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571 . ABSTRACT

The sensor (20) is intended for the detection of random
signals, suitable for correlative signal processing, origi-
nating from a process in motion relative to the sensor,
for example a flow passing through a pipeline (1). Sig-
nals of this nature are used, in particular, for the mea-
surement of velocity or running time. The sensor (20) is
subdivided into several sensor segments (21, 22, 23, 24)
in order to increase sensitivity for a given spatial fre-
quency filter effect. In the case of a capacitive sensor,
each sensor segment consists of two electrodes encom-
passing the pipeline (1). The sensor segments (21, 22, 23,
24) are arranged along the direction of motion accord-
ing to a coding selected on the basis of the desired spa-
tial frequency filter effect, with the introduction of gaps
(28, 25, 27) which are insensitive to the characterizing
parameter of the process in motion. The spatial fre-
quency filter effect and, in particular, its limit fre-
quency, will then correspond to that of an individual
sensor segment, while the total aperture, which deter-
mines the sensitivity, is equal to the sum of the aperture
segments of the sensor segments present.

6 Claims, 13 Drawing Figures
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SENSOR FOR THE DETECTION OF RANDOM
SIGNALS WHICH ARE SUITABLE FOR
CORRELATIVE SIGNAL PROCESSING

The invention concerns a sensor for the detection of
random signals, being suitable for correlative signal
processing and originating in a process which is in mo-
tion relative to the sensor; it is particularly intended for
the correlative measurement of velocity or running
time, with an overall aperture sensitive to a parameter
of the process in motion.

As is known, the principle of correlative measure-
ment of velocity or running time is that random signals
are captured using sensors which are normally contact-
less located at two points of the process in motion,
separated one from the other along the direction of
motion, forming the cross-correlation function of the
two signals and deducing information regarding the
running time and velocity of the process in motion from
the location of the maximum. The sensors are selected
such that they respond to a parameter of the process in
motion which is as significant as possible or which is
easy to -determine, Capacitive sensors, ultrasonic sen-
sors, optical sensors, thermal sensors, charge-sensitive
sensors or conductivity sensors can, for example, be
employed. All these sensors register a specific spatial
section, which is of finite extent in the direction of mo-
tion of the moving process; by analogy with optical
systems, this section is known as the “stop” or “aper-
ture”. As is well-known, every aperture represents a
spatial filter (“spatial frequency filter”), having an
upper frequency limit which is dependent on the geom-
etry and velocity of the process in motion, The band
width of the signal registered is limited by this factor.
Now, the width of the correlation maximum, which in
its turn determines the statistical uncertainty of the
correlation evaluation, however, is inversely propor-
tional to the band width, Thus, for a precise correlation
evaluation, it is necessary that the two signals to be
correlated both possess as wide a band width as is possi-
ble. This means that the aperture of the sensors, i.e. the
.extension along the direction of movement, should be as
small as possible.

On the other hand, a precondition for a good correla-
tion is that the sensors are of sufficient sensitivity. The
sensitivity of a sensor can, in particular, be increased by
increasing the size of the section of space observed, that
is by means of a larger aperture. For example a capaci-
tive sensor is made more sensitive if larger electrodes
are used. At the present time it is particularly necessary
that relatively large electrode areas are used when the
velocity of flow in pipelines having a large cross-section
is being measured, in order that the capacity and sensi-
tivity of the sensors are adequate. An example of this is
the correlative determination of the velocity of pneu-
matically transported solids, such as wheat, granulates,
coal dust etc., where large section pipes are often used.
Increasing the size of the aperture, however, also in-
creases the sensors’ low-pass filter effect, so that the
band width of the captured signal is reduced. The statis-
tical uncertainty of the measurement is consequently
increased. The measurement period needs to be set very
high in order to reduce the statistical uncertainty.

The aim of the invention is to produce a sensor hav-
ing a large total aperture and consequently high sensi-
tivity, where the limit frequency of the spatial fre-
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2
quency filter effect, however, is high in relation to the
aperture.

In this invention this is achieved by subdividing the
total aperture into aperture segments which are ar-
ranged in the direction of motion according to a coding,
selected on the basis of the desired spatiai frequency
filter effect, by means of the inclusion of gaps which are
not sensitive to the parameter of the process in motion.

