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Laser-Doppler anemometer with adaptive temporal
selection of the velocity vector
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The paper describes a laser-Doppler anemometer with the adaptive temporal selection of the
velocity vector orthogonal components. Logic switching of measuring channels corresponds to the
distribution of scattering particles and dynamics of the investigated process. The method of
adaptive temporal selection is featured by the high power efficiency and the lack of switching noise.

1. Introduction

Simultaneous measurement of two orthogonal components of the velocity vector is
usually performed using two-channel laser anemometers with power distributed
between the channels [1], [2]. These devices have, however, a drawback, i.e., the
ineffectively used laser radiation power, since only less than one half of the laser
source radiation falls on the optical channel measuring one velocity component. This
drawback becomes especially apparent for the measurements in backscatter, when
the light signal intensity decreases by three or four orders, compared with that of
forward scattered light. In commercial laser-Doppler anemometers (LDA), there is
usually a chromatic or frequency separation of measuring channels. Due to the
dispersion of the refractive index in the investigated media the additional error
appears at chromatic selection.

In scientific literature, there are descriptions of experimental LDA models with
temporal selection of signals in optical channels measuring the velocity components
[3]. Forced channel switching is carried out within the interval corresponding to the
time required for a scattering particle to cross a probe laser beam, laser radiation
remaining distributed between the optical channels one Doppler burst. The
drawback of these devices is their poor measurement accuracy resulting from the
switching noise. Moreover, the presence of several scattering particles in the probe
optical field makes the measurements complicated.

The present work reports on a laser-Doppler anemometer developed with
adaptive temporal selection of the velocity vector. Adaptive temporal selection (ATS)
makes it possible to rise considerably the signal-to-noise ratio and to improve the
measurement accuracy, which is most effective at selecting information on the flow
velocity components using remote measurement technique operated in backscatter.
The ATS method is realized by optical and electronic means. Structurally, the said
devices are two-channel, with acousto-optical or electrooptical switching of mea-
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suring channels. The devices are characterized by an improved measurement
accuracy due to automatic matching of temporal selection of the velocity com-
ponents and spatial distribution of scattering particles in a flow. Noise stability of
electronic processor also contributes to the accuracy of measurements.

2. Configurations and method

An optical configuration of LDA using acousto-optical switching measuring
channels is shown in Fig. 1

The setup comprises laser 1 and the following units placed successively on the
way of the laser beam: phase plate 2; turning prisms 3 and 4; lenses 5 and 6; two
travelling wave acousto-optical modulators (AOM) 7 and 9 mutually orthogonal,
between which lens 8 is mounted; lens 10; mirror 13 with diaphragrams; objectives 11
and 12. On the way of the scattered beam limited by apertures of lenses 11 and 12
and reflected by mirror 13 there are, placed in succession, mirror 14, micro-objective
15, field diaphragm 16 and photodetector 17. The mutually-orthogonal direction of
the ultrasonic waves in the modulators corresponds to the orientation of the velocity
vector components being measured. The diaphragms of mirror 13 are situated in
mutually orthogonal planes and limit the light beams diffracted in the modulators to
the zero and minus first order of diffraction, respectively. Phase plate 2 serves to
much the polarization of the laser beam with the optical configuration. The
photodetector is connected with the two-channel Doppler frequency shift meter

Fig. 1. Optical configuration for LDA with acousto-optical switching of measuring channels (for
expiation, see text)
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involving logic switch 18 connected in parallel with the two Doppler frequency
meters 19 and 20, and modulators 7 and 9.

The system functions are as follows. The laser beam after having passed through
optical units 2-6, goes to modulator 7. (Propagating ultrasonic wave in the
modulator is directed along the Y axis). When modulating voltage is applied to the
modulator, two light beams diffracted to the zero and minus first orders are formed
at the modulator output operates in the Bragg diffraction mode. Splitted beams go
through the train of objective 8, second modulator 9, objective 10, diaphragm 13,
objectives 11 and 12, the latter turning them to the flow region under study (i.e., the
region with the velocity to be measured). The laser beams intersect and form an
interference field with a known periodic structure. The image of this field in the
scattered light, limited by field diaphragm 15, is formed by a succession of units
13-16 in the light-sensitive surface of photodetector 17.

When a scattering particle crosses the probe optical field, a radio-pulse appears
at the outlet of photodetector. Its frequency is a known linear function of the
Doppler frequency shift and its duration is equal to the period required for
a scatterer to cross the interference field. The shaper-switch controls modulators
7 and 9 and, after N radio-pulses are applied, connects simultaneously both Doppler
frequency shift meters 19 and 20 with photodetector 16. As N decreases, the
frequency of information selection increases for each component, reaching its
maximum at N = 2

The logic switch comprises a count- and a strobe-pulse shaper. Optical switching
of measuring channels is performed at the back front of a strobe-pulse produced by
the shaper. Switching takes place when there is no strobe signal and the processor
does not store information.

