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ABSTRACT

RANDOM SIGNAL ULTRASONIC
BLOOD FLOW DETECTION

By
Frank Saggio III

Although conventional pulsed or continuous ultra-
sonic Doppler systems are used for transcutaneous blood
flow detection with considerable success, it is found that
these systems are severely limited by signal-to-noise
ratio problems; particularly when used on deep-lying vessels
such as the superior vena cava, or on patients with emphy-
sema where good signals are difficult to obtain‘.l In
addition, because of the periodic nature of these conventional
signals, ambiguities in target range or blood velocity
measurement may occur even when examining periphereal vessels.

The objective of this thesis is to propose and exam-
ine concepts which will improve thg performance of ultrasonic
blood flow sensing systems.

A random signal ultrasonic system is described which
uses a digital correlator and several bandpass filters to
extract the target range and velocity information. A model
of the random signal system is presented and analyzed to

give the basic equations describing the system. Longitudinal
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range and velocity resolution are shown to be independently
controllable. The performance capabilities of the random
signal system are compared to those of a conventional pulsed
system.

An experimental random signal ultrasonic system used
to make in-vitro Doppler frequency measurements is described.
The transmitted signal consists of 10 usec pulses of random
noise with a center frequency of 4.59 MHz and a bandwidth
of 4 MHz. Results are presented which indicate that the
experimental system is capable of measuring the Doppler
difference frequency within an error range of + 1%.

The theory and operation of a dual element broadband
transducer designed for ultrasonic blood flow detection is
presented. The novel transducer is compared with a single
element transducer in terms of lateral range resolution.

The experimental results indicate a marked increase in
lateral resolution with the dual element transducer.

Two methods for determining the angles associated

with Doppler blood flow measurement are described.

lK. L. Gould, D. J. Mozersky, D. E. Hokanson,
D. W. Baker, J. W. Kennedy, D. S. Sumner, and D. E.
Strandness, Jr., "A noninvasive technique for determining
potency of saphenous vein coronary bypass grafts," Circu-
lation, Volume XLVI, pp. 595-600, September 1972.



RANDOM SIGNAL ULTRASONIC

BLOOD FLOW DETECTION

By

Frank Saggio III

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE

Department of Electrical Engineering
and Systems Science

1973



To all of my families

b d
) id



ACKNOWLEDGMENTS

I thank Dr. C. P. Jethwa for his assistance and
guidance throughout the duration of this project. The
labor involved in writing this thesis was considerably
lightened by his help in preparing a detailed outline.

I wish to thank Philip A. Priest for exhibiting
an occasional counterexample of excellence. He is responsi-
ble for many of the drawings found in this thesis.

Appreciation is extended to the General Motqrs
Corporation for providing the financial support which has

made my graduate study and this thesis possible.



TABLE OF CONTENTS

LIST OF TABLES . =« « ¢ o o o o =
LIST OF FIGURES e e e e e e e .
Chapter

I. INTRODUCTION e e e e e e

II.

III.

1.1 The Importance of Blood Flow Studies
1.2 Review of the Existing Blood Flow

Meters . . . . . .

1.2.1 Transm1531on-type Ultrasonlc

Flow Meters . .

1.2.2 Reflection-type Ultrasonlc Flow

Meters . . . .

1.3 Preview of the Random Slgnal Ultra-

sonic System . . . . . .

THEORY AND GENERAL DESCRIPTION OF THE RANDOM

SIGNAL ULTRASONIC SYSTEM o e

2.1 Introduction . .

2.2 Basic Model of the Random Slgnal

Ultrasonic System . . . .
Theory of Operation « .

Random Signal System . .

EXPERIMENTAL RANDOM SIGNAL ULTRASONIC SYSTEM

3.1 System Implementation .
3.1.1 Circulation Model

e e o
. o o .

3.1.2 Transmitter . .

3.1.3 Transducers . . .

3.1.4 Adjustable Delay Line

3.1.5 Receivers e e e e

3.1.6 Correlator . . . .
3.2 Doppler Resolution Results .
3.3 Conclusions . . . .

iv

Characteristics and Advantages of the

3

4

5 Limitations of the Random Slgnal System
6 General Description of the System .

Page
vi

vii

12

14
14

14
17

24
27
28

35

35
35
38
39
40
43
43

53



Chapter Page

IV. THEORY AND OPERATION OF A DUAL ELEMENT

BROADBAND TRANSDUCER « . ¢« « ¢ o o o @ 54
4.1 Introduction . . e e e e e e 54
4.2 Principle of Operatlon e e e 55
4.3 Experimental Results and Conclu51ons « e 57

V. METHODS FOR DETERMINING THE ANGLES ASSOCIATED

WITH DOPPLER BLOOD FLOW MEASUREMENTS . . . 68
5.1 Introduction . . 68
5.2 Oblique Trlangulatlon Method 69

5.3 Compound B-scan Technique e e . 70

5.3.1 Introduction e e e e e . 71

5.3.2 Basic Principles . . . . . 72

5.3.3 Calculation of the Angle of Attack 75

5.3.4 Conclusions . . . . .« .+ . . 81

VI L] SUMMARY L] L] L] L] L] L] . . L] L] L ] L ] L ] 8 2
6.1 Results and Conclusions . . . e e 82

6.2 Recommendations for Further Work e e e 84
REFERENCES L] L] L] L] L] Ll L] L] L] . L] L] L] L ] 8 6



e — e ———— . e — R —— R ————— . e R ——————— e — T ———— S—



LIST OF TABLES

TABLE Page
1. Characteristics of the Experimental System . . 47
2. Comparison of Theoretical Doppler Frequencies

Expected and Experimental Doppler Frequencies
Observed e o s o s e s e s+ e s 52

vi



Figure

1.

