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Summarz.

The received signal of a doppler flowmeter using continuous
ultrasound may contain positive and negative frequency shifts.
In many cases positive frequency shifts can be related to
arterial blood flow, while negative shifts are related to
venous Tlow. However if the arterial flow becomes negative
during the cardiac cycle, this is true to a certain extent.
This report deals with a simple solution to separate the
positive and negative spectra of the doppler signal, The
determination of the average frequency of the positive and
negative spectra is done in a well known way (ref. 1,
.Appendix A). However, in order to make the interpretation

of the registrations easier, a multiplicand, depending upon
the ratio of the powers of positive and negative spectra, is
added.
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1. Introduction.

Measuring the blood flow in arteries and veins by means of
ultrasound using the doppler frequency shift principle is a
method which is harmless and confortable to the patient.
This is one of the main reasons why many technicians exert
themselves to the utmost to design apparatus that can derive

this flow from the received doppler signals.

If one knows the cross-section of the vessel and the
average velocity of the blood in this cross-section, the
flow is given by the product of these. Flow, cross-section

and average velocity are time-dependent.

Determination of the cross-section is possible by means of
pulsed ultrasound echoing, but this problem will not be
dealt with in this report. The average velocity can be

measured using continuous ultrasound.

The principle that underlies this velocity measurement is
as follows (fig. 1). A beam of ultrasound, generated by a
piezo-electrical transducer, which is in resonance, is sent
in the direction of the blood vessel. Moving particles,
which are suspended in the blood, (erytrocytes) scatter
the ultrasound in all directions. Because of the motion of
the particles, the original frequency of the ultrasound is

changed.

This frequency change is dependent upon the original frequency,
the velocity of the particle and upen the direction in whiech the
sound is scattered. A small amount of this scattered sound
excites the receiving transducer, which converts this

mechanical signal into an electrical one, The radial frequency
shift, with respect to the radial frequency of the transmitted

signal can be expressed as:

Aw = wrw, = ?.v,(casa&+cos ﬁ) (rer. 1) (1)

(for the definition of the characters, see the list of

symbols at page 25 ).



Because of the velocity profile in the bloodvessel, the
particles have different velocities and the received signal
contains a spectrum of radial frequencies. A well known way
to process the received signal in order to get an output
proportional to the average blood velocity, is the zero-
crossing method, which is cheap and reliable from the point
of view of instrumentation. However this method results in

a calibration factor dependent on the velocity profile,.

An elegant seolution is given by ir. Arts (ref. 1), who makes
use of analogue computing techniques to calculate the

average radial frequency shift as given by the expression:

dum.x
M{ av. Flaw). dfaw) (2)

4&3/ h;gﬂﬁud.dfdhﬂ

(L

DWoyerage =

In his report he proves that the average frequency shift
is proportional to average blood velocity, independent of

the velocity profile.

All moving particles, which are in the cross-volume of the
transmitter and receiver beam contribute to the signal at the
input of the receiver. This means that only the bloodvessel
of which the flow has to be messured may be in this cross-
volume., This condition cannot be fulfilled in all cases,
which has two reasons:

a) The surface of the transducers is a semicircle with a
radius of some five wm. This means that the volume of
intersection of the transmitter and receiver beam is
quite large.

b) In many cases, especially in the limbs, arteries are

flanked by veins.

If the wanted bloodvessel cannot be '"picked out" by positioming
the transducers, much can be done in an electronical way. Then,

use is made of the fact that generally the flow of blood in



artery and vein has opposite directions, thus causing

opposite frequency shifts.

In this report a method is described to separate these
opposed frequency shifts. Some difficulties arise if the
direction of arterial blood flow changes sign during the
cardiac cycle. In that case separation of positive and
negative frequency shifts does not correspond to the
separation of arterial and venous flow. In order to make
the reading of the results in this case easier, a multi-

Plicand is introduced.



2. freneral theoretical considerations,

The receiving transducer cannot distinguish between the
signals of arteries and those of veins. Thus, schematically,
all vessels, in parallel, in the cross-volume of transmitter

and receiver beam can be regarded as being just one (fig. 2).

