD
technique captures simultaneously defocused fringe patterns arising from many droplets within the illuminated
plane. Two sets of fringes, vertical and horizontal, arise from the interference of two different scattering orders
from the same illuminating sheet and from the interference of the same scattering order from the two different
illuminating sheets.
The diameter of the particle can be determined by counting the number of fringes in the out-of-focus image. The
size of the particle image depends on the position of particle perpendicular to the focal plane of the imaging
system. Therefore, this configuration offers a number of advantages and possibilities for measuring particle
diameters together with the PTV measurement technique for particle velocity and yields three components of
particle velocity and particle size in two dimensions.
The GPD technique exhibits several advantages in comparison with other multidimensional sizing techniques.
The glare points are always the same intensity and thus the fringe modulation is always a maximum.
Furthermore, any scattering angle can be used for image capture, especially attractive for implementation in a
stereoscopic PTV system. If only one scattering order dominates, like in the phase Doppler technique or for
opaque particles, one spatial frequency is imaged. In regions where several scattering orders contribute to the
signal, each order can be separated by a frequency analysis. The fringe spacing and also the measurement size
range can be adjusted by varying the intersection angle of the laser sheets. If both the IPI technique and the GPD
technique are used simultaneously, the orthogonal fringe patterns allow a verification of sphericity.
For verification of the expected potential of this technique, the paper present light-scattering calculations and
measurements with both the IPI and GPD techniques. The images are processed using a algorithm for
determining the position, size and the frequency of the defocused images.
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1. INTRODUCTION
A technique for sizing spherical particles, which is still in its infancy and goes by various names (PMSI - Planar
Mie scattering interferometry, Planar interferometric imaging (PII), Mie scattering imaging, PPIA - Planar
particle image analysis, ILIDS – Interferometric light imaging for droplet sizing), is based on scattering and
imaging from a single laser beam. This technique will be denoted Interferometric Particle Imaging (IPI). The
origins of IPI technique can be found in König et al. (1986), who focused a single laser beam onto a stream of
monodispersed droplets and measured the resulting fringe pattern in the far field. They recognized already the
potential for highly accurate size measurements and applied the technique to measure droplet evaporation.
Ragucci et al. (1990) also examined the case of scattering from a single droplet using a Lorenz-Mie calculation
to find the oscillation behavior of the scattered intensity in the far field. The extension of the technique to a
multi-dimensional method using an illuminating laser light sheet is attributed to Glover et al. (1995), who
examined sparse injection sprays in an optical internal combustion engine. Glover et al. (1995) also discuss the
possibility of combining the technique with a PIV system for two-component velocity measurements. Further
variations and improvements of this measurement principle were suggested in the last years. The following paper
will discuss the basic principles of the Global Phase Doppler (GPD) technique, introduced by Damaschke et al.
(2000), in comparison to the IPI technique. A image processing software for analyzing the defocused images and
first experimental results will be presented.

2. MULTIDIMENSIONAL SIZING TECHNIQUES
An in-focus image of a particle illuminated by a laser light source (right-most image in Fig. 1) will consist of
glare points, e.g. of reflection and first-order refraction, whose projected separation will be directly related to the
particle size. In principle this represents one possible mode of recording and processing the particle size (Hess
1998); however, the demands on the image resolution are high and indeed no distinct advantages over direct
particle imaging, for instance with back-lighting are obvious.
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Fig. 1. Generation of focused and defocused images from a spherical particle by using an
optical imaging system
If, however, the particle is imaged out of focus, interference fringes arising from the two scattered rays appear.
The shape of the defocused image of each glare point depends only on the shape of the aperture, whereas the size
of the defocused images depends on the degree of defocussing. As the degree of defocus increases or the spatial
resolution of the optical system decreases, the two glare points merge into one single image with interference
fringes (left-most image in Fig. 1). The dislocation of the two defocused images can only be detected if the
magnification and resolution of the recording media, e.g. CCD camera, is high enough.
As in Young's interference fringe experiment, the frequency of the interference fringes in the defocused images
can be related to the separation of the light sources or the glare points. For particles with the same shape and
orientation but different sizes, the particle size can be determined by the fringe spacing in the defocused image.
The interference fringes correspond physically to the oscillating intensity lobes apparent in the scattering
diagrams computed using the Lorenz-Mie theory, for instance in Fig. 2 for water in air ( m = 1.333 ). The
diameter of the particle can be determined by counting the number of fringes in the out-of-focus image,
independent of the image size. Alternative to counting fringes within a given angular window, Min and Gomez
(1996) suggest the use of a photodiode array as a detector and to use a Fourier transform of the oscillating
intensity to determine the spatial frequency. However, due to the short record length, some windowing will be
required, e.g. Hamming. Hess (1998) points out that a true far-field image is required to obtain straight fringes.
In the near or middle field the fringes exhibit curvature.
The technique is easily extended to a two-dimensional configuration using a laser light sheet, which illuminates a
number of particles. Observing the illuminated region with a defocused camera yields for each particle an
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interference fringe pattern in the defocused image. The shape of the particle image will correspond to the shape
of the receiving aperture.
The size of the particle image on the out-of-focus plane is not related to the particle size, but will depend on the
position of the recording plane relative to the focal plane of the imaging system.
1 1
d i = d a 1 − z r  − 
 f zl 