13.
14,
15.

16.

LIST OF FIGURES

Arrangement of Transducers for Measurement
of Flow Velocity by Transit Time Difference

in Up and Down Stream Paths . . . .

Arrangement of Transducers for Measurement

of Flow Velocity by Reflection Methods

Basic Block Diagram of the Random Signal
Ultrasonic System . . =« =« « o« o

Expected Correlator Output . . . . .

Diagram of the Complete Random Signal
Ultrasonic System . . . .« « .« .

Waveforms Associated with Blood Velocity
Measurements . . ¢ ¢ « ¢ ¢ o .

Simplified Experimental System e e e

Circulation System e e e e e e e

Transducer Arrangement for Doppler Detection

Adjustable Analog Delay Line . . . .

Photograph of the Experimental System .

Frequency Domain Representation of Background

Noise L] L] L] L] L] L] L] L] L] . L
Doppler Resolution e e e e e e
Doppler Resolution e o ¢ & e « o

Doppler Resolution e s+ e e e e e

Construction of the Dual Element Wideband

Ultrasonic Transducer « .« =« o o o

vii

Page

15
20

29

33
36
37
41
42
45

48
49
50

51

56



Figure Page

17. Echoes Received by a Single Element Trans-
ducer Scanning the Target Laterally . . . 60

18. Echoes Received by a Single Element Trans-

ducer Scanning the Target Laterally . . . 62
19. Echoes Received by the Dual Element Trans-

ducer Scanning the Target Laterally . . . 64
20. Echoes Received by the Dual Element Trans-

ducer Scanning the Target Laterally . . . 66
2l1. Comparison of the Lateral Resolution of Single

Element and Dual Element Transducers . . . 67
22, Oblique Triangle Construction . . . . . . 71
23. A-scope and B-scope Displays of Ultrasonic

Pulse-Echo Information e e e o o e e 74
24. Several Lateral Compound B-scans . . . . . 76
25. Longitudinal Compound B-scan . . . =« =« 77
26. Determining the Angle o . . .« « =« =« =« & 79
27. Determining the Angle 8 . . . . . .+ =« . 80

viii



CHAPTER I
INTRODUCTION

1.1 The Importance of Blood Flow Studies

Volume blood flow measurement is important in deter-
mining the amount of oxygen being delivered to various re-
gions of the body. Also, knowledge of the acceleration of
the blood flow in the ascending aorta or other large vessels
may be useful in assessing the performance of the heart [5].
This volume blood flow information is normally obtained by
measuring the mean blood flow velocity and the vessel;s
cross-sectional area at a particular site.

The determination of a velocity profile in arteries
may be useful in identifying arteriosclerosis by distinguish-
ing a laminar flow from a turbulent flow. This method may
also provide a basis for the early identification of turbu-
lent areas in atherosclerotic arteries.

Blood'velocity profile, volume flow and average flow
velocity measurements also provide information about the
blood viscosity, which is known to be an important factor
in the etiology of ischemic diseases [24].

From the above discussion it is clear thatiquantita-

tive blood flow information is often essential before a
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particular disease can be properly diagnosed. At present,
cardiac catherization and angiography techniques are used
to access many of the aforementioned physiological para-
meters. However, these invasive techniques are limited in
their routine use in postoperative studies because of the
potential mortality associated with their repeated applica-
tion [6,26]). For this reason there is a strong interest in
the development of a noninvasive ultrasonic method for
measuring these parameters. This thesis describes the
feasibility of such an ultrasonic system which can measufe
with a high degree of spatial resolution, many of the above
physiological quantities.

The following section summarizes the conventional
ultrasonic methods and devices for determining the blood

flow velocity.

1.2 Review of the Existing
Blood Flow Meters

Several different techniques, from plethysmography
to nuclear magnetic resonance, have been used for detection
and measurement of blood flow. The major difficulty with
these methods is the lack of specificity required to sense
flow at a particular site [5]. Ultrasonic techniques do not
suffer from such handicaps and hence are ideally suited for
medical research, diagnosis and treatment.

Franklin [30], Wells [22], and Baker [5] have pub-

lished excellent surveys of various ultrasonic blood flow



meters. The existing ultrasonic devices can be classified
into one of two broad categories: the transmission type or
the reflection type. Continuous or pulsed ultrasonic waves

can be used with either type flowmeter.