The invention is founded on the property of binary
codes for data transmission, known from the field of
statistical information technology, which resuits in a
time-compressed signal despite a long total duration of
correlative reception (correlation code, Barker codes,
binary pseudo-random codes, m-sequences etc.), Binary
codes are also known which have spectral properties
obeying specific regularities whereby, for instance,
their spectrum shows a great similarity to that of a
single impulise. The class of PN sequences (pseudo-ran-
dom codes) may be cited as a typical example of this,
The spectrum envelope of a PN sequence is identical to
the spectral density curve of a single impuise, ie. the
well-known sin x/x function, also called the gap func-
tion. The essential difference is that the spectrum of the
PN sequence consists of N discrete spectral lines, where
N represents the period of the PN sequence. The differ-
ences between the two spectra are very slight, particu-
larly in the case of more lengthy periods.

The division of the total aperture of a sensor accord-
ing to the regularity of such a code means that the im-
pact response of the spatial frequency filter formed in
this way is equal to the time pattern of the code se-
quence, and the frequency response of the spatial fre-
quency filter formed by the sensor apparatus is equal to
the spectrum of this code sequence. In particular, the
limit frequency of this spatial frequency filter is inde-
pendent of the spatial extension, seen in the direction of
motion, and is only dependent on the length of the
narrowest code segment occurring. Thus, although the
sensitivity of the sensor is increased in accordance with
the number of aperture segments, the sensor has a limit
frequency which corresponds to that of a single aper-
ture segment, The sensitivity of the sensor is thus con-
siderably increased for the same limit frequency.

A further advantage of the sensor arrangement being
extended as a result of coding is that a large number of
elemental events are recorded at any point in time and
thus more information is fed into the correlative evalua-
tion per unit of time. This leads to greater values for the
correlation coefficient,

The subdivision of the total aperture into individual
aperture segments, and the spatial distribution of these
aperture segments along the direction of motion permits
an advantageous sensor design in that the aperture seg-
ments can be arranged at an angle to each other around
the process which is to be assessed. In this way, it is
possible to observe the process from various directions,
in order to pick up random signals from all directions.

The extension of the sensor along the direction of
motion as a result of subdivision and coding is not gen-
erally perturbing. If the smallest possible distance be-
tween centres is undesirably large in the case of a cor-
relative measuring arrangement with two sensors ar-
ranged along the direction of motion eof the process

' with a reciprocal distance between centres, this distance

can be reduced. This is achieved by means of a particu-
larly useful extension of the invention in that the end
sections of the sensors opposing each ather are inter-
laced in such a way that the effective aperture segments
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of each sensor are located within the code gaps of the
other sensor. Obviously it is necessary to select the
coding of the sensor apertures accordingly, but this is
generally possible.

‘Further advantages and characteristics of the inven-
tion may be seen from the following description of
design examples, illustrated in the figures. The figures
show:

FIG. 1 An arrangement for the contactless measure-
ment of the flow rate of a medium in a pipeline,

FIG. 2 a cross-section through the pipeline illustrated
in FIG. 1, taken across the section A-B,

FIG. 3 the correlation function determined by means
of the correlation system illustrated in FIG. 1,

FIG. 4 a capacitive sensor fitted to a pipeline in order
to determine the spatial frequency filter effect,

FIG. 5 the impact response of the sensor in FIG. 4,

FIG. 6 the frequency spectrum of the impact re-
sponse illustrated in FIG. 5,

FIG. 7 a sensor constructed in accordance with the
invention with several sensor segments arranged ac-
cording to a coding,

FIG. 8 the impact response of a sensor as illustrated in
FI1G. 7,

FIG. 9 the frequency spectrum of the impact re-
sponse illustrated in FIG. 8,

FIG. 10 an example of a binary PN sequence with the
period N=15, ;

FIG. 11 the frequency spectrum of the PN sequence
illustrated in FIG. 10,

FIG. 12 two partially interlaced coded sensor ar-
rangements in accordance with this invention, and

FIG. 13 a sensor constructed in accordance with this
invention, the sensor segments of which are arranged so
as to have a mutual angular displacement.

By way of an example of an application, FIG. 1
shows an arrangement for the contactless measurement
of the flow rate v of a pneumatically transported solid,
e.g. coal dust, in a pipeline 1. Two capacitive sensors 2
and 3 are located on pipeline 1 at a known distance
between centres D, the two sensors detecting random
signals which correspond to the random dielectric fluc-
tuations in the flow, Capacitive sensor 2 consists of two
electrodes 2a and 25, which each extend over a part of
the circumference of the pipeline 1 (FIG. 2) and which
are copnected to the input terminals of a capacitance/-
voltage transducer 4, which gives an output signal x(t)
reproducing the dielectric fluctuations detected by ca-
pacitive sensor 2. Capacitive sensor 3 consists of two
similarly located electrodes 3a and 3b which are con-
nected to the input terminais of a capacitance/voitage
transducer 5, the output-signal y(t) of which reproduces
the dielectric fluctuations detected by capacitive sensor
3. The outputs of the two capacitance/voltage trans-
ducers 4 and 5 are connected to the two inputs of a
correlator 6, which computes the cross-correlation
function between signals x(t) and y(t).

