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Abstract — The cross-correlation function is commonly
used to measure the transit time between two similar signals.
The maximum value of the cross-correlation function
corresponds to the transit time. The other way to measure
this is to add the two signals. This method is comparable
with the well known interference measurement technique. In
the spectrum of the added signals after filtering a cosine
function can be determined. The frequency of this function
isdirectly proportional to the transit time.
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1. Introduction

The calculation of the cross correlation function is
normally used to determine the transit time of two similar

signals. Two sampled signals X, = X(nTa) and
Y, = y(nTa) with the index number N, which can have

values between O and N —1, and the sampling time
T, are given. If both signals are identical and time shifted

by the transit time7 = iTa , the following equation isvalid:

y(nT,)=x((n-i)T,). )

The cross correlation function of these two signals is
defined as:

7, (1.)= 5 EAT (0T ) = 3 w0y,

= ;i X(nT )x((n =i - k)T,) = @, (k +i)T,)

n=1

@

This function is identical with the autocorrelation
function of the origina signal shifted by the transit

timeT =iT,. So the maximum of the cross correlation

function corresponds with the transit time 7., =iT,,
“Fig. 1.
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Fig. 1. Crosscorrelation function

The alternative method for determining the transit time
by calculation of the cross correlation function is an analysis
of the addition of both signals. The superposition of the
signals leads to a cosinusoidal oscillation in the spectrum.
There is a directly relationship between its frequency and
the transit time.

3. Transit time calculation

The mathematical theory will be shown for two identical
time shifted signals: The discrete Fourier transform of a

signal x, = X(nT,) is defined as

2n

with @, =——K and K =01,...,N -1.
NTa

The inverse discrete Fourier transform is

x(nT,) =
4)

with @, :Ii—_];k and n=01,...,N -1

a
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The second signal is shifted by transittime 7 =i T,:

y(nT,)=x((n-i)T,). (5)

The signa is sampled a the points at

t =nT, -7 =(n-iJT, related to the first signal, so the
inverse discrete Fourier transform resultsin

(n-i)r,)=

N_

LN

xd (jwk)maj%(n‘i)'ra

Z|~

=0

(9)

iN j2rki/N j2rkn/N
Nz (joo, )& & .
k=0

The Fourier transform of the time-shifted signal yields
x((n=i)T,) o X (jwy )™ . (0

On condition of linearity the Fourier transform of the
addition of the time signas x(nT,) and x((n—i)T,) is
equal to the addition of the Fourier transforms of both

signas:
X(nT,)+x((n-i)T,)

X4 (jwk)+ X4 (jwk)@_jzmm

= Xd(jwk)[@"'e_jzmm)' o
That implies for the absolute value of the spectrum
Xq(jw) e )
=X, (jw, ) O/2 + 2cos{27ki/N)
(12)

= 20X, (ka)|E{/—+ cos(27ki/N)
= 200X 4 (j @, ) CBos(7ki/N)

The absolute value of the second signal is identical with
the first signal:

Yy () =|Xq (i@ )e ™| =X, (ja) @3
So the absolute value of the added spectrum yields
x(nT, )+ y(nT,)
o—e (14)

qu (ja)k)( +|Xd (jwk )OCOS(TKi/N) :

The sum of the absolute value of both signals is
multiplied by COS(ZI'ki / N). This term oscillates between

zero and one. It is interesting to note that the frequency of
the oscillation is directly connected with the transit time

=iT, between both signals. The

The term COS(ZITki/ N) contains the time shift

= iTa . Therefore the frequency in the added spectrum isa

function of transit time between both signals. The main task
of the signal processing is the detection of cosine frequency.

2. Simulations

To illustrate the mathematical context, the measurement
of transit time is simulated. Two identical signals are shifted
by a defined transit time and consist of normal distributed
random numbers with a large bandwidth. Because of the
linearity, the adding of the signals in either the time domain
or in the frequency domain leads to the same resullt:

X{nT,)+ y(nT,) o X, (i) +Yq (jea ) 29)

‘Xu(jw)‘

signal 1 |

signal 2 |

Fig. 2. Spectra of the two signals of and of the addition signal

In the spectrum of the sum signal a cosine oscillation is
superposed. “Fig. 2" shows the absolute values of the
spectrum for both single signals and for the sum signal. The
cosine oscillation extends over the whole spectrum.
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Fig. 3. Influence of the transit time on the frequency of the cosine
oscillation
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The frequency is a function of transit time between both
signals and can be separated from the absolute value of the

sum spectrum QYd (i ) +[X4(j o, )|) [eos(7ki/N).