In reference 1 it is proved that in certain conditions the
average radial frequency-shift is related to the average

velocity as:

Awwa%(wsoc-rcos pR). v, (3)
in which:
N
/
Voo, = T‘Z, v; (%)

The electronic equipment built by Arts and tested by Weys

(ref. 3) determines the average radial frequency shift, given
by equation (3). This means that if one is interested in the
velocity of the blecod in an artery, the output of the apparatus
may be influenced by the velocity of the blood in a vein (fig.3).
The processing of the signel in this situation (simplified, as
only two frequency components are assumed) is given in

appendix A, If A £ O (equation 18), which means that there

is a venous flow, the qutput is not equal tow which is

daz2’
caused by the arterial flow.

Equation (h) can be separated into four parts:

f No¢ Na- Nvf f- (5)
Vou. = N .25 v, + V. + vV, + v
e ¢ (=2 ° =17 TR
in which

N = AL++-NL_+ NL'+ N

£ Ve



We are interested in the value of

N N
1 at [ (6)
Vw.a, = N - Na- } Z v, + Z VJ' }
Qs+ £s 7 Jin?

which can be achieved by the apparatus of Arts, only if

N as well as N in (5) are zero.
v+ V-~

Separation of upper and lower freguency spectra gives a

way to separate some terms of equation (5)., If this is done
and the average radial frequency of each spectrum is
determined in the way described in appendix A, the measured

average velocity becomes:

Nao Nya (73)
VM+=N’+N {Z".*ZV}

a+ v+ Lwt xXo?

1 ZN“' Ny- } (7b)
V. . -—{ v, S v
ov - N, + L
a- Nv- J':! 4 -f:’
If N and N, are zero at any time, the average velocities

v+
of arterial (7a) and venous (7b) flow are obtained (fig. L),

Normally the flow in a vein is always negative and moreover

stationary, so N =0, N = N .
v+ V- v

In peripheral arteries the flow is always positive, so Na
will be zero at any time too. In these cases the discrimination
between aterial and venous velocities can be acheived by

separation of the upper and lower spectra.

However there are also arteries (e.g. aorta) which have a
negative flow during a part of the cardiac cycle. For such a
situation the discrinination between arterial and venous

velocities cannot be made as described before.

To analyse this situation, we have to split up a period of

the cardiac cycle into two parts:



—T1, the time that the arterial flow is positive.
—T2, the time that this flow is negative.
The assumption that changing the direction of the flow in
an artery includes zero velocity of all particles at the
same moment results in: (fig. 5)
a) during T1; N = Na and Na— = 0. Expression (7) can be

a+
simplified to:

I Mo
VM+ = Va* = E ‘.Za’ V‘: . (Sa)
L
!
Vool =V, = W 2 v
A=t .
b) during T,; N,, = 0 and N__ = N_. Expression (7) can be
simplified to:
. Ny g N,
¥ ]
v = v +v = vV, + v
o - a- v- N,+N, J,Za’ J N Nv ;, A

These measured values Vav+ and Vav— may vary during the
cardiac cycle, as given in fig. 6. From formula (8a)it is
clear that during the period T1, when arterial flow is
positive, the system determines the real average velocities,
pPresent in artery and vein. However expression (8b) shows
that during the period T2 the measured average velocity in
the artery Vi (the time dependent part of ‘[av- in fig. 6)
as well as the measured average velocity in the vein Vé_,
is too low. The measured values need a correction multi-
plicand (Na+Nv]/Na resp.(Na+N‘va in this period in order to

get the real average velocities:

1 g .’_Z
ﬂ.--NJZ + vv-.Nv v'e

a



As the interpretation of a registration as given in fig. 6
is difficult and wmoreover a system that needs a correction
multiplicand during a certain time T2 is inelegant, the
averaging system is changed in such a way that the

measured values during the whole cardiac cycle are:

Na
VMH-=Va+= N.*N, zg v
¢=t (9)

-
+ e 3

N, 1
Vnu- = N“*N Z l,j + N +N

v j=1 o v Aaf

-
-

A probable output of such a system is given in fig. 7. In
the following chapters a description is given of a system
in which:

a) The upper and lower doppler spectra are separated.,

,

!
b) The values V;U+ and Va”_ are determined.
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3. Separation of the positive and negative spectira.

This separation can be done in three different ways, i.e.

a)

3.1,

By use of two bandpass filters, which have their pass-
band on opposite sides of f_ (fig. 8a).