It is know that the flow rate v in pipeline 1 can be
determined by calculation of the cross-correlation func-
tion Rx(7) between the two signals x(t) and y(). This
determination is founded on the fact that the signals
generated at the two sensors 2 and 3 on the passage of
the same flow components (eddies) show certain simi-
larities, which will result in a maximum cross-correla-
tion function, The cross-correlation function has the
mathematical form
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| T ()]
Ryf7) = Tl—i-?]m T Oyt + T)dt.

o

This means that the instantaneous values for signal x(t)
are multiplied by the instantaneous values for signais
y(t) transposed by a displacement time 7 and the aver-
age value is determined across the duration of the obser-
vation time T. A discrete value of the cross-correlation
function is received for each value of the displacement
time 7. .

FIG. 3 shows the output signal of correlator 6 as a
function of the displacement time 7, that is to say the
cross-correlation function. In the example application
given here the cross-correlation function has its maxi-
mum at a specific displacement time 7, which is identi-
cal to the running time occupied by the medium be-
tween sensor 3 and sensor 2, so that the following ap-
plies: ‘

D

TTm

Y=

An interpreter 7 connected to the correlator 6 analyses
the cross-correlation function for its maximum and
states the displacement time 7,, concerned or the flow
velocity v calculated from this.

The cross-correlation function measured can be eval-
uated the more accurately the greater the value for the
correlation maximum Pyy(7m) and the narrower the
width A7 of the correlation maximum. The width of the
correlation maximum is inversely proportional to the
band width of the signals detected, and an approximate
value for the statistical uncertainty of the correlation
maximum detected is given by

@

o(tm) = k-

| 1
——— | 4 ——mmamn
515 708 ( * Fem

Where:

B=band width in ¢/s

T=duration of measurement in s

P,,=standardized correlation coefficient

o (Tm)=standard deviation for the running time.

Thus, for a precise correlation evaluation it.is impor-
tant that the two signals to be correlated are as well
correlated as is possible (i.e. they are as similar as possi-
ble) and that their band width B is as wide as possible.
A good correlation further requires that the sensors
detect the inhomogeneities present as well as possible
and suffer as liftle as possible from external noise, e.g.
electronic noise. There must be good 'sensitivity
towards the inhomogeneities to be detected,

These reguirements are, to some extent, mutually
contradictory. This is, in particular, a consequence of
the fact that each sensor covers a specific section in
space. [n order to demonstrate this, FIG. 4 shows pipe-
line 1 once again with sensor 2. If the problem is viewed
in a simplified manner, only for the relevant direction of
motion which in FIG. 4 is along the axis of the pipe, the
section covered by electrodes 2a and 2b of the capaci-
tive sensor 2 is a path a which is equal to the dimension
of the electrodes along the direction of motion. By
analogy with optical sensors this section is known as
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“aperture a”, It is already known that each aperture
represents a spatial filter, known as a spatial frequency
filler. Even if the process itself has infinite band width
(i.e. shows infinitely small inhomogeneities), a sensor
with a finite aperture a only captures frequencies up to
an upper limit frequency, which is defined by the fol-
lowing equation

€)]

v/m.s

o=
FIG. 5 illustrates the impact response h(t) for the rect-
angular aperture a of sensor 2, i.e. the response of the
sensor to an infinitely narrow excitation, as a function of
time 7. The graph in FIG. 6 represents the frequency
response H(f) of the spatial frequency filter formed by
aperture a, which can be calculated by Fourier transfor-
mation from the impact response h(t) of FIG. 5. The
filter curve as shown in FIG. 6 has the known shape of
the function sin x/%, also known as the gap function.

It may be stated by way of summary, that each finite
aperture represents a filter for the frequencies to be
determined, where the limit frequency of this spatial
‘frequency filter is dependent on geometry and velocity.

It is is generally necessary, in order to raise the sensi-
tivity of a sensor, to increase the size of the spatial sec-
tion covered by the sensor. For exmaple, the capacitive
sensors jllustrated in FIG. 1 can be made more sensitive
by the use of larger electrodes. However, according to
the above equation (3), the low-pass filter effect is also
increased by an extension of the size of the electrodes in
the direction of motion, so that the band width of the
signals detected is reduced. However, a reduction in the
band width is not desired, according to formula (2),
because this would mean increasing the statistical un-
certainty of the measured resuit,

The phenomena illustrated above on the basis of ca-
pacitive sensors also apply similarly to other types of
sensors used for the detection of random signals, such as
ultrasonic sensors, optical sensors, charge or conductiv-
ity sensors etc. The choice of which sensor is to be used
in any particular case depends on which physical inho-
mogeneity is particularly distinctive, or can be particu-
larly easily detected. .

