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Abstract We report on the development of very compact, miniaturized laser Doppler anemometers for the
use in environments with very limited space and weight requirements. Although laser Doppler anemometers
have by now become standard laboratory tools for non-disturbing flow velocity measurements, using them
under the restrictions usually imposed by space based experiments, has so far not been thought feasible, as
not only the LDV probe itself but the whole LDV system, comprised of probe, lasers and signal processor
have to miniaturized in size, weight and power requirements.
For this we present a promising and versatile concept for measuring two velocity components, together with
a novel LDV optic for the measurement head and new methods for autonomous frequency estimation.

1. Introduction
The use of the laser Doppler velocimeter technique for measuring flow velocities in dynamic
flow experiments under microgravity does not only have to take into account the size, weight and
power requirements (and especially the heat removal constraints), but has to deal with accessibility,
higher reliability and the necessity for autonomous operation with high precision over all possibly
occurring velocities under investigation. None of these constraints are usually a concern for LDV
systems used in a ‘normal’ laboratory or test facility situation. In microgravity research all
measurements are not made inside of an easily accessible laboratory. You don’t ‘just have a look’
or ‘adjust a few settings’. Any experiment in space is in a very remote location indeed, without
random access. Possibly not even any adjustability is provided during the experiment unless it has
been build into the system and experiment facility a priori. Since quite often these experiments are
also ‘one shots’ with years of advance preparation, it is easily understandable that scientist want the
most of such an opportunity. In general, LDV measurements are complementary to flow mapping
techniques, since this point measurement technique allows insight into the dynamics of a flow over
a wide range of velocities. Compared with these, LDV is a very low data volume technique that
nevertheless allows highly resolved measurements in time as well as in location over a wide range
of velocities. It provides the key for measuring meaningful scientific data, as it provides the highly
time resolved link between the frames of mapping-type measurements. With LDV time resolved
data is becoming available for one point of the map, providing a reference timeline for other
techniques. Furthermore, the LDA data will show if any relevant event was missed in between those
other measurements. It can also be used to ensure that the mapping techniques are at their optimal
settings for the flow dynamic under investigation. Last but not least, the LDV data can trigger these
other techniques, so that a certain event or the influence of control parameters can be investigated
systematically. In this way the data from the mapping techniques will not be taken at random
intervals (and possibly at just the wrong time), but at well defined times in respect to the dynamic of
the flow. The scientific value of such a flow triggered analysis by a non-intrusive measurement
technique can hardly be underestimated, as this will help to keep the data volume of the mapping
techniques low without sacrificing any scientific meaningful data. While all this is very useful in a
normal laboratory situation, it is essential for success when manual triggering is not available in
real-time, like in the telescience mode for controlling experiments in space.
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2. Experiment driven design constraints for the use of LDV in space
Due to the limited available space – not only for the LDV – geometries for microgravity
experiments tend to be smaller and more compact than what commercially available LDV systems
and their measurement heads have been designed for. Furthermore, due to safety constraints, double
if not triple containments are often mandatory even for “harmless” fluids. This affects the minimum
and maximum values of the access range of any LDV measurement head, which usually lies in
between 30 to 120 mm, depending on facility and experiment. Any LDV probe for space
applications should be able to accommodate – possibly with different front lenses – said range
without too much of a compromise in the size of the measurement volume or the signal-to-noiseratio, since accuracy in velocity determination as well as position are of prime concern.
The first experiment to make use of the miniaturized LDV systems developed at ZARM was the
‘Critical velocities in open capillary channel flow’ (CCF) experiment.

Fig. 1: Liquid flow through an open capillary channel consisting of two parallel plates. The free surfaces along the flow
path are bent inwards.