In order to get a reasonable separation of the channels
the roll-off at frequency fo + fmin must be very
precipitous, which is hardly achievable for the given
values of fo and fmin' Moreover the frequency fo’

which depends upon the resonance frequency of the
transducers, may not be changed in such a system. The
generator, that drives the transducer must be stable

at 1070,

(£, = 5x106 hz —= af = 107° 6

x 5x10° hz = 50 hz).

By use of an intermediate mixing frequency and bandpass

filtering at a lower frequency level (fig. 8b).

In this case the received signal is mixed with a signal
of a fregquency fo + fint (fint is about 20 kHz). The
lower sideband of the mixed signal passes through two
bandpass filtevrs. The result is a separation of the two
spectra. Another mixing with a signal of the intermediate
frequency is necessary to shift each sideband from around
f=finttof-=0.

This system does not make high demands upon the bandpass
filters, which can now be designed on opposite sides of
the intermediate frequency. However the penalty is the
need for an extra step of demodulation, two bandpass

filters and an extra signal generator of relatively low
stability (2.5 x 10'3).

By use of an active phase shifting network.

This method which is used in the final apparatus will

be explained more in detail in paragraph 3.1.

Demodulation and separation of the two spectra of the

doppler signal by the phase-shifting method

Figure 9 shows a simplified block-diagram of the system.

Its operation will be explained with the help of the signal
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Sh(l-) = Acos (""o""’oh)t + Bcos (Uo"'""dg,)“"

The first term is due to particles moving in the negative
direction,

the opposite direction. Demodulation of the signal by

C cosﬁaot+Q) and C cos(u%t+?+dp) respectively gives:
1]
S, =

ey

[ cos (10 - )t +9) + cos (-t -0) } ¢

+

SRR

[C.o_s ((2war wy )t +9) cos( gyt -y)f .

Sy

Ac .

2 { sinf(2w,-wy, )t +prag) - sm(-ud,é—q:-ago)} *
8¢

'z

+

J.s:'n((zuo-rudz)t f?*d?)‘.S;h(wdzf—- P - A?)}

Low-pass filters suppress the unwanted modulation products,
thus

AC Bc
5d1 = g cos(w,treg)r T cos(wyt-g).

Ac B¢
Sd:. = 3 ,.s.r'n(wdfr': +gp+¢:\g:)— ‘{.S.-'n(udaé ~p-a@).

These signals are subjected to circuits that give a phase

shift of ¥ and § radians over a defined frequency range,
This results in

Ac Bc
S ) )

sy 2 cos(ud‘,é H;D--)’) + Cos(ud‘é—go-))

A Bc .
Ses s = 35 sin(wy, b +prap-8)="g sin(w bt -p-ap-5)

In order to obtain the separated spectra,

these signhals
are added and subtracted.

the second part arises from particles moving in
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AC
Sa,z S,,.pS,,‘s = ?{él'n (udltd-?-r-r ’73) + sin(ud,é ,-99“;9,-8)},.

~|R

-~

Ssin(wdzt—;a-x-*%)- sin(udzé-qa-a;a-é')}

= QC{cos ‘f**jég‘m?*é' . sin (e tipe “"’%2*4¢“5)}+

¥+ Thengss ¥+ h-ap-5

similar:

Y+l sp: feT e s
S.S = AC [s;n _X*—;:AH_{ . c°s(ud’£ ,g?,. d+ 2.2+447 5)}4_

For §-Y=Th+at we find:

S“= RC cos ( Tz_f- M) sin (‘v‘d,t"?* -—zY-Az'f’+a¢) .

+ BC sim ( L/ AELM) _1_)’-A99-4*) )

“’5(‘"4;" - Z

. —a¥
Sg= Ac sin (T 2082AT). cos ((wo b rpe 227277 )+

+ BC cos(Th+ AR2ATY 2 rap-aty

s:]n(udzt -p+

If A@+A¥Y - -agp+a¥
£ 2

then the expressions of Sa and SS

can be reduced to:

Sa_= B¢ cos(udlé-y_y) | (10)

SS-_-F?C, cos(ud,é-o-gp-r) (11)

The ultimate result is that the positive spectrum (“',62)
appears at the output of the adder, and the negative spectrum

(lwd1) at the output of the substrator.
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Conditions to this are:

a) Agp as well as AY must be zero. This means that the de-
modﬁlating carriers must have a phase-~shift of 90°
( AP = o).
The difference in phase~-shift of the two networks
must be 90° ( AY = o).

b) The phase-shift (§ - ¥ ) must be 90° for all the
regarded frequencies.

c) The demodulating carriers must have equal amplitudes.

d) If filters are used in the two channels, their amplitude
as well as their phase characteristics must be equal.
Figure 10 iilustrates the case that all these require-

ments are satisfied.