1.2.1 Transmission-type
Ultrasonic Flow Meters

These flow meters are based on the principal that
a sound beam, passed diagonally through a blood vessel,
would exhibit a difference in the time required to traverse
the vessel alternately in the upstream and downstream di-
rections. The average blood velocity v of the medium can

be determined by using the following relationship:

At e o2 (1)
V = 33 cos?

where At is the measured difference between the up-
stream and downstream transit times, c is the velocity of
ultrasound relative to the propagating medium, d is the
distance between two transducers placed diagonally on either
side of the vessel, and 6 is the angle between the axis of
ultrasound propagation and the flow axis. Figure 1 illus-
trates a typical transducer arrangement.

Many transmission type flow meters have been de-
signed. Kalmus [31] developed an instrument to measure
fluid velocity by noting that a continuous ultrasonic wave

transmitted alternately upstream and downstream would



produce a phase difference proportional to the average
velocity of the medium through which the sound passes.
Haugen et al. [32] and Baldes et al. [33] used modified
versions of the instrument developed by Kalmus.

Franklin et al. [34,35] experimented with a pulsed
ultrasonic flow meter. The upstream and downstream transit
times for 3 MHz ultrasonic pulses were compared by consid-
ering the amplitudes of corresponding ramps generated by a
time-to-voltage analog converter.

Farall [36] improved the earlier system of Baldes
[33] by using two transmitter and receiver pairs. The
reference signal from each transmitter was compared with its
respective received signal by a phasemeter. The difference
between the outputs of the two phasemeters was proportional
to the flow velocity.

Zarnstroff et al. [37] reported an instrument in
which a continuous 1 MHz signal was transmitted alternately
upstream and downstream. The received signal was heterodyned
to 10 KHz. Differences in the upstream and downstream phase
of the 10 KHz signal were proportional to the flow velocity.
Noble et al. [38] reported a phase shift technique which
eliminated the need for switching the sound path upstream
and downstream, and hence improved the high frequency response
of the system.

The performance of transmission type flowmeters is

very unsatisfactory at velocities below 10 cm/sec. But the
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Figure l.--Arrangement of Transducers for Measurement of
Flow Velocity by Transit Time Difference in
Up and Down Stream Paths.



main disadvantage associated with these flow detectors is
that surgery must be performed to fasten the transducers
and holder directly to the blood vessel. Consequently as
reported by Wetterer [39], the transmission type ultrasonic
flow meter is no better than the electromagnetic flow de-
tector.

.2.2 Reflection-type
ltrasonic Flow Meters

1
]

These flowmeters are based on the principal of the
Doppler effect. When ultrasound is transmitted into the
blood stream, a portion of the signal is scattered by the
moving blood particles. The frequency of the back-scattered
sound is Doppler shifted. The relationship between the
average Doppler difference frequency fq and the average
blood flow velocity v is given by the following equation

[22,40]

v=0-fd (2)
fo.(cosa - cosg)

where c is the velocity of ultrasound in blood, fo
is the transmitted ultrasonic frequency, o is the angle
between the transmitted ultrasonic beam and the velocity
vector, and B is the angle between the reflected ultrasonic

beam and blood velocity vector. Figure 2 illustrates a

typical transducer arrangement.
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Reflection-type devices may operate in the con-
tinuous wave mode or the more sophisticated pulsed Doppler
mode. Satomura [42] was first to demonstrate continuous
wave Doppler motion detection in 1956. Franklin et al. [43]
used this technique for blood velocity detection in animals.
Baker [44] developed a practical instrument for the trans-
cutaneous detection of blood flow in humans.

The early continuous wave flow meters were not capa-
ble of detecting the direction of the blood velocity vector
with respect to the transducer. 1In 1966 McLeod [45,46] used
a version of quadrature phase detection common to single
sideband radio techniques to demonstrate the first success-
ful direction sensing Doppler device. Yoshitoshi et al.

[47] described another method of direction sensing.

Continuous wave blood flow detectors have found
wide application in medical research. However, one of the
greatest shortcomings of the continuous wave device is its
inabi;ity to obtain a measurement of range. The continuous
wave technique is inherently sensitive to all movement along
the length of the sound beam. This lack of range sensitivity
prevents the measurements of vessel diameter and velocity
profile.

In order to preserve fhe range information, Moving
Target Indicator (MTI) or pulsed Doppler radar techniques
have been employed. Barnes and Thurstone [49] have devel-

oped an MTI ultrasonic system which uses a delay line .



canceler to filter the clutter echoes and pass only the
Doppler frequency shifted signals returned from moving
targets. However, tﬁis system is limited by the additional
complexity required to achieve special filter characteristics
which maximize the output signal-to-noise ratio. The tech-
nique is also hampered by the need to maintain perfect delay
line adjustments in spite of'température changes. For these
reasons the pulse-Doppler system is preferred to the MTI
system,

In the pulse-Doppler system a burst of ultrasound
is transmitted. The distance to the dynamic target and its
velocity with respect to the ultrasonic beam are determined
by range-gating the return echoes. These received echoes
are both phase and amplitude modulated by the moving target.
The Doppler frequency or velocity information can be ob-
tained by non-coherent or coherent detection.

