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This paper presents a way of applying a phase loop system to the measure-
ment of the instantaneous frequency of a Doppler signal in ultrasonic systems.
This system was used to verify experimentally the dependence proposed by
ANGELSEN [1], connecting the instantaneous probability distribution of the
signal with its power spectrum. It presents measured results for two, laminar
and turbulent, flows, and also an example of the operation of the phase loop
system for a signal with a low signal to noise power ratio.

1. Introduction

The tendency to extend applications of ultrasonic flowmeters in medical
diagnosis has brought about developments in the methods of analyzing signals
they provide. Generally, it is assumed that a good mathematical description
of such a signal is the Gaussian stochastic process, which is gtationary for
stationary flows [1-3]. Full information on the properties of this process, i.e.,
also on those of the flow observed, is contained in the power spectrum or the
auto-correlation function of this process. Since, however, the spectral analysis
requires sophisticated equipment, it is still essential to carry on studies on the
possibilities of measuring the flow properties through the analysis of zero cros-
sings, or that of its instantaneous frequencies.

In 1976 SAINZ et al. published the results of their investigations on the use
of the phase loop system (PLL) to analyze a Doppler signal [7]. In the inter-
pretation of the results, however, no account was taken of the stochastic nature
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of the signal, thus, making it hardly convincing. Because of a lack of a theore-
tical description of the measured phenomenon, the conclusions are intuitive
in nature.

The present paper is devoted mainly to an experimental verification of a de-
pendence connecting the properties of the instantaneous frequencies of a signal
with its power spectrum. The instantaneous frequency of a signal is defined
by the time derivative of the instantaneous phase of the signal [1]. This depen-
dence was proposed by ANGELSEN in 1981; it permits the determination of
the mean value and standard deviation of the signal power spectrum from the
probability distribution of its instantaneous frequencies. The ratio between
these quantities, i.e. the ratio between the standard deviation of the power
spectrum and its mean frequency, is called the turbulence index — accepted
in medical diagnosis as the index of the degree of flow turbulence [4,5].

The dependence, proposed by ANGELSEN, between the parameters of the
signal power spectrum and the probability distribution of its instantaneous
frequencies is given by the formula

= % g
A T -

where p(w,) is the probability distribution of the instantaneous frequencies
of a signal, w, is the instantaneous frequency of a signal and @ is the mean fre-
quency in the power spectrum.

It follows from formula (1) that by knowing @ — the mean frequency in
the power spectrum, and o — the variance in the signal power spectrum, it
is possible to calculate p(w,), the probability distribution of the instantaneous
frequencies of this signal. Conversely, by knowing the distribution p(w,), the
values of @ and o? can be found. The dependencies permitting the determination
of these two parameters of the power spectrum have the following form:

B =w,; 0, = 0.6544,,,, (2)

where @, is the mean value of the instantaneous frequencies and 4,p,,, is the
distribution width of p(w,) at half its height.

From dependencies (1) and (2) an additional conclusion follows, that, if
they are valid, knowing the whole distribution p(w,), the only information on
the power spectrum of this signal which can be determined, from p(w,), are the
values of @ and o,, i.e. the mean value and the standard deviation of the power
speetrum. In turn, the shape of the power spectrum is not directly related to
that of the distribution p(w,). :

Dependence (1) was given in [1] without assumptions restricting its validity
range. However, a previous publication by ANGELSEN [2] contained dependen-
cies resembling formula (1), obtained for narrow-band signals, i.e. on the
assumption that the ratio ¢,/@ tended to zero.
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A further part of this paper gives a system permitting the measurement
of the instantaneous frequency of a signal and comparison between the theore-
tical dependencies given above and the measured results.

2. Construction principles of the system

Fig. 1 shows a schematic diagram of an impulse flowmeter where a phase
loop system (PLL) was used to measure the instantaneous frequency of a Dop-
pler signal.
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Fig. 1. A simplified schematic diagram of the impulse flowmeter with a (PLL) phase loop
system for the measurement of the instantaneous and mean frequencies of the Doppler
gignal. X,, X, — multiplying systems, § — summator, N — transmitter, ¥, — low-pass
filter after demodulation, F, — low — pass filter after sampling, Gw, — carrier frequency
generator, Gw, — generator of the centre frequency of the system VOO0, UP — sampling
and hold units, PD — phase detector, LPF, — low-pass filter in the PLL system, LPF, —

filter averaging the instantaneous frequency, V0O — voltage controlled oscillator u_:.(t)-.
u;' (t) — quadrature Doppler signals, w, — instantaneous frequency of Doppler signal,
; w, — mean frequency of Doppler gignal

The classical pulsed Doppler flowmeter demodulates, samples and filters
the high-frequency signal detected in two independent channels shifted in
phase by +90° or —90° depending on the flow direction. The two low-fre-
quency signals thus obtained, u, () and w, (t), called quadrature signals, are fed
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to the detector of instantaneous frequencies through a single side band modula-
tion system, consisting of the multiplying units X; and X,, and the sumator 8.
The task of this system is to shift the spectrum of the Doppler signal described
by u,(t) and u, () towards higher frequencies, while retaining information on
the flow direction. The new carrier frequency w, corresponds to the frequency
of the generator V(O at zero control voltage.

The phase loop system itself consists of three functional units: the phase
detector PD, the low-pass filter LPF, and the voltage controled oscillator VCO
with its frequeney depending on the control voltage. The principle of the opera-
tion of the system is also such control of the frequency of the generator V(0O
so that the phase difference between the input and the generated signals would
be constant. To that end, use is made of voltage in the direct proportion to
the phase difference between the input signal and the generator signal. This er-
ror signal generated by the phase detector PD, controls through the filter LDF,
the generator frequency in such a way as to minimize the deviations from the
static — equal to =/2 — phase difference between these signals. When the
instantaneous phase difference between the two signals does not exceed the
interval =/2+=/2, the system remains closed, i.e. the constant ecomponent
of the control voltage of the generator V(O corresponds to the frequency of
the input signal. To obtain and maintain the closed state, it is necessary to
match the parameters of the system to the properties of the input signal ob-
served.