3.2. A figure of merit of the separation of the spectra.

If the two branches of the system, drawn in fig. 9 contain
parts, which have different phase and/or amplitude
characteristics there will be "cross-talk" in the separated
spectra+ A simple calculation, that can be explained from
the diagram in fig. 11, gives scome figures about the guality

of separation.

The diagram shows the worst case of a doppler signal of just
one (negative) frequency, Sd1' Spsx is the signal of the
upper branch of the system. The phase and amplitude of Sd1
are used as references. Differences in amplification and
phase shift in the corresponding parts of upper and lower

branches are considered.

The total error of the phase u!?tot) is the sum of errors
of the demodulators, bandpass filters and phase shifting

networks { and & . In the same way A amplitude . is the

result of errors in amplification factors of those circuits.

S

The amount of "cross-talk" is defined as: Ct = ——gé——-x 100%.

The dependency of C, on Ap,. .. and A amplitude

t tot
is given in fig. 12, This calculation is done in the case
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that the signal contains just one frequency; in reality Ct
is a function of the frequency. The output of the processing
part of the system, determining the average frequencies of
the spectra, appearing at the adder and the subtractor, is
independent of the amplitude (power) of the signals (see
apppendix A), so the separation of the channels must be
perfect. In the case of having just positive doppler
frequency shifts, a small "cross-talk" from the positive
to the negative spectrum causes a considerable output
voltage at the negative channel. The introduction of the
multiplicand, which is depéndent on the relative values of
the powers of the negative and positive spectra bypasses

this inconvenience.

Measurements of the two realised bandpass filters show a
phase difference < 1 degree. The phase error after de-
modulation is of the same order. Because of these values the
circuits that provide the ¥ and & phase-shifts are designed
in such a way that the deviation of the desired value

(§ -¥=T/2) is less than one degree,.

3.3. The networks that give the phase-shift X and S.

The demands made upon the circuits , that provide the phase

shift § and § are:

a) The difference § - ¥ has to be 90°, as good as possible,
in the desired frequency range.

b) The amplification must be constant in that frequency

range.

The frequency shifts, which are in the doppler spectra,
positive as well as negative, are dependent upon the

velocities of the erytrocytes in the following way:

(12)

Aws= w-w, = ‘_‘_;g_v_ (Cosw+c::s[3)_

The used values are:

Voax = 'm/sec, £ = 5 MHz, 150° < a =8 > 120°

and

3

c =1,5 x 100 m/sec.
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The maximum frequency-shift and so the maximum frequency

in the demodulated signal is thus 6000 Hz. ‘The moving arterial
walls, the cross-talk of the crystals and the reflections at
the surface of the skin introduce unwanted signals, which
limit the usable doppler spectrum to a lowest frequency of

150 he=z.

A way to calculate the poles and zeros of a network that

gives a certain phase-shift is given by Prof.dr. J.J. Zaalberg
van Zelst (ref. 2). A method to achieve a phase-shift of 45°
with an accuracy better than 20! in the frequency range of

150 - 6000 hz irrespective of a constant amplitude charac-

teristic is given in appendix B,

We used the results of this calculation to evaluate two
networks which have a phase difference of 90 degrees and

constant amplitude characteristics.

The poles and zeros of the calculated network are at the
negative real axis of the complex freguency plane. In order
to achieve a constant amplification in the desired frequency
range we have to add poles and zeros on the positive real
axis (fig. 13a). This must be done in such a way that each
positive pole (zero) corresponds to a negative zero (pole}.
The added poles and zeros on the positive real axis double
the phase-shift, which becomes 90°, The transfer function

of such a network becomes

3
HaH, J] 1*PcP . P-Px (see appendix B). (13)
K=t Pt Py I-pep

The poles on the positive real axis will introduce in-

stabilities in the circuit. This result shows that the
realisation of one stable circuit, giving a constant phase
shift of 90 degrees over the freguency range is impossible.