The non-coherent pulsed-Doppler system makes use
of the amplitude fluctuations in the echo signal to recog-
nize the Doppler component produced by a moving target.
Range-gating is used to select an echo for detection from
a pre-determined depth. A linear or logarithmic receiver
is necessary to preserve the amplitude components. The
Doppler difference frequency is detected from the range-
gated sample by a square law diode detector. The primary

difficulty with the non-coherent technique is the erratic
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fluctuation in the detected Doppler signal due to the pres-
ence of noise cluttér components. No blood flow detectors
based on this principal are reported in the literature.

In a coherent pulsed-Doppler system, the range-
gated echo is compared with a sample of the original trans-
mitted signal in a phase detector to extract the Doppler
components. A number of coherent systems have been built
and used for measuring blood velocity, volume blood flow,
and for mapping the lumen of the blood veséels [5,50-54].

Conventional pulsed-Doppler systems are generally
inadequate for transcutaneous blood flow measurements in
deep-lying vessels suéh as the ascending aorta, superior
vena cava, or renal artery [6,23]. A significant improve-
ment of the system's signal-to-noise ratio is required to
increase the detection depth without exceeding the safe
ultrasonic intensity level established for humans [27,28].
An increase in lateral resolution is also required to
apply the pulsed-Doppler methods to very small vessels.

It is known that if n pulses each with the same
signal-to-noise ratio were ideally integrated, the resultant
signal-to-noise ratio would be exactly n times that of a
single pulse [55]. However conventional pulsed-Doppler
systems cannot use this method of enhancing signal-to-
noise ratios without destroying the range information.

The range resélution capability of conventional pulse-

echo systems is normally increased by narrowing the
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transmitted pulse. Two basic difficulties arise with

this method. The first is generating and processing the
transmitted and received signals. The second is maintain-
ing sufficient average power in the transmitted signals.

The usual requirement for a non-ambiguous range determina-
tion limits the maximum pulse repetition frequency. Thus,
as the pulse width is narrowed, the amount of peak power re-
quired to maintain sufficient average power soon becomes
unreasonable. Perhaps it may exceed the safe intensity
level for tissues.

The solution to these inherent problems associated
with conventional pulse-Doppler lies in the use of trans-
mitted signals having a larger time-bandwidth product than
a simple pulse [62]. The transmitted wavéform may have a
longer duration for the same range resolution capability,
as in pulse compression or pseudo-random phase coded tech-
niques. Or the signal may be transmitted at a higher
repetition rate without range ambiguities, as in pseudo-
noise sequences or signals using pulse-to-pulse frequency
hopping.

Wagg and Gramiak [56,57] have developed a system
utilizing the continuous transmission of a carrier which
is phase modulated with a pseudo-random binary sequence.
They have reported an enhancement in the signal processing

gain over the conventional pulse-Doppler system. However,
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the improvement which is obtained with this technique is
somewhat limited by the complexity of the equipment required
to generate and process these signals. Also, because of
the periodic nature of these signals, ambiguities in target
range or velocity may still occur. .

en——

ignal Ultrasonic System

1.3 Preview of the Random
S

A random signal pulse-Doppler system may provide the
solution to the above problems. The use of transmitted sig-
nals derived from wideband Gaussian noise permits extremely
large time-bandwidth products to be obtained and eliminates
the difficulties with range and velocity ambiguities charac-
teristic of periodic signals. Range and velocity resolution
can be shown to be independently controllable. The signal-
to-noise ratio may be enhanced many times by integrating the
returns from successive pulses without destroying spatial
resolution.

In Chapter II a generalized model of the random
signal pulse-Doppler system is presented and analyzed to
give the basic equations describing the operation of the
system.

Chapter III describes the experimental system built
and the results obtained for ﬁhe Doppler resolution.

Chapter IV discusses the theory and operation of a
novel transducer which improves the lateral resolution of

the pulse-Doppler system.
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In Chapter V methods for determining the angles
associated with ultrasonic blood flow measurement are
described and analyzed.

Chapter VI presents a summary of the results obtained

and some recommendations for further experimental work.



CHAPTER 1II

THEORY AND GENERAL DESCRIPTION
OF THE RANDOM SIGNAL
ULTRASONIC SYSTEM

2.1 Introduction

The theory and effectiveness of the random signal
microwave system are well documented [58-61]. In order to
apply this technology to biomedical measurements it is nec-
essary to change the transmitted signal from microwave
electromagnetic radiation to wideband acoustical energy
which is more suitable for propagation in living tissues.
The concepts of resolution, accuracy, ambiguity, detection
and clutter which are common in radar discussion, have their
counterparts in the ultrasonic system with appropriate
changes in the scale factors. A brief discussion of the
theory of operation and a general description of the random
signal ultrasonic.system are presented in the following
sections.