The frequency of the cosine oscillation, witch depends
on transit time, is shown in “Fig. 3" for four different time
shifts. Wit increasing transit time the frequency is rising.
The cycle duration corresponds with the first zero crossing
of the first derivative. Knowing the period time the
frequency can be calculated.

In practice the two signals are often not identical.
Nevertheless the cosine term in the spectrum can be
separated. “Fig. 4" shows the cosine function after adding
two none identical but similar signals.

A gauge for the similarity of both signals is the height of
the standardized cross correlation function. In this case both
signals are similar with a value of 87 %.
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Fig. 4. Cosine oscillation disturbed by noise

The oscillation for al transit times is disturbed by noise.
The main task of signal processing is the detection of the
cosine term.

3. Practical applications

Besides the signal-to-noise ratio the bandwidth of the
time signals has a major influence on the determination of
the oscillation frequency. Practical examples for similar
signas with a low bandwidth are the ultrasonic
measurement results of streaming gas flow. Natural
structures occurring in streaming fluid modulate a sinusoidal
ultrasonic carrier signal in both amplitude and in phase. The

signals of two barriers downstream in a distance d are not
identically modulated because of the dissipation of the
structures. The modulation is only limited by a small
frequency band so the bandwidth of the demodulated signals
isvery low. In “Fig. 5" the absolute value of the spectrum of
both signals and of the added signals are shown.

x10°

‘Xd(j(’-’)‘ 3
[/ 2}

lmwmm
N M i
0

3

signal 1

ol signal 2

1
VA ol bbbt s

0

signal 1 + signal 2 |

200 400 600 800 1000  [H

Fig. 5. Spectrum of signals with alow bandwidth

The separated cosine oscillation for four different transit
times caused by different flow velocities is shown in
“Fig. 6".
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Fig. 6. Cosine oscillation disturbed by noise caused by two not
identical signals

The signals are strongly disturbed by noise so the
oscillation disappears after two consecutive periods. The
easiest way to determine the filtering of the time signal is by
calculating the auto-correlation function.. The auto-
correlation function leads to a cosine oscillation with much
less noise than the original time signal, Fig. 7”.

Especially in the case of low flow velocities success is
realized because there is still recognition of the cosine
oscillation after the occurrence of severa periods. But the
frequency of the oscillation can not be determined with
these signals
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Fig. 7. Cosine oscillation after filtering with autocorrelation
function

For further signal processing the spectrum of the filtrated
cosine oscillation is calculated, shownin “Fig. 8”.
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Fig. 8. Spectrum of the filtered cosine oscillation

In this case the noise level appears to be different for all
transit times because of the use of varied scales as shown in
the figure above. For all velocities the dominating frequency
can be clearly detected as a maximum value in the spectrum.

With the value of the dominating frequency in the
spectrum the transit time can be calculated. Another
possibility to determine the frequency of the cosine
oscillation is the measurement of the period. A digital filter
allows to pass a frequency range just around the dominating
frequency in the spectrum and minimizes noise in the
oscillation signal. The result is shown in “Fig. 9”. The cycle
duration corresponds with the first zero crossing of the first
derivative. With information about the period the frequency
can be calculated.
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Fig. 9. Filtrated signal with deviation

So there are two different possibilities to detect the
frequency of oscillation in the spectrum of the added
signals.

4, Conclusion

The results obtained have shown, that the addition of two
signals shifted by a transit time and the anaysis of the
spectrum is an aternative to cross-correlation measurement.
The spectrum is overlapped with a cosine oscillation. The
frequency value is directly related to the determined transit
time. Using a suitable filter technique the noise of the
oscillation can be reduced to nearly zero. By this method the
frequency and the transit time can be accurately calculated.

In practice the measurement signals are analogue and
have to be converted. Typical of the new method is that the
analogue digital conversion is limited to only one signal,
because the signals of both barriers can be added analogous.
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