However this gives rise to another instrumentation method,

Starting from fig. 13a one might split up the poles and
zeros of formula (13) as shown in fig. 13b and fig. 13c.
The system represented by the zeros and poles in fig. 13b
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is stable, has a constant amplification, and gives a phase
shift § (w). Fig. 13¢c represents an unstable system, having

a constant amplification and a phase-shift 90°- § (w).
Changing poles (zeros) to Zeros (poles) in fig. 13c, results
in a stable system (fig. 13d) with a constant amplification
and a phase-shift S(uﬂ—90° = !’Gu). For a signal supplied to
both inputs of the systems represented by fig. 13b and fig.
13d, the outputs will have a phase difference of 90°,

In order to check whether the calculated poles and zeros

(appendix B) result in the desired phase-~-shift, their values
are used as data to a computer program, that calculates this
shift in the desired frequency range. The result is given in

figure 14.

3.4. Tmplementation of the networks

A simple network, that has a negative pole and a positive
zero on the real axis, symmetrical around the origin is a
series connection of a capacitor and a resistor, which are
fed with opposed voltages (fig. 15a). The actual hardware
circuit implementation is given in fig. 15b. Three of these
circuits are connected in series to perform the system of
fig. 13b or fig. 13d; another one is added to achieve a low

output impedance.

The result, & - ¥ , is measured and given in fig. 14. The
deviation of this to the calculated value is due td the
érrors in the actual time constants, which have to be
realised by selected resistors and capacitors. The result
is:

8 -¥ = 90% ¥ 52l

which is slightly worse, than we expected. : - 1
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4, The signal processing part of the system.

As derived before, the developed system has to measure:

) 1 N“
Veos = N,+N, Z Vi (9)
=1
V“_’ #-N { # VJ}
i=1

The values Vm;+ and V,,  are time dependent. It can be seen
that if the dirﬁction of arterial flow changes sign the
value 14N +NV)2 — v ; disappears from the one output (V
and moves to the other output as 1AN +N§)2:f

J=

Because of the fact that in the system the

)

V4

multiplicand 1/(Na+Nv) is saved during this move, the outputs

can be interpreted in a nicer way.

Equation (3) gives the relation between Aw _ and Vi, . By
introducing the multiplicand 1/(Na+Nv) the "average value "

of each spectrum is now defined as:
AW, C*‘d)
Aw (+_)_ / aw (+,-). §(Au +-) d(aw) (13)
a .-..mf") mux(‘
/ #(aw,+) dlaw) + / Flaw,-) diaw)

A block-diagram of the system determining this value is given
in fig. 16. The first part gives the demodulation and
separation of the doppler sidebands. For this system we

will analyse the processing of a signal that contains two
frequency components, one in each sideband.

10
Sa= BC cos (wyt-p-¥) (10)

11
‘ Ss = AC cos(umt +q:-)') (11)
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The signal of which the total power is derived is:

Ac B¢

Sdf" z co.s(ud’é‘i-(?) + 3 cos(wdzé—q’)- (11")

Differentiation of the positive spectrum yields:

Sd = ~wy, BC sm (""dzt -90-:)

The signal Sd‘l gets a phase-shift of & radians, thus

AcC Bc
SK = 37 cos(umt +;¢~—-5) * 3 Cos(udzf-?-ﬁ)
The numerator of the divider in the positive channel is

found by taking the D.C. component after the multiplication

of Sdp and SK.

2

' ABC [ . .
SdP‘Sn = gy {'5”’ (g * @iy ) € ~¥-8) + sin ((way -y, )t

H
a%?

..39,_{...5')}-“‘“ 7 {sin(gudzt-q;-x-q:-cf)f-sin({-()}.

So for the numerator of the positive channel we find

a%* sc’ |
V() e B (1) @ e 09

The denominator of the divider is found by taking the D.C.
component of the sguare of SK:

12 2.1
2 AcC 8¢
SK =g { 1-cos 2("“’61&*?_8)} T8 {1-casz(wdzé-q’-6)}+

2
ABC
+ “F | cos ((“’m““’az)é -28 )+ cos ({(“ors— Vas ) ¢ +zq>)} ,

F 4
n'c Bt
D = a + 8

This results in

1
V(Y= T T TR 2 wn FE R Ev ()

similar

O TP
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5. Remarks on the electronic instrumentation and measuring

equipment.