(1)

Scattered power [a.u.]

This is an interesting feature of this technique since all three position coordinates of the particle are available
from an image.
A logical extension of such a technique is to use a double-pulsed laser source and to conduct particle tracking
between two successive images. This yields then three components of particle velocity and particle size in three
dimensions. Such a combination has been demonstrated by Damaschke et al. (2000) and by Kobayashi et al.
(2002) and will be discussed in the next sections.
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Fig. 2. Scattered light intensity as a function of scattering angle, decomposed for the first four scattering orders
calculated with Lorenz-Mie theory and Debye series decomposition for an incident plane wave
( d p = 100 µm , λ = 488 nm , m = 1.333 ). a) Perpendicular polarization, b) Parallel polarization

2.1 INTERFEROMETRIC PARTICLE IMAGING (IPI)
The principle of the Interferometric Particle Imaging (IPI) technique can be understood using geometrical optics.
Considering a homogeneous spherical particle and an incident plane wave, a scattering angle can be found for
which two scattering orders, e.g. reflective ( N = 0 ) and refractive ( N = 1 ) are of approximately equal intensity,
for example ϑS = 65 deg for water in air and parallel polarization. The interference between these two waves
can be observed as a fringe system. For the interference of reflection and first-order refraction, closed solutions
for the fringe spacing can be derived for refractive indexes larger than unity
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where λb is the wavelength of the incident light, d p the particle diameter, m the relative refractive index and ϑr
the scattering angle for the receiving optics. The relation between observed number of fringes and particle
diameter is given by Eqs. (2) and (3)
N fr =

∆ϑ r
= κ dp
∆ϕ (12)

(4)

where ∆ϑr is the angular aperture size of the receiving optics

∆ϑr = 2 arcsin( NA) = 2 arcsin

da
2 z1

(5)

and κ the conversion factor between particle size and number of fringes.
Anders (1994) has shown that Eq. (2) agrees very well with Lorenz-Mie computations over an scattering angle
range ϑr > 10 deg in forward scatter, i.e. beyond regions influenced by diffraction. Massoli et al. (1999) have
also presented Lorenz-Mie calculations of the angular frequency of fringes. An approximate relation for the
angular fringe spacing, valid for ϑr ≈ 30 deg , was given in the original work of König et al. (1986), but Anders
(1994) demonstrates that this relation is rather imprecise.
Typical IPI images, taken from a water spray, are shown in Fig. 3. Large particles exhibit more fringes in the
defocused image and small particles less. For large particles, e.g. in the top center of Fig. 3a, two slightly
separated circles can be seen. For this particle the distance of the glare points can be resolved with the imaging
system and each glare point creates its own defocused image, as illustrated in Fig. 1. Only in the overlapping
region does interference appear. In Fig. 3b the resolution of the camera is reduced and the separated glare points
cannot be resolved. Therefore only defocused images filled completely with interference fringes can be
observed. Note that by increasing the observation field, the resolution perpendicular to the camera focal plane is
reduced, therefore the images are all of the same size. A detailed analysis of the relations between optical
parameters and possible measurement quantities and ranges is given in Damaschke et al. (2002).
a)

b)