In Figure 2 a functional scheme of acousto-optical switch control is shown. The
unit involves shaper of count- and strobe-pulses 1, processors 2 and 3 measuring the
Vk and W components, modulo N counter 4, digital switch 5, heterodyne 6, mixer 7,
photoreceiver 8, high-frequency switch 9, high-frequency amplifiers 10 and 11
connected with the orthogonally-oriented acousto-optical modulator. The system
operates as follows. Signal received by photoreceiver 8 (Fig. 2) represents the sum of
the Doppler and the carrier frequencies. The latter is determined by heterodyne 6.
Mixer 7 operates as a simultaneous detector. At the mixer outlet the Doppler
frequency signal is singled out and applied to shaper 1 Output voltage of heterodyne
6 is supplied to high-frequency switch 9 controlled by the output of counter 4. The
AOM of the X-channel being switched on, a succession of strobe-pulses is applied to
processor 2, while processor 3 is blocked. As the output of counter 4 changes, the
X-channel AOM switches off, the 7-channel AOM switches on, processor 2 is
blocked and processor 3 operates. Changes in output of counter 4 take place after
the iV-th input pulse has arrived. Logic level at the counter output changes and
switches digital switch enabling the next N pulses of the strobe-pulse sequence to go
to the processor. Thus each of the processors, 2 and 3, receives count-pulses only in
the course of the strobe-A-pulse sequence. The value of N is usually selected equal to
2. The considered operation algorithm for the logic switch in LDA with adaptive
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Fig. 2. Acousto-optical switch control
(for explanation, see text)

selection of optical signal provides the total laser output used in each measuring
channel, which leads to the decrease in relative noise level and improves the
measurement accuracy.

Figure 3 demonstrates optical configuration for a meter with electro-optical
switch of channels measuring the velocity vector orthogonal components. The meter
comprises laser 1and the following units placed successively on the way of the beam:
phase plate 2, lens 3, electro-optical modulator 4, prism 5, phase plates 6, 7 and 8,
cubic prism 9. Prisms 10, 11 and 12, phase plates 13 and 14, acousto-optical
modulators 15 and 16, lenses 17 and 18, prisms 19, 20 and 21 and objective 22 are
placed successively on the way of laser beams splitted by prism 9. Polarization

Fig. 3. Optical configuration for LDA with electro-optical switching of measuring channels (for
explanation, see text)
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Wollaston prism 23 is placed in the intersection area of orthogonally polarized
beams. Then the beams, splitted by prism 23, go through the diaphragms of mirror
24 and objectives 25 and 26. Scattered light limited by the above objectives and
.reflected by mirror 24 comes to the succession of optical units: turning mirror 27,
microobjective 28, field diaphragm 29 and at last to photodetector 30 connected to
signal processor (refer to Fig. 2). In the configuration described, controlled key
6 switches feed circuit from the half-wave voltage source 7 over to electro-optical
modulator in the function of a laser beam polarization switch.

In the measuring configuration of Figure 3, optical train formed by the units with
prism 9 at the inlet and prism 21 at the outlet functions as a beam splitter, two
parallel orthogonally polarized laser beams with frequency difference specified by
accousto-optical modulators 15 and 16 being formed at the outlet. Polarization
switch 4 is based on a conversational electro-optical modulator with half-wave
voltage control. After passing polarization switch 4 and matching elements 5-8,
polarized beam of laser 1 is split by the beam splitter into 2 parallel orthogonally
polarized beams with frequency difference corresponding to voltage difference at
acousto-optical modulators 15 and 16 operated in Bragg mode. Then the ortho-
gonally polarized beams intersect in the region of polarization Wollaston prism 21.
Since the splitting angle of the prism is chosen to the angle between the entering
beams, there appear at the prism outlet the orthogonally beams, with polarization
being switched on, directed in pairs in orthogonal planes.

Beams emerging from the polarization prism pass objective 25 in pairs, each pair
following the other in consecutive order, and form in the investigated medium
spatially matched probe interference fields with orthogonal orientation of interfer-
ence fringes. Additional phase plates may be mounted on the way of beams coming
from the prism to match polarizations. Image of the probe interference field in the
scattered light is formed at photodetector 30 (photoelectronic multiplier) by
objectives 25 and 26, turning mirrors 24 and 27 and microobjective 28, placed in
succession. The image formed is confined by field diaphragm 29.