5.1. Electronic instrumentation.

A description of the main parts will be given with the help
of fig. 16. The signal of the receiving transducer is
amplified (L 103) and fed into the modulators (MC 1596).

By means of passive RC circuits the modulating carriers

are derived from the signal of the generator. Because of
the frequency dependency of their amplitudes, these carrier
signals have to be large enough to insure demodulation by
means of h.f. switching, which is independent of those
amplitudes. This is necessary to obtain a sufficient

separation of the doppler sidebands (see chapter 3).

After demodulation, these signals are filtered by two band-
pass filters, which have a passband of 320 - 10.000 hz
(2 x pyA 709) and a gain of 40 dB.

The active phase-shifting networks have been described
extensively in chapter 3.3. The resulting signals are added
and subtracted with the aid of two operational amplifiers

(pA 709), which have a gain of 12 dB.

The gains of the active phase-shifting networks have such
values that the amplitude of the spectrum of the denominator
is twice the amplitude of the numerator. This is the most
favourable ratio with respect to the signal processing part
of the system. This part is described in detail by Weys in

his report, to which we refer (ref. 3).

5.2, Measuring equipment.

In a test setup Two bloodvessels are simulated by latex tubes,
which have thin walls. One of these tubes is in a fixed
position. the position of the other can be changed (fig.17).
The whole satup is placed in water to provide a medium, which

has low acoustical losses between the transmitter (receiver)
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crystal and the latex tubes. Small latex spheres of the
size of erytrocytes, suspended in water is an acceptable
simulator of blood. During the measurements the actual
flow is measured with an electromagnetic flowmeter.

(Transflow 600 - Skalar instruments.)
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6. Measured results.

a)

Calibration of the two channels.

Anh.f. generator that can supply a very small voltage
(some pVeff) is connected to the input of the apparatus.
The differential frequency between this generator and
the one that provides the demodulating carriers is
controlled so, as to obtain both doppler sidebands

(fig. 18). The linearity of the system for one Ffrequency

at a time (Vo versus Af) is nice and the sideband

ut
separation is sufficient up to 6000 hz.

Stationary flow in one vessel.

In this case the laminary flow produces a spectrum of
frequencies. The output of the apparatus gives the real
average frequency of this spectrum {(fig. 19). A numerical

check of the sensitivity is as follows:

é
£ .14 X 10
A(dfw)/av”-.- 2 (cesouusp) s e xso? (,707 +.707) = 48.9 lyz/c»-/:cc,
The diagram of fig. 18 gives Avout/a (Afav) = 2.3 V/khsz,
thus theoretically

aV,,, /a(af,,) x a(af,,)/av,, = aVu/av,, = 11 V/em[sec.

The slope of the line in fig. 19 is .11 V/cm/sec.

It should be noticed that this line does not cross the
origin. This is a conseguence of the bandpass filfers.
Because of the loss of the lowest frequencies, the

measured valueAfa is slightly more than the real af,,

v

¢) Varying flow in one vessel.

If the direction of flow is made alternating, the output

Var

and vice versa (fig. 20).

jumps from the positive output to the negative one



d)

-22-

Stationary flow in the vein, pulsatile flow in the

artery.

The output of both channels is given in fig. 21. It
can be seen that the contribution of arterial flow
moves from the one output to the other and keeps the
same scale. This is a result of the introduction of

the multiplicand described in chapter 2 (equation 9).

The average velocity of the blood in the radial artery.

The transducers were placed upon the wrist in such a
position that no signal was picked up from the adjacent
vein (checked by the signal at the output of the sub-
tractor). The velocity of the blood in the radial artery
appeared to be positive during all the cardiac cycle
(fig. 22).
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7. Conclusions and suggestions.

In the realised system that uses continuous ultrasound to
determine momentaneously the average velocity of blood in
a bloodvessel, the signals, coming from two different
vessels can be separated under certain conditions.
Separation of the upper and lower sidebands and so
separation of positive and negative velocities, does not
correspond to separation of signals coming from artery

and vein. This is merely a separation in space.