FIGS. 7 to 9 illustrate, once again for the case of
capacitive sensors, how the sensitivity of a sensor can be
substantially increased whilst maintaining a high limit
frequency for the spatial frequency filter effect. The
capacitive sensor 20 in FIG. 7 is made up of several
segments 21, 22, 23, 24 each of which has an aperture a.
The sensor segments 21, 22, 23, 24 are arranged in the
manner of a binary code by the introduction of the gaps
25, 26, 27; in the case illustrated in FIG, 7, this code has
seven digits and reads 1010011. The signals originating
from the individual sensor segments are totalled, in the
simplest case merely by connecting the sensor segments
together as is indicated in FIG. 7. It is, however, aiso
possible to connect the electrodes to separate selector
circuits, the output signals of which are then totalled.
The coding according to which the sensor segments in
FIG. 7 are arranged is selected so that a specific spatial
frequency filter effect is achieved. Binary codes for data
transmission are known from the field of statistical in-
formation technology, which result in a time-com-
pressed signal despite a long total duration of correla-
tive reception (correlation codes, Barker codes, binary
pseudo-random codes, m-sequernces etc.). .
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Binary codes are also known which have spectral
properties obeying specific regularities, for instance,
such that the spectrum of the whole code word shows
a great similarity to that of a single impulse. FIG. 10
shows, as a typical example of one such code, a code
word from the class of PN sequences (pseudo-random
codes) with a period N=135, and FIG. 11 represents the
frequency spectrum of this code word. The spectrum
envelope of a PN sequence is identical to the spectral
density curve of a single impulse, i.e. the familiar sin x/x
function, also called the gap function. The essential
difference is that the spectrum of the PN sequence con-
sists of N discrete spectral lines, where N represents the
period of the PN sequence. The differences between
this spectrum and the spectrum of a single impulse are
very small, particularly in the case of more lengthy
periods.

The spatial code of the sensor segments illustrated in
FIG. 7 corresponds to one such PN sequence which, for
the purpose of clarification has been chosen to be very
short with its length N=7. Consequently the impact
response of the spatial frequency filter constituted by
sensor 20 is also one such PN sequence as a function of
time (FIG. 8). FI1G. 9 illustrates the frequency spectrum
of the impact response in FI1G. 8, that is to say the fre-
quency response of the spatial frequency filter consti-
tuted by the arrangement of sensors shown in FIG. 7.
The spectrum consists of seven discrete spectral lines,
the envelope of which is equivalent to the graph of the
filter curve of an individual sensor segment, which
means that it coincides with the spatial frequency filter
curve in FIG. 6. In particular, the limit frequency for
this spatial frequency filter is independent of the spatial
extent, measured in the direction of motion, and is only
dependent on the length of the aperture segment of a
single sensor segment,

A comparison of FIGS. 4 and 7 shows that the sensor
layout in FIG. 7 has an overall length A=N.a, i.e. it is
longer than the length a of the sensor in FIG. 4 by a
factor N. The total aperture of the sensor layout in FIG.
7 consists of the sum of the aperture segments of the
sensor segments shown there. (N4 1)/2 sensor segments
make up the PN sequence selected for the code. Conse-
quently the total aperture, and thus the sensitivity of the
sensor layout in FIG. 7, is increased by the factor
(N+1)/2 in comparison with that shown in FIG. 4,
whilst the limit frequency remains unchanged. The total
capacity of the sensor layout in FIG, 7, assuming ideal
paths for the field lines, has also increased by the factor
(N+1)/2. This is a great advantage, in particular in the

. case of large pipe cross-sections, since in this case for
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capacity of a single annular sensor segment would be
very small, and thus difficuit to evaluate.

A further advantage of a sensor layout extended and
coded in the manner illustrated in FIG. 7 is that a large
number of elemental events are being recorded at any
one time and thus more information is being introduced
into the correlative evaluation per unit of time. This
leads to greater values for the correlation coefficient
Pyy(rm).