This channel consists of two parallel plates bounded by free liquid surfaces along the open sides. In
the case of steady flow the capillary pressure of the free surface balances the differential pressure
between the liquid and the surrounding constant-pressure gas phase. A maximum flow rate is
achieved when the adjusted volumetric flow rate exceeds a certain limit leading to a collapse of the
free surfaces. As shown theoretically and experimentally by Rosendahl et.al.[5], this flow limitation
occurs due to a choking effect analogous to those originally known from compressible gas flows.
Choking denotes the effect that the mass flux of a flow becomes maximal if the mean flow velocity
v reaches a certain limiting wave speed. To measure this critical velocity v directly is therefore of
high importance and was successfully achieved during the experiments with the help of LDV.
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Fig. 2: Schematic of the experimental set-up for simultaneously measuring the shape of the free surfaces together with
the critical velocity v during the TEXUS 41 mission. (© EADS ST)
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With the help of a wavelength selective mirror it was possible to make LDV measurements
simultaneously with recording the shape and form of the free surface. This allowed us to observe
the back-illuminated flow with the help of a CCD camera and a telecentric lens and measure the
flow velocity v within the field of view of the camera.
achromatic lens

grating

detector & preamplifier achromatic lenses

laser diode

Fig. 3: Schematic of the LDV measurement head flown on TEXUS (λ=785nm, 30mW).

In figure 3 the design of a miniaturized LDV-probe (∅ 30 x 125 mm) for 1d velocity measurements
is shown which has all the necessary optics for beam shaping and focusing. The light of the laser
diode is collimated onto a sinusoidal grating, which splits laser beam into the +1 and –1 order. The
two beams are then parallelized by an additional lens and afterwards focused into the measurement
volume. As both beam paths are of equal length, mode hopping or even multi-mode emission of the
laser diode has a negligible effect on the fringe spacing in the measurement volume and therefore
on the velocity determination. The probe also includes all the necessary electronics to drive the laser
diode and to pre-amplify the detected signals, which are then processed externally.
This probe flew as part of the critical velocity in an open capillary channel flow (CCF) experiment
onboard of the sounding rocket TEXUS 41 in December 2004. This was probably the first time
LDV measurements have been successfully performed in space. The same probe flew again
successfully on TEXUS EML-1 in December 2005. In both cases the LDV was fully operational
during lift-off, withstanding acceleration in excess of 12 g. However, this type of probe is on the
one hand still too large for some applications and on the other hand not easily extendible for
detecting the direction of the flow velocity or for measuring more than one velocity component.
For this, a different kind of probe is needed.

4. 2d-LDV measurement head (intended for the ISS)
Currently, LDV is foreseen also as complementary diagnostics for the Fluid Science Laboratory
(FSL) inside the Columbus facility foreseen for the International Space Station (ISS) and shall be
implemented in the individual experiment container (EC). With a typical mass of 25-30 (max. 40)
kg, and standard dimensions of 400 x 270 x 280 mm, the EC provides space to accommodate the
fluid cell assembly, including any necessary stimuli, sensors and dedicated electronics. Payload
specialists perform the exchange of the experiment containers on board. The maximum field of
view of the standard diagnostic tools of 80 x 80 mm is indicative for the maximum outer volume of
an experiment cell. The first experiment to benefit by the development of this activity is the
Geophysical Simulation Experiment (GEOFLOW).
Figure 4 shows a sketch of the experiment container for the GEOFLOW experiment. The remaining
space for the integration of the Mini-LDA optical head is very limited. In consequence the most
important requirement was the probe length, which had to be shorter than 50 mm if possible.
While probes as small as this or even smaller have been build in the past, none of those would be
able to accommodate such a wide range of measuring distances (35 – 120 mm), as those had neither
the necessary aperture size for detecting the back-scattered light nor the necessary beam distance to
establish a spatially well defined measurement volume.
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Fig. 4: Sketch of the Experiment Container with integrated Mini-LDA measuring head at its foreseen variable position.
The Mini-LDA laser beams have to be always oriented in the radial direction of the experiment cell.

For the various experiments the probe should be able to accommodate a range of different front
lenses with focal lengths in the range of 40 to up at least 125 mm, which is equivalent to probe –
measurement volume distances in the range of about 33 to 120 mm. To accomplish such a range of
measurement distances and still meet the scientific requirements, the probe diameter has to be
maximized, while its length should still be shorter than 50 mm. This is no easy task, since there is a
strong relationship between focal length, aperture size, signal quality and overall probe length.
For example, due to spherical aberrations a standard single-element lens will not provide the
required beam quality. While achromatic or other multi-element lenses meet the performance
required, they will use considerably more of the available length of the LDV-probe. Furthermore,
the receiving multimode fiber will only accept light that comes from a rather small angle, due to
typical numerical fiber apertures of 0.5 or less. Therefore, the detector lens must have a numerical
aperture smaller than the one of the fiber but also be able to focus the light into a spot smaller than
the fiber core. Only in this way the back-scattered light will be efficiently coupled towards the
detector. Given the fixed maximum allowable focal length for a given probe length, due to the
thickness of the lenses as well as the bend radius of the fibers, this severely restricts the diameter of
the probe optics.