Fig. 3. Defocused image from a water spray with particle diameters of d p = 20Κ 200 µm , a) Small observation
region and large third dimension sensibility, b) Large observation region and small third dimension sensibility
In the IPI-technique the particles are illuminated by only one laser light source. Therefore the glare points
producing the interference fringes must be from different light paths through the particle. To ensure a high
modulation in the defocused image, the intensities of the glare points must be comparable. As can been seen in
Fig. 2, for interference between reflection and first-order refraction and a relative refractive index of 1.333
(water in air), a scattering angle of 90 deg for perpendicular polarization or near 70 deg for parallel polarization
must be chosen. Other scattering angles with interference between higher orders can also be used, but the
relation between fringe spacing and particle diameter is no longer analytically solvable and the glare point
separations are more dependent on small disturbances of the sphericity and homogeneity, similar to the rainbow
technique (van Beeck 1997). Furthermore, the total scattering intensity has the global minimum at the attractive
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measurement angle of 90 deg for a relative refractive index of 1.333 (water in air). This means that the incident
laser power must be 10 to 100 times larger than for forward or backscatter configurations. The choice of
observation angles is therefore strongly limited in the IPI technique to ensure good modulation and high
scattered intensity.
Because two glare points from different scattering orders are used in the IPI technique, and at least one of these
is a refraction order, opaque particles can not be measured.
The particle size limits of the IPI technique are fixed by the aperture size and the working distance of the camera.
Small particles with interference fringe distances larger than the aperture size cannot be measured, which means
that at least one interference fringe must be covered by the aperture. The largest measurable particle diameter
produces a fringe spacing in the defocused image which covers two pixels. For larger particle sizes the Nyquist
criteria is no longer fulfilled. A comprehensive discussion of these dependencies can be found in Damaschke et
al. (2002).
The particle size resolution is not only determined by the resolution of the defocused image. The relation
between fringe number or image fringe frequency and particle diameter is not perfectly linear, as can be
expected from Fig. 4. In Fig. 4a the calculated image frequency is shown for a small particle diameter range with
a high resolution. The non-linearity is caused by optical resonances inside the particle. The optical resonances
limit the resolution of particle diameter to about 1µm, as is the case for the phase Doppler technique. In practice,
larger particles have weak resonances due to deviations from the ideal homogeneous or spherical case.
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Fig. 4. Dependence of intensity ratio and frequency in an out-of-focus image on particle size. a) Highly resolved
frequency dependence on particle size, b) Dependence of intensity ratio of the glare points of reflection
and first-order refraction on the particle diameter
The resonances influence not only the frequency/diameter relation. Also the intensity ratio between the glare
points varies significantly with small particle diameter deviations. This is illustrated in Fig. 4b. Therefore, the
modulation of the defocused image frequency depends on the particle diameter, because the intensity ratio
between the glare points influence the modulation. A determination of the refractive index by using the intensity
ratio is not possible (Schaller 2000).

2.2 GLOBAL PHASE DOPPLER TECHNIQUE
The difficulties of choosing a suitable scattering angle for the image recording with the IPI technique, especially
using a Scheimpflug set-up known from the Particle Image Velocimetry (Raffel et al. 1998), can be partially
overcome using the Global Phase Doppler (GPD) technique (Damaschke et al. 1999), as first introduced by
Damaschke et al. (2000). In this technique two laser light sheets illuminate the measurement area at an
intersection angle Θ, as shown schematically in Fig. 5a.
With this configuration each illuminating laser sheet will contribute a glare point for each visible scattering
order/mode. A far-field interference pattern will exist, corresponding exactly to the interference pattern produced
using a phase Doppler system. The difference to the phase Doppler technique is that the GPD technique captures
simultaneously the fringe patterns arising from many droplets within the illuminated plane and therefore the
measurement volume is much larger. Such a GPD image is shown in Fig. 5b, taken from a water spray. Note that
both the IPI and the GPD interference fringes are visible and that they are aligned orthogonal to one another.
How intense the IPI fringes appear, depends on the choice of collection angle and the relative intensity of the
reflective glare points to the first-order refractive glare points.
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Fig. 5. a) Optical arrangement and b) defocused images of a global phase Doppler (GPD) system. The vertical
fringes arise from interference between reflection and first-order refraction (IPI). The horizontal fringes
correspond to the GPD technique. The image was taken from a water spray ( d p = 20Κ 200 µm )
Note that the GPD technique, as with the phase Doppler technique, requires spatial coherence of the illuminating
waves over the entire area of measurement.
The GPD technique exhibits several advantages over the IPI technique. The glare points are always the same
intensity and thus the fringe modulation is always a maximum. Furthermore, any scattering angle can be used for
image capture, especially attractive for implementation in a stereoscopic PTV system. If only one scattering
order dominates, like in the phase Doppler technique or for opaque particles, one spatial frequency is imaged. In
regions where several scattering orders contribute to the signal, each order can be separated by a frequency
analysis. The fringe spacing and also the measurement size range can be adjusted by varying the intersection
angle of the laser sheets. If both the IPI technique and the GPD technique are used simultaneously, the size range
of the techniques can be combined and the orthogonal fringe patterns allow a verification of sphericity. If the
particle is spherical, then the sizes determined from the two interference fringe patterns will be the same. Finally,
in contrast to the IPI technique, the GPD technique can be used for measurement of opaque particles by using the
two glare points from reflection.