2.2 Basic Model of the Random
§igna1 Ultrasonic System

The basic block diagram of the random signal system
is shown in Figure 3. The transmitted signal x(t) is as-

sumed to be a sample function from a stationary zero mean

14
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random process generated by a random noise source. A por-
tion of the transmitted signal is used to simulate the de-
lay and Dopplér shift of a fictitious target. This signal
r(t) becomes the reference input to the correlator. The
rest of the transmitted electrical signal is converted to
acoustic energy by applying it to the input of a piezoelec-
tric transducer which is used as a transmitter and is aimed
at the living tissue. The reflected acoustic signal is
converted back to an electrical signal by a ?iezoelectric
receiving transducer. A single transducer is normally ade-
quate for both transmission and reception of pulsed signals.

The reflected signal y(t) will be an amplitude scaled
and delayed version of the transmitted signal plus it will
contain a noise term. This signal provides the other in-
put to the wideband correlator. The output of the corre-
lator z(t) is the estimate of the cross-correlation function
of y(t) and r(t).

éy providing a bandpass filter after correlation the
effects of the noise term are reduced. In addition, those
portions of the cross-correlation function which do not rep-
resent targets of interest are eliminated. Thus the band-
pass filter provides both the correlator smoothing time and
the desired velocity resolution. This point will be dis-
cussed in detail later on.

Although the actual implementation of the cross-

correlator is digital, it is simpler to discuss the theory
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in terms of an equivalent analog system. The digital
processor achieves the same end results; the only basic
difference is the requirement of longer processing timeé in
the digital version. Unless otherwise stated, the analysis
of Chapter II will assume the ultrasonic system is perform-

ing a continuous cross-correlation.

2.3 Theory of Operation

For ease in discussion let the transmitted signal
x(t) be a sample function from a stationary random process
having a spectral density that is symmetrical about some
center frequency fc. Suppose at time t = o, there exists
a single point target at range r, moving with a constant
radial velocity v. Then the round trip time delay Tt and
the delay rate a associated with the signal returned from

this target are given by

Po 2 (3)
c
= 2Vv_ . 2v
*=ew " T (4)

where ¢ is the propagation velocity of the acoustic signal
in living tissues.

The returned signal y(t), consisting of the reflected
signal from the single point target and the system noise,

can therefore be written as

y(t) = a(t) *» x[(1L + a)t - T] + n(t) ~(5)
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where the attenuation coefficient a(t) is real and between

zero and one, and n(t) is the system noise term. The noise

term n(t) is assumed to be zero mean and independent of x(t).
This received signal y(t) is cross-correlated with

a reference signal r(t) which has the following mathematical

form

r(t) = x[(1 + a )t - fr] (6)

with T, and a. the delay time and delay rate respectively
for the reference signal r(t). These parameters (Tr and ar)
can be adjusted at will and can be made to match a particular
target reflecting point.

The correlator output z(t) provides an estimate of
the cross-correlation function. The expected value of z(t),

which is the desired correlator output, is given by

E{z(t)} = E {[a(T)x[(1+a)t-T] + n{t)] °

x[ (1+ar)tf1r)l} (7)

or, since n(t) is assumed to be zero mean and independent

of x(t),

E(z(t)} = a(D) * R [la a)t-(1,-1)] (8)

where R, (¢) is the autocorrelation function of x(t), and

a(t) is the mean value of the attenuation coefficient.
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Since Rx(-) is the autocorrelation function of a bandpass
random process, it can be written in terms of a slowly vary-

ing envelope and cosine term

E[2(t)] = a(T) * R [(a

r-a)t-(rr—r)]coswc .

[@ _~o)t-( -T)] (9)

where Rc(-) is the envelope of the correlation function and
Wy is the center frequency about which the spectral density
of the transmitted signal x(t) is symmetrical.

The expected correlator output (equation 9) is de-

picted in Figure 4. The radian frequency of the output is

w = Qc * (o, = a) (10)

and the time at which the peak occurs is

Tr T
e = (11)

Figure 4 is a replica of the autocorrelation function
of x(t) except that it has been stretched in time by a scale
factor of l/(ar - a). Hence it will have a ¢enter frequency
of (ar -a) - fc and this freéuency will typically be in the
audio range. Therefore a suitable filter at the output pf
the correlator will accept or reject this component as de-
sired (See Figure 3). Since o depends upon the velocity of
the reflecting point, points with different velocities will

produce outputs with different center frequencies. Thus
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E[z(t)] y P o -a

Figure 4.,--Expected Correlator Output.
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the ability of the ultrasonic system to resolve targets at
the same range but having different velocities depends pri-
marily upon the bandwidth of the filter at the output of the
correlator. If the bandwidth of this filter is W, then by
combining equations 4 and 10 it is easy to show that the

velocity resolution of the system will be on the order of

Av = g_f_l (12)

- C

where c is the prépagation velocity of the acoustic wave in
living tissues (approximately 1.48 x loscm/sec). For a
bandlimited transmitted signal with center frequency fc =

5 MHz and the bandwidth of the filter following correlation
equal to W = 10Hz, the velocity resolutionAv is about .15
cm/sec.