Operation of the signal processor is similar to that in the system with
acousto-optical switching of measuring channels. The difference lies in the fact that
controlled switch 9 (refer to Fig. 2) switches feed circuit of polarization switch 4 (refer
to Fig. 3).

Utilization of the Wollaston prism in this device with traversing of orthogonally
polarized light beams at the inlet and splitting angle equal to the angle between the
entering beams allows us to change the two-channel structure of conventional
devices [3] into a one-channel one. This simplifies significantly the measuring
configuration, decreases power loss, makes the adjustment more easy and rises
reliability. System with electro-optical switch of polarization enables operation at
higher switching frequencies than that with acousto-optical switching.

Laser anemometer is supplied with a pulse-count and a tracking two-channel
processors with logic adaptive switching of measuring channels. Maximum switching
frequency is 300 kHz. The processor is realized in the CAMAC standard. Operation
proceeds in autonomous and computer exchange modes. The device measures two
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orthogonal components of the velocity vector and controls particle concentration.
Flow of scattering particles causes random discretization of the process. Therefore,
the highest frequency of adaptive switching, chosen equal to 300 kHz, allows us to
obtain information on velocity fluctuations within a frequency band not exceeding
50 kHz. Let us estimate a potential for frequency measurement accuracy according
to the number of zero-crossing of the multi-particle Doppler signal. As is known [4],
the average number of zero-crossings for Gaussian process may be determined by
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where R"(0) is the second derivative of the correlation function at € = 0. Assume the
Doppler signal is formed by a point scattering particles
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where A(t—tf) = exp[—j(t—)2], (j = (Ot>/4n2M, ooD - Doppler frequency shift,
ad = 26V/A, A - spatial period of the probe optical field); Q = Q0+QD (Q0
- known carrier frequency in measurements with transfer of the Doppler signal
spectrum); 2M is number of spatial periods in the section of probe optical field. To
find the correlation function R(t) for the Poisson sequence of radio-pulses (2) we may
use the Campbell theorem [4]
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Here we took into account that exp(—Q2/2ri) 1 From (1) and (3) we obtain the
average number of signal zero-crossigns
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where 3= c0D/Q. Hence, we find relative difference between the average and the
actual value of the number of zero-crossings being measured
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From (4) it is evident that relative difference between the average number of signal
zero-crossing and the measured value is in inverse proportion to the square of the
number of the probe optical field spatial periods and decreases with increase of
carrier frequency QO.
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Consider the case when the size of a scattering particle is d. Here the Doppler
signal may be presented as a flow of radio-pulses

N
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where t0= d/2V= (p0/coD By analogy with the previous case we find
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The remainder £ reaches its maximum £mat 2(p0 = (2q+1)n and 4m= —p2/4n2M 2.
Then, according to (4) and (5),

AQ/eD= P/4n2M 2 6)

This corresponds to the situation when signals from the front and back borders of
a scatterer are out-of-phase. In this case the amplitude of the resulting signal is close
to zero. A typical experimental Doppler signal illustrating the case is shown in Fig.
4a. For comparison. Fig. 4b shows a coherent [5] signal obtained by optical

Fig. 4. Incoherent (a) and coherent (b) Doppler signal from a particle with a size corresponding to the
condition

filtration technique. When a particle is of another size, the remainder £ in (5) is smaller
than  and can be neglected. As follows from (4) and (5), the shifted estimate of the
average frequency measured according to the number of signal zero-crossings, may be
made by selection of the carrier frequency QO. But the difference between the actual
value and the estimate cannot be lower than proper instability of Q0. Relative error in
determining an average particle appears to be in proportion to /? and falls with the
increasing QO. This can be accounted to the fact than the increase of QO leads
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to a growing steepness of signal path in zero-cross points and hence to more rigit
fixation of zero-crossings.

LDA with adaptive temporal selection of the velocity vector orthogonal
components proved its high power efficiency by number of tests: For illustration
refer to Fig. 5 where the presented typical Doppler signals are obtained while
measuring the fluid flow velocity in backscatter. The distance in water is 0.7 m. A
10 mW He-Ne laser was used as a radiation source. Bandwidth is 2 MHz (Fig. 5a)
and 100 KHz (Fig. 5b). The signal-to-noise ratio is quite sufficient for normal
operation of signal processors at even so small a laser power.