3. SIGNAL STRUCTURE
In the GPD technique several glare points contribute to the defocused image. Therefore the interference structure
becomes more complex as already seen in Fig. 5b. As an example, the interference between three glare points in
an IPI configuration will first be examined. In Fig. 6a the simulated focused image of a water droplet in air is
shown. Three glare points from different scattering orders and with different intensities can be identified.
The defocused image, Fig 6b, simulated with a rectangular aperture consists of high frequencies and a long wave
variation of the interference fringe intensity. The one-dimensional spatial spectrum of the fringes, Fig. 6c, shows
three peaks. The two peaks with higher frequencies correspond to interference between first-order and thirdorder refraction as well as between reflection and third-order refraction. The two fringe systems with a small
frequency difference result in a beat frequency with a long modulation, as can be seen defocused image in Fig.
6b and in the peak at low frequencies. As Fig. 6d shows, the linearity between the number of fringes N fr or the
fringe frequency f i and particle size is valid for both interference contributions and thus, in principle two values
of the particle size can be determined from the image. The second value can be used for validation or for
estimating the refractive index.
The presented example shows that the frequencies in the defocused image are related by subtraction and addition
of the individual frequencies. The same is valid for a two-dimensional Fourier analysis of more complex GPD
images as shown in Fig. 7.
Spatial frequencies in x and y direction resulting in frequency peaks on the f x and f y axis can be seen in Fig 7a
and 7b. If the fringes are rotated, Fig. 7d and 7f, the main frequency peaks have both frequency components,
which offers a good validation criteria for nonspherical particles or multiple scattering with disturbed
interference fringes. For the case of a defocused image taken from a GPD configuration, many peaks can be
identified, Fig. 7c. The two frequencies from the IPI interference and the GPD interference are located on the
axes f x and f y. Furthermore one intense peak is located at the coordinate ( f x, f y ) which is the vectorial addition
of the two peaks ( f x, 0 ) and ( 0, f y ). Comparing the values of the two-dimensional spatial frequencies further
validation criterias can be found. One is that the particle diameters determined by the individual frequencies
must be the same.
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Fig. 6. Simulations of IPI technique for a water droplet in air. a) In-focus image with three glare points. The
intensity and the contrast is changed for better visualization, b) Out-of-focus image, for a rectangular
aperture, c) Spatial frequency spectrum from the out-of-focus image, d) Dependence of out-of-focus
image frequency on the particle diameter
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Fig. 7. Different pattern modes and orientations and their Fourier spectra

4. IMAGE PROCESSING
Combining the particle sizing based on IPI and GPD technique and the velocity determination of particles based
on the Particle Image Velocimetry (PIV) or Particle Tracking Velocimetry (PTV) needs the identification of the
particle images and their location. Furthermore, the size and the spatial frequency of the defocused image must
be extracted for particle diameter analysis.
Kobayashi et al. (2002) suggested an optical compression to simplify the particle identification and image
processing. Furthermore, the optical compression increases the measurable particle concentration (Damaschke et
al. 2002). By placing a cylindrical lens in the imaging system, the particle images can be reduced to lines of
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oscillating intensity, avoiding much of the image overlap. In one plane the image is in focus and in the other it is
out of focus. By using such an optical compression the information in the defocused image is reduced to one
line.
The GPD technique cannot be used with optical compression because of the two-dimensional spatial structure of
the images. To extract the information about location and size of the defocused particle image, a procedure has
been found, which is very flexible and robust. This is the 2-camera (viewing from the same position)
configuration using normal lenses, Fig. 8. In addition to the required defocused image containing the out-of
focus and the particle size information, this configuration yields a focused image, which significantly improves
the particle identification and particle tracking.
Beam splitter