When reflecting points are separated in range their
responses in the correlator output will occur at different
times. Hence, the ability to resolve targets having the
same velocity but different target ranges depends upon the
time separation of the responses (which have also been in-
creased by the factor l/(ar - o)) compared to the expanded
width of the autocorrelation function. Again it is easy
to show that if the transmitted signal has a bandwidth B,
which determines the width of the correlation function, the
range resolution AR is on the order of

AR = > (13)
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where ¢ is the propagatioq velocity of the acoustic wave
(roughly 1.48 x loscm/sec). For a transmitted signal band-
width of 2 MHz, the longitudinal resolution AR is about
0.375 mm.

The above results demonstrate the independence of
velocity resolution and range resolution, and indicate that
they are only limited by bandwidth considerations. The im-
portant concept is that the bandwidth of the transmitted
signal (B) and the bandwidth of £he filter following corre-
lation (W) can be controlled independently, thereby making
it possible to make very accurate range and velocity measure-
ments simultaneously.

The remaining essential characteristic of the ultra-
sonic system to be considered is the efficiency with which
weak return signals can be detected. This is most conven-
iently done in terms of examining the output signal-to-
noise ratio as a function of the parameters of the system.
The output signal-to-noise relationship foi: an ultrasonic
system in which the correlation operation is continuous is
given by [58]

2.2
(s/N)_ = e CE- (14)

(am) 3R*%TB_F W
rr

where pt is the transmitted power, G is the antenna gain, A
is the wavelength, o is the echoing area, R is the range,
k is Boltzmann's constant, T is the ambient temperature

Br is the receiver bandwidth, Fr is the receiver noise
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Y

figure, B is the bandwidth of the transmitted signal, and

W is the bandwidth of the bandpass filter. The first factor
in equation 14 is simply the signal-to-noise ratio at the
receiver input while the second factor is the increase in
the signal-to-noise ratio due to correlation processing.
This increase is typically greater than 20 times.

So far the theoretical performance of the random
signal ultrasonic system performing continuous correlation
has been considered. This, however, does not represent a
practical procedure because of the difficulty of obtaining
large, continuous delays over the bandwidths required.

Hence a practical implementation requires that the refer-
ence and received signals be sampled prior to correlation
and that the delay be obtained digitally. The analysis has
been extended to consider the effects of digital correlation
[60,62]. It is shown that the output signal-to-noise ratio
for a system using polarity coincidence correlation can be
written as

2,2
ptG Ao 2fs (15)

3. 4
(47) "R kTBrFr W

(S/N) =

Again the first factor of equation 15 is simply the signal-
to-noise ratio at the receiver input while the second factor
is the increase due to correlator processing. The signal-
to-noise ratio of the random signal system can be enhanced
substantially by increasing the sampling rate fs and/or by

choosing a narrow filter bandwidth W.
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Now that the theory of the random signal ultrasonic
system has been discussed, it is appropriate to consider
the characteristics that are significant in making biomedi-
cal measurements. These are summarized in the following
section.

2.4 Characteristics and Advantages
of the Random Signal System

1. The velocity resolution is determined by the
bandwidth of the correlator output filter (W) and can be
controlled independently of the transmitted signal band-
width (B).

2, The range resolution is inversely proportional
to the bandwidth of the transmitted signel (B). Since the
transmitted pulses are samples of wideband Gaussian noise,
the bandwidth can be varied to achieve the desired range
resolution without shortening the pulse width. Thus,
arbitrarily good range resolution can be achieved without
resorting to pulse compression techniques.

3. The duty factor can be kept large thereby provid-
ing a greater average power for a given peak power.

4. The generation of random signals with large
time-bandwidth products is usually easier than the genera-
tion of comparable deterministic signals.

5. Because of the pﬁlse-to-pulse independence of

the transmitted random waveform, there is no ambiguity
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in range. Thus more than one pulse may occupy the trans-
ducer-to-target space at the same time without the possi-
bility of obtaining false range measurements.

The problem of ambiguous return is a severe limita-
tion to the use of conventional pulse-Doppler systems.
This is due to the fact that the maximum unambiguous range
and maximum unambiguous velocity are inversely related.

Their product is a constant given by [55]

Vm ) Rm = 8fc (;6)

where'vm is the maximum unambiguous velocity, %m is the
maximum unambiguous range, fc is the transmitted ultra-
sonic frequency and c is the velocity of ultrasound in the
medium.

It can be shown that for fc = 5 MHz and the desired
maximum blood velocity of 100cm/sec a conventional pulse-
Doppler ultrasonic system has a maximum unambiguous range
of about 5.6cm. It is clear that this limits the applica-
tion of conventional pulse systems in studying blood flows
in deep-lying vessels.