Fig. 5: LDA-probe using standard optics with a size of ∅16 x 40 mm and an aperture of 12.5 mm (ZARM).
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Figure 5 shows an LDV-probe that uses an achromatic lens for focusing the laser beams into the
measurement volume as well as using such a lens for focusing the back-scattered light into the
multimode fiber connecting the probe to the detector. The light from the laser is collimated by fibercollimators, which can use gradient index, achromatic or aspheric lenses. While it is possible to
increase the beam position in such a system by using a larger front lens, the numerical aperture and
the size of the detection fiber core as well as the available length for the overall system limit the
diameter of the lens for the back-scattered light. For a system length of 40 mm, the diameter and
therefore the effective area for the detection lens in a system using “traditional” optics is limited due
to this constraints to about 13 mm, severely limiting the range of useful measurement distances.
Even the use of diffractive optics or holographic elements would improve
this situation only marginally, as the limiting factor here is the multi-mode
fiber used. Removing that fiber by including the detector in the LDVprobe would reduce the minimal focal length of the detection lens, but
even when using customized electronics at chip-level as seen in figure 6,
the required supporting electronics, amplifiers, filters etc. would more
than fill up any gained space. Furthermore, this would exceedingly
complicate the LDV probe itself, as well as its connection to the rest of Fig. 6: APD together with
amplifier as hybrid circuit.
the LDV-system and making the system susceptible to EM-interference.
To improve this situation and the SNR of the complete system the path for the back-scattered light
was folded within the LDV-probe in a similar way as in a modern mirror telescope, hereby meeting
all the requirements at the same time.
Now the light that is back-scattered from particles in the beam-crossing region (blue in figure 7) is
collimated by the achromatic front lens. It is then reflected by the primary mirror surface – an
almost parabolic aspheric – at the back of the optical element towards the secondary aspheric
mirror, which reflects the light into the detection fiber. Due to the use of two mirror surfaces the
detection part of this optic is achromatic over a wide range of wavelengths, while the four
integrated fiber collimator aspheric lenses are optimized for wavelengths from 400 to 1600 nm.
In this way the completely passive probe contains all the necessary optics to condition the fiber
outputs, which produce the necessary laser beams that form the measurement volume, as well as
guiding the back-scattered light into the multimode fiber towards the detector.

Fig. 7: Optical analysis of integrated LDA optical element with 4 fiber collimators and two mirror surfaces, together
with achromatic lens (f=40mm) and spherical gap experiment.

However, to build such a system – together with all the fiber collimators, mechanical mounts etc. –
in the traditional way would be difficult and expensive. This is why all the different optical surfaces
and lenses were integrated into one single, monolithic element, which even includes the necessary
mechanical parts for aligning the fibers towards the optic. This is possible through a new innovative
design and the use of an injection-molded precision optic.
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Fig. 8: A sketch of the cross section of the measurement head body, that shows the optical fibers, the Monolithic Optical
Element (MOE) and an achromatic lens (f = 40mm).

These injection molded optical elements have several advantages over competing traditional
solutions, namely: reproducing aspheric and other complex geometries at low cost, integrating
optical and mechanical features, having a lower weight, higher impact resistance and reduced
mechanical complexity.
As the amount of light, which is back-scattered from the particles in the measurement volume, is
likely to be very small, i.e. in the order of a few nanowatt, optimizing the detection optic for light
gathering efficiency is crucial for realizing good signal-to-noise-ratios for the burst signal, allowing
accurate frequency and therefore velocity measurements.
The design of the LDV detection optic is similar to a mirror telescope consisting of a primary back
mirror and a secondary front mirror. The folding of the light path allows a relatively small
numerical aperture with minimal dimensions in the z-direction, while maximizing the aperture and
therefore light gathering capabilities of the LDV optic.
By combining reflective and transmitting aspheric optical surfaces with integrated mounting
features for the optical fibers – molded at the same time as the rest of the optic – it is possible to
reduce not only the overall weight, but also simplify the assembly and the adjustment of the probe.
The monolithic structure of the optical element is therefore the key for making the measurement
head extremely robust against shock, temperature changes and misalignment. Only this modular
design and the use of an highly integrated optical element makes it possible to realize working
distances from 33 mm to more than 120 mm in such a short probe (∅ 30 x 50 mm).