3. Measurements

The purpose of the measurements was to compare the experimentally obta-
ined instantaneous frequency probability distributions with the theoretical
curves obtained from formula (1).

The quadrature Doppler signals, w,(t) and u, (¢), from the pulsed Doppler
flowmeter manufactured at the CNRS ER 248 Laboratory were recorded on
magnetic tape. The measurements were carried out for two stationary flows in
a rigid pipe with 16 mm internal diameter. The transducer diameter was 16 mm,
the sample volume was set on the flow axis. One of the flows investigated was
laminar with the Reynolds number Re = 700, and the other was turbulent
Re = 5000.

Fig. 2 shows a schematic diagram of the measurement system used to deter-
mine the probability distributions of the instantaneous frequency of the signal.
The quadrature Doppler signals, () and u, (), were fed to the instantaneous
frequency detector, based on a PLL system. The voltages occurring at the
output e, (Fig. 1) of this system were sampled by the A /D convertor at a fre-
quency of 50 kHz and introduced to the computer memory.
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Further signal processing was carried out in a software manner. The pro-
gramme elaborated by the authors analyzed successively the input data in
order to produce a histogram from them. Points on the instaneous frequency
axis, w,, correspond to the discrete voltages fed to the computer (Fig. 3). The
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Fig. 2. A schematic diagram of the measurement system for the calculation of a listogram
of the instantaneous frequencies of a Doppler signal
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Fig. 3. Probability distributions p of the instantaneous frequencies of a Doppler signal —
measured results (histogram), — — — — theoretical results, calculated from formula (1);
a — laminar flow (Re = 700), b — turbulent flow (Re = 5000)

y-axis describes the number of times the given voltage, representing the respec-
tive instantaneous frequency, occurred in the signal recorded. Each of these
values is divided by the total number of the samples analyzed so as to normalize
the distributions obtained. The histograms thus obtained were smoothed by
local averaging, i.e. each value of the original histogram was replaced by the
arithmetic mean of five values — the one currently calculated and the two
adjacent ones on both sides.

The measured curves shown in Fig. 3 were smoothed by using the method
presented above, three times in succession. In order to compare the theoretical
and measured curves, the x* statistical test was used. When the value of »2,
calculated as a function of the difference between the theoretical and measured
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curves, is less than a specific constant value, it can be accepted that the theore-
tical curve represents a correct description of the phenomenon, the observa-
tion of which was the basis for determining the measurement curve.

Table 1 represents a comparison of the calculated and theoretical »* values.

Table 1. x; values

#® values
Re = 700 | Re = 5000

without averag-
ing 301.12 201.65
2 calculated 1. averaged 153.12 164.36
2. averaged 145.69 161.77
3. averaged 141.30 164.17
#? theoretical »* at 59 confidence level
101.67 101.67

4. Discussion and results

The following conclusions result from the comparison presented above:

1. A sharp statistical test, at a confidence level of 59, refutes the hypo-
thesis that the measured distribution is the same as the calculated one, although
both the curves and the elose values of »? between the theoretical and measured
ones, indicate that the differences are not too large. In addition, it should be
noted that for a narrower signal spectrum theory agrees better with practice.

2. The necessity of averaging the measured histogram indicates that such
an estimation of probability distribution of instantaneous frequencies is slowly
convergent. Each of the histograms presented (Fig. 3, Table 1), is the result
of calculations for 8000 measurement points.

In practical implementation, one should count on gathering about 20 x10~%s
50 x10® Hz = 1000 measurement points over 20 ms, at a sampling frequency
of 50 kHz. A higher sampling frequency is not justified. Therefore, it should
be surmised that, in order to obtain good estimation of the mean value and
the instantaneous frequency probability distribution width, it would be neces-
sary to average results over a few cardiac cycles. The x® test results shown
in Table 1 show that it is very interesting to use local histogram averaging.
Perhaps, this operation can to a large extent replace averaging results for suc-
cessive cardiac cyecles, although the lack of theoretical elaborations makes it
difficult to draw motivated conclusions here.

3. By comparing the features of the phase loop system with a classical detec-
tor of zero crossings, it is indicated that it has the following advantages:
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— better performance at low signal to noise ratios, as illustrated by Fig. 4;
— when applied to the analysis of the flow nature, the phase loop permits
the measurement of the. parameters of the signal which are related directly
to its spectrum by relations (1) and (2), and ensures greater stability of the results
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Fig. 4. Measurement of the blood flow velocity in the arm artery at low signal to noise power
ratio. @ — instantaneous signal frequency (PLL), b — mean signal frequency (PLL), ¢ — fre-
quency measurement by means of a classical detector of zero crossings

obtained, since it permits calculations over a large and constant number of
measurement points (of the order of 1000 per 20 ms).

4. A drawback of the PLL system is a slightly greater complication
of the electronic system and of the adjustment process. Also, the fact that
the required input information is quadrature Doppler signals offers difficulties
in applying the present system to bidirectional flowmeters. For the use of a
phase loop system to a device with separate flow directions would require the
formation of additional quadrature components for each of the flow directions.

Despite these difficulties, the phase loop system can be applied in Doppler
diagnostic equipment, in particular where the measurement of flow perturba-
tions is significant or where the signal to noise ratio is low.
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