Similarly, range and velocity ambiguities may occur
in ultrasonic systems which transmit pseudo-random binary
sequehces because of the periodic nature of these signals.
However the proposed random signal system transmits non-

periodic signals and hence, there are no range ambiguities.
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6. Because there are no range ambiguities, the
pulse repetition rate can be made sufficiently high to
measure any given Doppler shift unambiguously in the ab-
sence of clutter. Thus, spectrum folding which might
otherwise occur with high velocity targets, is completely
avoided.

7. Since the correlator performs coherent detection,
all Doppler shifts appear at the output with their correct
relative frequencies and can be extracted by simple band-
pass filters.

8. The output signal-to-noise ratio for the pro-
posed system will be considerably higher than for the ex-
isting pulse-Doppler ultrasonic systems. This is due to
several inherent advantages of the random signal processing
technique. The improvement in the signal-to-noise ratio
can be accomplished in the follgwing ways:

a. By increasing the sampling rate fS and/or
by choosing a narrow bandwidth W of the filter
following the digital correlator (see equation 15).

b. By transmitting a random signal having an
average power many times larger than could be ob-
tained from a conventional pulsed signal with the
same peak power}

c. By integrating a large number of consecu-
tive output pulses. It is known that for n inte-

grated pulses, the signal-to-noise ratio is



27

improved by a factor n for coherent integration

or by a factor vn for non-coherent integration [63].

In conventional pulse-Doppler systems it is not

possible to integrate a large number of output pulses

without destroying the range information. 1In the
random signal system, coherent integration of sev-
eral thousand pulses may be easily accomplished by
simply increasing the observation time .of the:system.

This is achieved by changing the bandwidth:of ' .the

filter following wideband correlation, since thé

observation time of the system is inversely related

to the bandwidth of this filter (W).

From the above discussion it is clear that consider-
able signal-to-noise ratio enhancement can be achieved by
the random signal ultrasonic syétem. ‘fherefé?é it.shbuld
be possible to make transcutaneous méasureméhts‘;f biood
flows in deep—lyihg vessels which are presently unaccessible

with existing pulse~Doppler techniques.

2.5 Limitations of the
Random Signal System

1. In a continuous clutter envitonﬁent.ﬁitﬁﬂéhe
target distributed over a large range interval, the‘random
signal may return more cluttei power than a determihiétic“‘
signal, unless its duty factor is made eéually small [58].

2. With a practical polarity coincidence correlator,

amplifier non-linearities, sampler voltage offsets and other
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effects may cause the polarity decisions to be made on an
offset version of the input signals. However it does not.
appear that these reference level errors will be a signifi-
cant limitation to the performance of a practical correla-
tor since adjustments can be made to reduce these errors [62].
3. Although the}e is no fundamental loss in detecta-
bility with stochastic signals, the random signal ultrasonic
system has the disadvantage of requiring amplifiers and re-

ceivers with larger power bandwidths.

2.6 General Description of the System

The block diagram of Figure 5 shows one way to imple-
ment the operations of the random signal ultrasonic system
described in the previous sections. The random signal to be
transmitted is generated by a noise source which is followed
by a variable bandpass filter. This filter has a nominal
bandwidth of 4 MHz centered at a midband frequency of 5 MHz.
By varying the bandwidth of this filter it is possible to
adjust the range resolution of the system (equation 13). A
gating circuit follows the bandpass filter to adjust the on-
off ratio of the transmitted signal. The optimum value of
the duty factor can be calculated for a given clutter en-
vironment surrounding the living tissue under examination.

The gated signal is then amplified. A portion of
this signal is extracted and used as a reference. The rest

of the signal is converted from an electrical to an acoustic
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waveform by a piezoelectric transducer which acts as a
iransmitter, and is aimed at the living tissue. The re-
flected acoustic signal is converted back to an electrical
signal by the receiving piezoelectric transducer. A single
_ultrasonic transducer is normally adequate for both trans-
mission and reception oprulsed signals if an appropriate
decoupling network is utilized.

Both the reference and received signals are ampli-
fied, clipped to retain only polarity as is done in random
signal microwave radar [58-61], and sampled with a verylA
short pulse. The local oscillator for the reference channel
mixer is offset in frequency a small amount of the order
of the maximum Doppler shift expected. This offset makes
it possible to set the frequency of the correlator output
for zero velocity targets to any desired value (so that
bandpass rather than lowpass filtering can be used.) Also,
it eliﬁinates the ambiguity between Doppler shifts for ap-
proaching and receding targets.

The necessary delay between the reference and received
signals is accomplished by a combination of discrete and con-
tinuous delays. The discrete delay consists of a shift
register which delays the binary samples in the reference
channel by any desired integrél number of sampling periods.
~ The continuous delay is accomplished by adjusting the sampling

time for the receiver channel within the interval of one
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sampling period. Binary sequences for the reference channel
and the receiver channel are cross-correlated in a digital
"exclusive-OR" circuit followed by an inverter.

The correlator output consists of a digitized random
signal that contains the Doppler frequency shifts of the
target as shown in Figuré 6b. This digitized signal is
averaged by a bandpass filter which selects the Doppler
frequencies of interest. It is the bandwidth W of this
filter that determines the velocity resolution (equation 12),
and performs the coherent integration.