Fig. 9: The length of the measurement head is within 50 mm.
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The full probe length with fiber-cable holder is less than 50 mm, while the length of the critical
parts of its optic is less than 30 mm. The optical aperture of the measurement head is 25 mm and the
laser beam heights are 10 mm away from the center of the optical axis.
The monolithic optical element is integrated into a lightweight, aluminum body, which could even
be sealed tight. As the probe contains no electrical components, measurements will not be affected
by electric or magnetic fields. The probe is connected by single-mode fibers to beam-splitter and
laser. The light back-scattered from the measurement volume is guided by a multi-mode fiber to the
detection module using standard FC-fiber connectors.
Typical for such a probe the optical fibers separate a compact and passive probe from the active
elements of the system. The active elements comprise the laser, means for dividing the beam into
the two input beams, the analog electronics for detection and conditioning of the received burst
signals, as well as the digital signal processing.

3. Compact, miniaturized 2d-LDV system with velocity direction detection
A promising and versatile concept is the use of one fiber coupled tunable laser diode for each
LDA beam. In this manner the optical frequency difference of the laser diodes can be used for the
directional discrimination and additionally the laser power in the measuring volume can be
increased. This concept has already been verified at the Physikalisch-Technische Bundesanstalt
(PTB) where different 2d-LDV systems have been realized using set ups based upon discrete
optoelectronic components as well as fiber-coupled components. Especially newly available
optoelectronic components from telecommunication applications allow us to optimize and
miniaturize such systems. The channel separation is based on a novel method of using the
coherence properties of different semiconductor lasers, one for each LDV beam. Instead of
requiring, for example, bulky multi-wavelength lasers and additional expensive and fragile optomechanic components, the compact size of the system results by using three semiconductor lasers
whose different optical frequencies are controlled very accurately by a microcontroller frequency
stabilization system. In this way, the difference frequencies between the laser diodes, which act as
carrier frequencies for the measuring information, can be tailored to the measuring task. Thus the
signal to noise ratio can be optimized and the required bandwidth of the detection system may be
kept moderately small. The LDV burst signal – which contains the beat signals of the three Doppler
shifted laser frequencies – is determined with the help of these two reference signals, given by the
beat signals of the two laser beam pairs, one for each velocity component. Thus two LDV signals
are obtained in the base band and independently of frequency drift as long as the frequency is
within the bandwidth of the system. Two dimensional velocity measurements using this approach
have already been carried out in a free jet seeded with small water droplets with diameters of a few
micrometers. Both the optical and electronic set-up were optimized to give a highly reliable system,
achieving signal-to-noise ratios in excess of 30 dB.
Based on the previous developments of Physikalisch-Technische Bundesanstalt (PTB) the 2d-LDV
system uses three independent distributed feedback (DFB) lasers forming two beam pairs.
2d-velocity direction determination
The three laser beams are focused into the measuring volume for measuring two orthogonal
velocity components. The optical set–up is shown schematically in figure 11.
One of the three laser diodes, which is common for both LDV beam pairs, is employed as master
laser while the two other laser diodes are precisely tuned in their frequency to within a few MHz by
a microprocessor-controlled frequency stabilization system. Reference optics and detectors provide
two reference signals, which are used for both frequency stabilization and LDV-signal processing.
By mixing the measured signal PDM with the two reference signals PDR1,R2 (s. fig. 11, 12) we obtain
two base band LDV signals suitable for conventional signal processing, one for each channel.
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Figure 11: Principle sketch for the fiber optic 2D-LDA system using three stabilized semiconductor lasers and coherent
signal processing.

In order to maintain the directional information when mixing the measuring signal into the base
band, each reference signal can be split up into a quadrature signal pair be means of commercially
available 0°/90° power splitters (see figure 12). Thus one gets two quadrature signal pairs in the
base band containing the directional information.
In a future step it may be considered to save the mixers and power splitters by digitizing the carrier
frequency photodetector signals and by realizing the quadrature demodulation technique digitally.