As is clear from the above description, the greater the
period N of the PN sequence, the better is the approxi-
mation of the spatial frequency filter curve (FIG. 9) for
the coded sensor layout to the spatial frequency filter
curve (FIG. 6) of a single sensor (FIG. 7). The envelope
of a spectrum and thus also the limit frequency remains
unchanged, where the dimensions of the individual
sensor segments remain unchanged, whereas the num-
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ber of spectral lines is increased. Furthermore, the total
aperture, and thus the sensitivity and, in the case of
capacitive sensors the total capacity, increases. How-
ever, the length A of the sensor arrangement in the
direction of movement being measured becomes corre-
spondingly larger. This can give rise to problems of
space where two coded sensor arrangements have to be
located at an interval D in a correlative measurement
layout as illustrated in FIG. 1. The interval D between
sensors is determined by the centre-to-centre distance of
each sensor layout, such that the minimum interval
approximately corresponds to the overall length A of a
sensor layout.

FIG. 12 illustrates, again for the case of capacitive
sensors, two coded sensor layouts 40 and 50, which are
arranged along pipeline 1 for the purpose of velocity
measurement; however, the centre-to-centre interval D
here for the two sensor layouts is substantially smaller
than the overall length of each of the two sensor layouts
Al and A2 respectively. This is achieved by “interiac-
ing” the two coded sensor layouts. In order for this to
be possible, code words must be selected which permit
such a partial interlacing; i.e. code words where a cer-
tain number of code gaps at the end of the first sensor
layout coincides with a certain number of code bridges
at the beginning of the second sensor layout (read in the
direction of motion). The concept “code gap” stands
here for the binary zero, the concept “code bridge” for
the binary one.

Sensor layout 40 illustrated in FIG. 12 contains sen-
sor segments 41, 42, 43, 44 which are arranged accord-
ing to the code word 101001 1. Sensor layout 50 contains
sensor elements 51, 52, 53, 54, arranged according to the
code word 1001011, Thus in both cases these are Pn
sequences with a period N=7. The two last sensor
segments in sensor layout 40 are located in the two code
gaps between the first sensor segments 51, 52 in the
sensor layout 50.

It can be particularly desirable in the case of flow
profiles which are not rotationally symmetrical to ob-
serve the processes from more than one direction, in
order to be able to pick up random signals from all
directions. This is possible in a particularly simple man-
ner as a result of the subdivision into sensor segments
and the spatial extension of the coded sensor layouts
described above by locating the sequential sensor seg-
ments displaced at angles one to another, i.e. so that
they are, to a certain degree, “wrapped around” the
process in motion. FIG. 13 illustrates this measure for
the case of a capacitive sensor layout 60 with four sen-
sor segments 61, 62, 63, 64 located along the pipeline 1.
The two electrodes of each sensor segment have an
identical, practically hemicylindrical form but the dia-
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metrical separating planes between the two electrodes
are set at an angle to each other. In this way random
signals may be picked up from the process in motion
from many sides. In this manner it is possible to reduce,
or even completely to exclude, profile influences result-
ing from the arrangement of the electrodes, particularly
in the region of an inflow into a pipeline flow.

The application of the measures described above for
the case of capacitive sensors to other sensors such as
ultrasonic sensors, optical sensors, thermal sensors,
charge-sensitive sensors, conductivity sensors etc., is
clear to the engineer from the above description with-
out further comment. The sensor aperture in each case
is to be understood to refer to the area of sensitivity
directed towards the process in motion. In the case of
optical sensors this is the path of the rays, in the case of
ultrasonic sensors, the sound beam to be scanned etc,
An aperture segment corresponds to each sensor seg-
ment, and the total aperture of a sensor layout is consti-
tuted by the sum of the aperture segments.

I claim:

1. Sensor for the detection of random signals from a
process in motion relative to the sensor, said signals
being suitable for correlative signal processing, in par-
ticular for the purposes of correlative measurement of
velocity or running time, said sensor having a total
aperture sensitive to a parameter characteristic for the
process in motion, said total aperture being subdivided
into aperture segments separated by gaps which are not
sensitive to said parameter of the process in motion, said
aperture segments and gaps being arranged along the
direction of motion according to a binary coding which
results in a time-compressed signal upon correlative
reception.

2. Sensor as claimed in claim 1, wherein said binary
coding corresponds to a pseudo-random code.

3. Sensor as claimed in claim 1, wherein said binary
coding corresponds to a binary PN sequence.

4. Sensor as claimed in claim 1, wherein said aperture
segments are oriented at different angles around the
process to be measured.

5. Sensor as claimed in claim 1, wherein said aperture
segments are constituted by the appropriately subdi-
vided electrodes of a capacitive sensor. '

6. Correlative measuring arrangement comprising
two sensors as claimed in claim 1, arranged .along the
direction of motion of the process at a predetermined
center-to-center interval, wherein the effective aperture
segments of the end portion of each sensor are located
in gaps of the end portion of the other sensor so that said

end portions of the two sensors are interlaced.
A X % ok &