CCD Cameras

Fig. 8. Schematic optical configuration of the cameras used for IPI and GPD
The four (two focused and two defocused) images obtained by the IPI or GPD configuration with two doublespot cameras contain the particle position and displacement and the particle size information. The x and y
coordinates correlate with the x and y positions in the images. The z position can be found from the size of the
particle image in the defocused image. The particle size information can be derived from the particle images in
the defocused images by counting the number of fringes.
Unfortunately, the two cameras do not observe exactly the same area. Both a displacement and a different
scaling arises. Nevertheless, the particle positions in the focused images can still be used to determine the center
positions of the corresponding defocused particle images. To match the two images, a 2D calibration (known
from PIV) must be performed for the focused and the defocused images to convert image coordinates into object
coordinates and vice versa.
The tasks of the image processing module are
•
•
•
•

the detection of particles in the focused images
the tracking of particle spots to derive a 3D displacement
the derivation of the sizes of particle images in the defocused images
the derivation of 2 orthogonal fringe frequencies

To increase the efficiency of the particle tracking algorithm, an expected displacement is considered, which is
calculated a priori from the two focused images using a cross correlation (PIV method).

4. SIMULATIONS AND EXPERIMENTS
The developed algorithm was tested with input images generated by a simulation routine. In Fig. 9 four
simulated images for one focused and one defocused camera are shown. The movement of the simulated particle
images contain x and y displacements at two different times. The z displacement of the simulated particles can be
seen from the circle size variation.
By using the detected particles in the focused images as input coordinates, the circle size and location was
determined by the image processing routine. After excluding the overlapping regions of the defocused images
two orthogonal frequencies were determined from which the particle size can be derived. In Fig. 10 the
processed defocused images are shown. Indicated are the circular borders of the defocused images and the
detected frequencies, shown as a cross with dashed lines. The visualized output of the particle tracking routine is
shown in Fig 11.
To verify the developed measurement system and the algorithms and to find practical problems to be solved,
application experiments have been made in a spray jet and in a spray cone.
The experimental arrangement for testing the IPI/GPD technique is shown schematically in Fig. 12. The
illumination system comprises a Nd-Yag SPECTRON twin laser (SL404T), beam splitter with the polarisation
rotator, two light guiding arms mounted on a single base and light sheet optics. The laser, beam splitter and the
light guiding arms are installed all together on the double-rail bench. Adjustable light sheet optic modules are
fixed to the vertical rail to produce the intersecting pair of the vertical light sheets. The receiving part consists of
8

two SenciCam video cameras, combined in the integrated receiving unit by the camera view splitter. The
cameras and the laser were controlled by the DANTEC PIV processor and the images were stored in the host
computer memory.

Fig.9. Simulated focused images (top) and defocused images of a GPD configuration

Fig. 10: Circle sizes and frequencies found from the defocused images

Fig. 11: Result of the image analysis: 3D particle movement

9

Pol. rotator
Pol. filter

Light sheet
optics

Light guiding arm

Base
Pol. rotator

Light sheet unit
Beam splitter

Laser

Beam splitter
unit
Base

Light sheet unit
Light guiding arm
50% mirror

100% mirror

Pol. filter

Focused
camera

Defocused
camera

Processo

PC

Receiving unit

Fig. 12. Experimental arrangement for testing the IPI/GPD technique
Figure 13 show parts of the obtained images from IPI experiments, together with the detected particle positions,
circle sizes and frequencies.
a)

b)

c)

d)

Fig. 13. IPI measurements. a) Focused image, b) Defocused image, c) Circle sizes and detected frequencies after
image processing, d) Circle sizes and detected frequencies after the validation
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The intensity is scaled in logarithmic units. Therefore in the defocused image, Fig. 13b, several particles with
low intensity can be seen. These particles are located outside of the laser light sheet and are illuminated by
secondary scattered light. Also the modulation of the interference fringes is very low for such particles. The
detected particles, using the focussed image, the corresponding image sizes and the image frequencies, are
shown in Fig 13c. In Fig. 13d only those particles are indicated which were validated. Nearly all particles with
higher intensity located in the central region of the laser light sheet were validated by the software. The location
inside the laser light sheet is confirmed by the image size, which is roughly equal for all validated particles.
Particles in the background could be successfully eliminated by the validation routine of the software.
Nevertheless the detection rate based on the focused image and circle size estimation was much larger than
expected.
Furthermore, the experiments revealed that the focused and defocused camera images do not match very well in
the defocused image, in relation to the detected particle positions in the focused image. The main source of
discrepancy is the dependence of the image scaling on the defocusing. However, both, a translation and a scaling
between the focused and defocused image could be observed. This requires a 2D calibration of both the focused
and the defocused image and a transform of image to object coordinates and vice versa.
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