If the received signal is caused by arterial as well as
venous flow, we can take advantage of the fact that in all
cases the bloodfiow in a vein is stationary and has a
negative sign. The realised apparatus can be used to
position the crystals in such a way that no venous signals
are picked up. This can be done by controlling the murmer
that can be heard in a loudspeaker, connected to the output
of the subtractor. If there is no constant murmer left the
output is due to arterial flow. If this fails there Temain
two possibilities:

a) The arterial bloodflow becomes positive and negative

during the cardiac cycle.

The output of the two channels cannot be used to
calculate the flow in artery and vein. (flow = average
velocity x cross-section.)} For this case a special
weighting factor is introduced to make the cutputs useful
for visual assessment of the bloodflow. If we compare
equations(t6/17)and (18 )} we see that the output of the old
system {(Arts) is divided into two parts in our system

(fig. 23).

A suggestion to use the outputs to calculate the flow

in the artery and the vein way be:

The real velocity in the artery during T}
No
N“.f Nv . 1 Z V': _
N,  No*N

v =21

and
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the velocity in the vein during T1 is

Ny
_ﬁifhc . ! ZE ,
N, Ms*Ny L= 4

The cross-section of the artery is K
of the vein K

x N and the one
1 a

5 X Nv' If the haematocrit is equal in

artery and vein, then K1 = K2 = K. Thus the flow in
the artery becomes:

Flow in artery during T, is

N, N,

K\V..\T V(4.

flow in vein during T1 is

and

N, +Nv

kN % c Vo (4

If the parts due to arterial and venous flow can be

separated by visual or other means (e.g. suppose a

constant flow in the vein, which has the value of Vout(_)
at the beginning of T2) the foregoing is also true during
Tzl

considered as being a flow, rather than a velocity, but

This means that the output of the apparatus can be

one has to calibrate the outputs to obtain the value
of K.(Na + Nv).

The arterial bloodflow is positive during the whole

cardiac cycle.

In this case separation of the doppler spectra corresponds
with the separation of arterial and venous flow. The out-
put of the adder (positive spectrum) must be processed in
the same way as done in the old system to get V,, of the
artery. Our system can easy be changed to do this. A phase
shifting network (¥) and some switches should be added to

cancel the 90° phase-shift introduced by the differentiation.

It is shown that in the ma jority of the probable occurring
arterial and venous flows, the average value of the

velocity can be calculated.
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List of symbols.

aw

# (aw)

Al mox

min

« (@)

av

N N
Na+ (N;-)

N, (M)

av O

Va»v+ (VN-)

AFQ.I)
K K, K

radial frequency of emitted signal.
velocity of ultrasound in blood.
velocity of particles or ligquid.
radial frequency-shift,

power density spectrum.

highest radial frequency-shift.
lowest radial frequency-shift.
angle between velocity of the particle and
emitter (receiver).

average.

total number of partfmles.

total number of particles in the artervy,

moving in the positive {(negative) direction.

total number of particles in the vein,

moving in the positive {negative) direction.
average velocity of particles in the artery.

average velocity of all particles moving in

the positive (negative) direction.
average frequency-shift.
constants.

lowest radial frequency for which the phase
shifting network gives a phase-shift of 45°,

highest radial frequency for which the phase

shifting network gives a phase-shift of 45°,

All other characters are explained or defined in the text

or in the figures.
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Appendix A,

Determination of the average frequency of the synchronous
detected doppler spectrum by the system developed by
ir. Arts (ref. 1).

Fig. 24 gives a simplified block diagram of the system. We
shall consider the processing of a signal that contains

just two sinusoidal components.

F[l') = A cos {(uo— d')t +¢;} + Beos {(“"a' Ly, ) & -H&}

The first term represents a negative frequency shift and the
second term a positive one. After demodulation and bandpass

filtering the two signals S1 and 82 are:

.
T sin (wyt-9,) -
S, - zﬁ cos(wd'é -q;) +

1f differentiated and multiplied by 82’ the signal of the

numerator becomes:

E) 2
r A
5 =7 Wy, {1 + cos 2(wd,l’—tp,)} - % Woig {1+cos.‘2(udz£' +sz)}+
(o]
* & (“ar ) [ os (i reun)t +04-3) +

+ COS ([ Woty- iy, ) ¢ +qifqg)}.