Figure 12: Electronic principle of the 2D-LDA using stabilized semiconductor lasers and coherent signal processing.
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Shift Frequency Stabilization
To control the shift frequencies for three separate lasers, a microcontroller based stabilization
unit using current tuning has been developed at PTB. In contrast to previous, analogue stabilization
circuits operating with large, fixed shift frequencies of several 100 MHz, with this stabilization the
shift frequencies of the lasers could be set to any value between 15 MHz and several hundred MHz
for each channel. Thus it was possible to adjust the two shift frequencies for the two LDV signal
channels systematically and with shift frequency fluctuations of less than 5 MHz, fully dominated
by the spectral bandwidth of the lasers. The stabilization contains frequency counters to measure the
shift frequencies with an accuracy of 200 kHz over a 1 GHz range, a microcontroller calculating
laser current values and 24-bit digital-to-analog-converters to drive the laser current of the laser
power supplies. The whole system is working with an update rate of 3 kHz for each of up to three
controlled lasers. By the use of a microcontroller it was possible to realize a system scanning the
current range of the laser diodes for suitable operation points automatically and stabilizing them
subsequently. In case of an accidental loss of stabilization, e.g. in case of mode hop, scanning for
new operation points is started automatically. Furthermore any parameter of the PID-controller (the
desired shift frequencies, current ranges and scan velocities) can be set precisely and reproducibly.
Using fiber coupled DFB laser diodes, which are intended to be used for the 2d-LDV system mode
hopping will not occur. Thus the shift frequency control unit can be simplified especially utilizing
smaller frequency bandwidths, lower laser current ranges to be scanned and lower time constants
for the control unit.

5. Digital Signal Processing
The signal processors of commercially available LDV systems have so far been much too large,
heavy and required far too much power to be used in such an environment. Which is why ZARM
has built an FPGA based signal processor for 1d-LDV that is capable of analyzing one LDV signal
in real-time. The whole system with laser, detection electronics, measurement head etc. weighs less
than 2 kg and uses less than 5 Watt of electrical power. The analogue signal from the detection
system is transferred by shielded cable to a burst-signal processor.

Fig. 13: FPGA based DSP-board for LDV burst-signals (left) and LDA processor flight hardware for the TEXUS 41 &
EML1 campaign (right), developed and supplied by ZARM.

The digital signal processor is capable of analyzing more than 1000 burst/s with an accuracy of
about 0.1% over the full range of frequencies (from DC to 50 MHz). As the main processing is
-9-

13th Int. Symp. on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006

done by an field programmable gate array (FPGA), the algorithm used is fully selectable and
upgradeable, e.g. a robust 5-level counter, Fourier transforms, wavelet transforms or combination of
wavelet and Fourier transform have already been implemented. All signal parameters as well as
algorithms for signal detection are selectable and upgradeable via remote/telescience.

6. Burst Frequency Estimation Algorithms
The accuracy of velocity measurements with the LDV technique is not only limited by the
accuracy of the fringe spacing and the signal-to-noise ratio of the detected signal, but also by the
signal processing technique used. While a large variety of different techniques have successfully
been used for frequency estimation of LDV-signals, most of today’s processors employ at some
point the fast Fourier transform (FFT).
In order to accurately measure velocities from 0.1 mm/s to up to 1000 mm/s we need to be able to
estimate the mean frequency of a transient burst signal over a range of about 100 Hz to 1000 kHz
with a resolution of 0.1%. The Fourier-transform covers this range of frequency with a constant
resolution Δf by using a constant time window for its data. For achieving 0.1% in the frequency
estimation, Δf must be 1 kHz for the minimum frequency of 1 MHz. This can easily be achieved by
using, e.g. a 1024-point FFT. However, the resolution Δf of the FFT is constant over the full
frequency range, a burst with 1 kHz frequency will also be resolved with 1 kHz accuracy, resulting
in 100 % uncertainty. Furthermore, frequencies below this point can not be resolved at all, unless
one would either lower the sampling rate, which in turn would make measuring the high
frequencies impossible, or increase the number of data points in the FFT to about 8.388.608 for a
resolution Δf of 0.1 Hz. Even if processing this FFT in real-time would be possible, this approach is
not feasible, since there will be several if not thousands of bursts within this data-range, when the
flow velocity is increased. This again gives rise to a large uncertainty about any of those burstevents. Although, it is possible to solve this problem in a laboratory on earth, e.g. by changing the
sampling rate of the processor in a way that the expected frequencies are always within the range
that can be resolved, this approach is not feasible for the FSL, as it would either require the
attention of an astronaut or a permanent downlink to research personnel on earth.