Operation in backscatter is featured not only by decreased level of optical signal,
but by the effects related to peculiarities of scattering diagram. The latter is cut up by
lobes in the angle interval > 90, which leads to a decrease in optical signal contrast

Fig. 5. Doppler signal obtained at flow velocity measurements in backscatter. Distance in water is 0.7 m.
Radiation source - He-Ne laser with power output of 10 mW: (a) signal in a frequency band of 2 MHz,
(b) signal in a frequency band of 100 KHz
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in measurements using LDA operated in backscatter. This is explained by the fact
that coinciding maxima of lobes of the scattering diagram for a particle from two
incident light beams forming a probe field occur seldom (maximum signal contrast at
mixing scattering waves corresponds to this case). More likely is the situation when
ratio of amplitudes of angular spectral components of scattered beams at optical
mixing is high, which leads to contrast loss and pedestal in the resulting signal.

When considering the spatial conditions of photomixing, we find that higher
amplitude ratio corresponds to larger coherence areas for angular spectral com-
ponents, and that for spectral components with similar amplitudes the most
probable coherence areas are much smaller than the photoreceiver aperture.
Therefore, photoelectric signal in backscattering systems looks very different from
that in forward scattering ones. The difference lies in the fact that realization of
high-contrast radio-pulses occur seldom, while low-contrast with a high pedestal are
realized more frequently than in forward scattering case.

Through a scope of experiments we have stated that signal contrast is
substantially increased at measurements in backscatter in a wavelength region of the
visual radiation range. The increased signal-to-noise ratio in this spectral region is
accounted not only to dispersion of the attenuation index with optical radiation
propagating in water, but to the properties of a medium as a spatial-frequency filter
that influences the structure of optical signal. These properties lead to probe field
blurring in scattered light.

Fig. 6. Photograph of LDA with adaptive temporal selection of the velocity vector orthogonal
components
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*Fig. 7. Visualized velocity vector in different points of liquid flow around a disc body in points 1-7:
X and Y - coordinates of the point; W and W- X and Y velocity components; y\ y*- turbulent intensity;
n - count of particles intersecting the probe volume (in s)

Field of random phase non-uniformities influences the optical transmission
function of medium layer, through which there passes a scattered signal entering the
aperture of a receiving objective. When propagating in non-uniform medium,
fluctuations of a light beam phase decrease as the wavelength increases. Liquid
medium filtrates high-frequency components of angular spectrum of optical signal.
As non-uniformities decrease, high-frequency components of angular spectrum
become more suppressed. The rise in power flow density in the probe field and laser
radiation selected with a large wavelength lead to the increase of contrast and level
optical signal. Fig. 6 shows the laser anemometer near hydrodynamic tube. Fig.
7 shows photographs of the visualized velocity vector in different points of liquid
flow around a disc body.

3. Conclusions

Laser Doppler anemometers with adaptive temporal selection of the velocity vector are
featured by the high power efficiency. This is due to the fact that the total laser power
is used to measure one velocity component. Communication noise and interaction of
measuring channels are excluded, since switching takes place during such intervals
when there are no Doppler radio-pulses. Switching frequency is determined by
scattering particle distribution and dynamics of the process under investigation.
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Relative easiness of realization, compatibility with conventional optical configura-
tions and signal processing systems, are the advantages making the method of
adaptive temporal selection of the velocity vector in LDA deserving consideration
and development.
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NasepHblii 4OMIEPOBCKUI aHEMOMETP
C afjanTVBHON BpemeHHOl CeneKLMeil BeKTopa CKOpPOCTM

B paboTe onucbiBaeTcs NasepHbIi  JOMJIEPOBCKUIA  aHEMOMETP C  afanTUBHOW  cenekumen
N BuM3yanu3auuein BekTopa CKOpocTW. Jlornyeckas KOMMyTauus W3MepUTeSbHbIX  KaHasoB,
onpefensitoWnNX  ABe  OPTOroHasibHble  KOMMOHETHbl ~ BEKTOpa  CKOPOCTW,  COOTBETCTBYeT
NPOCTPaHCTBEHHOMY pacnpefesieHno 1 AMHaMWKe pacceMBaloLiMX 4acTuy B MNoToke. B npubope
peanu3oBaH CUHTE3aTOP M306paXeHUs BEKTOpa CKOPOCTU B peasibHOM BpemMeHW. MeToj afanTUBHOIA
BPEMEHHOW CeneKuun BEKTOpa CKOPOCTM OT/AMYaeTCs BbICOKON 3HepreTuyeckoli 3h(heKTUBHOCTbIO
N NOMeX0ycTOMYMBOCTbLIO 3@ CUYET WCKIOYEHUST KOMMYTALMOHHbIX LUIYMOB.