The quadratic form of 82 is

’ Ha Rt
S,_ = g {ncos z(9d1é-qg)f+ Y {HCosz(udzé*%)}f-
A8
+ g COS((UH’waHh)é -PrH) >
sces Qoprm i)t -9-32)
After lowpass filtering and division of numerator by de-

nominator the output signal becomes:

-szdi '!'Blh)dz (18) ’
out = - FEYE
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In the case of non-sinusoidal signals with a power density
spectrmmlffkﬂ, the fourier components can be treated

likewise., This results in

2
%uf = _a%w n‘: ey which corresponds to

2

T P

/aumﬁ‘

aw . .ol (ae)
- _Aunn'n E(Aw) ( (19)
out ~ B LIy 0 3¢ ]
// F(aw). d(aw)
AWy

Remarks:

In the apparatus, the sign of Vo is changed. During the

processing the sign of the direcz:on of flow is saved, for
¢h1 which has a negative sign (18) corresponds to a negative
frequency-shift, which corresponds in its turn to flow of
blood in the negative direction. V is independent of the

out
total amount of energy, but depends merely on the shape of

B(ew).
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Appendix B.

Calculation of a network that gives a phase shift of 45° in
the frequency range of 150-6000 hz (ref. 2).

The general expression for the transfer function of the

chosen network is:

“ 1 +P.,.P
H=H° :’3‘ Wﬂ, wherc H°= /H(“’a)l »
.P= ‘%‘: and w, =

“%nb,'“%wax'
The poles and zeros of the network are chosen in such a way
that to every pole -pyw, & zero —u%/pK corresponds.

It can simply be understood that the accuracy of the
desired phase-shift in the given frequency range is a
function of the number of terms in the expression of H. Our
choice of n=3 gives a maximum deviation of 20!'. For w = xw)

the transfer function changes into

Held THiRx Tripx  1+jpX (20)
° Jxep, T jxrp, < IX+R
The phase @, .of each factor 1+JprAbx+pK)satlsf1es
2
Rl-71  2x

tan ¢k 2Pk x2+7

2
If (P "=Wapy
shift satisfies

n

Yy and (x2+1y2x = y then the overall phase

tan g < bon (gogeq)e (290 0) ¢ — 4t o By =D
¥olppriprtn)y 37 -Fy

In the defined fregquency range of 150-6000 hz the value of

the phase will vary slightly, thus

< By-P
tan l,'em-" = 7"'8#’ X ‘tan Prax -

This can be rewritten as

a, z+0~3 tan @ ax

4 - £ 187 Fimax
?-'f-a,? - L(S (Q‘?J = tar Powrin Q

N

in which
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Q= P:/“"” Provin + = ‘Rz » Gy = _g/h’” Posin

The frequency range can be defined in y as follows:

2
Doein & < “imax LoxXT+T
5= 2 x L ZAx whereas ¢= "3x
thus
’ < < UM&! * UM;’! = (22)
~ 'j’ -~ 2 W, }mwx

The problem is to find the proper value of 3, a, and 33. In

reference 2 a solution is given with the aid of the para-

meter a:

afar2
%“ = a\/?‘{-:-,—) in which a>»? (23)
Q: ton ?mﬂ! - a+2 Qa a;f) (21‘)
ton Ppin 2at? I/ 2a+

U (Q' )= tan @y ax .(zan) 302 +a’ (25)
2NN G g, T yTealaray

With the aid of the theoretical background the numerical

solution can be found in the following way:

a) w and w —_— Y
max m m

in ax
b) ¥ max —> 28 DY ea. (23)
c) a —=Q. By linearisation of tan @ around @= 45°, the

value of tan @ . and tan @ can be found.
min max
d) a, Q—>a,, a,, 2., by eq. (25).
e) ays @y, 84, tan @ . —=P,, P,, Py’ by eq. (21).

) Py, P,, Py —=Y¥,s V,» V4. The values of y,, y, and y,

are fTound as the rcots of equation

3 2 _
v —P,,y +P2y-P3...O.

l/z
g) Y41 Yp» Yg=—=Py» Pps Py bY P = vg Hfvg + 1.
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This all gives us three poles and zeros; namely
a pole —» —pK uo

a zero —e - wo/pK in which K = 1,2,3.

The numerical treatment is done by digital computer. Fig. 25
gives the solution of UB(Q’Y) and the values of the poles

and zeros are:

poles: 243512866 . 10"%

259164010 . 1077
LA34642086. . 10

Zeros: .115578178 ., 10
.108598309 . 103
647539071 . 1072
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