a)

b)

Fig. 14: Time-frequency boxes (“Heisenberg-rectangles”) representing the energy spread of a) the FourierTransformation and b) the Wavelet-Transformation in the time-frequency domain

For the use on FSL, a different technique for burst-signal processing should be used that is better
suited to cover a wide range of transient signals. Such a technique is the Wavelet-transformation.
As can be seen in figure 14, it scales its time and frequency resolution according to the signal to be
analyzed. In spite of this, to achieve the required frequency resolution, one has either to use an over- 10 -
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complete covering of the time-frequency domain with the continuous wavelet transformation
(CWT) or so called Wavelet Packet Trees. However, both methods require substantial processing
power. Alternatively, one can combine the scaling and re-sampling properties of the discrete
wavelet transformation (DWT), with the high-resolution frequency estimation of the FFT. In this
case, the DWT is used to continuously filter the signal into a dyadic cascade of non-overlapping
frequency bands, which have a sampling rate appropriate to the frequencies they contain. The FFT
then analyzes the part of the signal, which contains the burst, with a sampling rate appropriate to the
frequency of the burst. Additionally, the DWT will improve the SNR of the signal as it acts as a
band-pass filter, suppressing the frequency bands that do not contribute to the burst. Furthermore,
the signal power in the DWT generated frequency bands provides a reliable way to establish when a
burst event occurs, which otherwise would need a separate algorithm.

Fig. 15: LDV Signal and PSD derived by FFT alone (left) and with a combination of DWT and FFT (right)

Above a typical LDV signal with an SNR of 20 dB and a sampling rate that is 100 times the burstfrequency is once analyzed by using a 1024-point FFT and by a combination of DWT and 1024
point FFT. As can be seen in figure 15 (left), the high-frequency noise is still in the signal,
increasing the uncertainty of the frequency estimation. Furthermore, only a few points in the powerspectrum define the peak of the burst-frequency. While the estimation of the center frequency can
be improved by fitting a polynomial to those points, the uncertainty due to noise will be large.
Figure 15 (right) shows the 4th approximation level of the Wavelet-Transform, which contains all
the necessary burst information. Most of the high-frequency noise was removed from the signal.
Due to the dyadic downsampling with every level of the DWT, the burst frequency is now well
centered in the power-spectrum of the FFT, i.e. it has an excellent representation in the frequency
domain. The center-frequency of the burst-signal can be well estimated by a polynomial fit over a
large number of significant data points of the spectrum, and thus decreasing the uncertainty of the
estimation. While this is useful for remote or autonomous operation of an LDV system in space,
this new algorithm is essential for the transition of this measuring technique out of the laboratory
towards practical and industrial application.
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7. Conclusions
We have presented a promising and versatile concept for a highly miniaturized LDV system for
two component velocity measurements with velocity direction, together with a novel LDV optic for
the measurement head and new methods for autonomous frequency estimation. By using one fiber
coupled tunable laser diode for each LDV beam the optical frequency difference of the laser diodes
can be used for the directional discrimination and separation of the velocity components.
Additionally, the laser power in the measuring volume can be increased and the optical set-up can
be simplified using readily available optoelectronic components from the telecommunication
market. Together with the miniaturized head this allows the realization and miniaturization of an
powerful and affordable 2d-LDV system, while the combination of wavelet and Fourier transform
for frequency estimation enables this system to autonomously measure the full range of velocities.
In a first step an 1d-LDV system without direction detection has already been used successfully
with an experiment at the droptower Bremen. A precursor of this system has flown successfully
within a dynamic fluid flow experiment on the sounding rockets TEXUS 41 and EML1.
Demonstrating that this powerful measuring technique can now easily be used with experiments on
parabolic flights, sounding rockets, FOTON missions or the GLOVEBOX on the ISS as well as in
the laboratory, wind tunnels, research facilities and industrial or even sportive applications.
Given its small size, low power consumption, its simpler and more robust realization, this 2d-LDV
system, together with the newly developed algorithms for autonomous frequency estimation, is
likely to open up completely new fields for precise flow velocity measurements in space as well as
on earth.
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