The filter output is then envelope detected and low-
pass filtered to create the signal used for the display.

To observe the output of n different ranges, the correlator
may be slowly swept in range, requiring a total observation
time which is n times long. An alternative is to use n
parallel correlators, as shown in Figure 5, for a correspond-
ing decrease in observation time and increase in equipment
complexity.

The output of the low pass filter may be displayed
in two different modes. In the first mode, shown in Figure
6c, the velocities are displayed as a function of range.

The range sweep is accomplished by varying the delay provided
by the shift registers. It is hoped that this display will
allow the experienced investigator to orient the transducer

placement.
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Figure 6.--Waveforms Associated With Blood Velocity Measure-

ments.

a. Transmitted waveform.

b. Time averaged correlator output.

c. Velocity versus range for many heart beats.

Velocity versus time at a given range.
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Once orientation has been achieved, the investigator
can switch to the second mode of display shown in Figure 6d.
Here velocity is depicted as a function of time at a specific
range. The entire system may also be synchronized with an

electrocardiogram to provide additional information.



CHAPTER III

EXPERIMENTAL RANDOM SIGNAL

ULTRASONIC SYSTEM

3.1 System Impiementation

A simplified version of the random signal ultra-
sonic system described in Chapter II has been built and
results have been obtained for the Doppler resolution.
The block diagram of the experimental system is shown in

Figure 7.

3.1.1 Circulation Model

Figure 8 is a photograph of the circulation system
used to simulate blood flow. Polystyrene particles of
size 50-75 microns are mixed in water and circulated in the
tygon tube by using a peristaltic pump. The flexible tygon
tube is connected to a section of glass tubing which passes
through the water tank. This glass tubing corresponds to
a blood vessel with an inside diameter of 8mm and a wall
thickness of 0.5mm.

The transducers used for transmitting the ultrasonic
pulses and detecting the Doppler frequency shifted echoes

are positioned directly over the glass tube. Each transducer

35
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Figure 8.--Circulation System.
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face is separated from the centerline of the tube by a
nominal distance of 3 centimeters. These piezoelectric
transducers will be discussed in section 3.1.3.

For the given tube diameter (8mm ID), the variable
speed peristaltic pump is capable of moving the polystyrene
particles over a continuous velocity range from 0-40 cm/sec.
These particles circulate best at velocities above 10 cm/sec,
due to their large size and corresponding wéight.

As shown in Figure 8 the bases of both peristaltic
pump and polyethylene water tank are insulated with foam

cushions to minimize the environmental vibrational effects.

3.1.2 Transmitter

The transmitter subsystem consists of the following:

1. A random signal noise generator

2. A bandpass filter

3. A transmission gate

4. A linear power amplifier and power splitter.

The random signal noise generator uses a gas dis-
charge tube as its noise source. The noise output from the
gas tube is amplified in a two stage amplifier before being
input to the active bandpass filter.

The two-pole bandpass filter has a center frequency
£, = 4.59 MHz and a bandwidth of 4 MHz. An operational ampli-

fier is inserted after the bandpass section to provide an

additional 7dB signal gain.
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The filtered noise is limited to pulses lOusec
wide by means of a linear transmission gate. The pulse
repetition frequency (PRF) is approximately equal to 10 KHz.
The gate has been fixed at 1lOusec although other durations
are possible.

A broadband solid state power amplifier covering
the frequency range of 250 KHz to 110 MHz is used to amplify
the gated signal. A nominal gain of 50dB raises the random
noise pulse to approximately 120 volts peak-to-peak. A
BNC tee connector acts as the power splitter shown in
Figure 7. The amplifier output is used to drive the two
piezoelectric transmitting transducers. The need for two
transmitting transducers will be discussed in the subse-

quent sections.

3.1.3 Transducers

The experimental system uses single element broad-
band transducers. These piezoelectric transducers have a
low Q which makes them suitable for pulse-echo operation.
Separate transducers are used for transmitting and receiving
the random signals to avoid the problem of decoupling the
transmitter from the receiver.

Referring back to Figure 7, there are two transmitter
and receiver transducer pairs. One set of transducers is
used to generate the delay between the reference signal and

the received signal echoes. This arrangement will be
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discussed in the next section. The other transducer pair
is used to detect the Doppler signals. This latter arrange-
ment is shown in Figure 9.

The transmitting and receiving transducers used for
sensing the motion of the polystyrene particles are positioned
directly over the simulated blood vessel. The transducer
faces are immersed in a water bath to provide the acoustic
coupling necessary for the transmission and reception of ul-
trasound. Each transducer face is sepatated from the center-
line of the vessel by a nominal distance of 3 centimeters.
The angles a and B associated with the calculation of the
fluid velocity (see equation 2) are measured directly with

a protractor.

3.1.4 Adjustable Delay Line

The necessary delay between the reference and re-
ceived signals is obtained by an adjustable analog delay
line, rather than by sampling and using digital shift reg-
isters. The analog delay line, consisting of a water tank
and two piezoelectric transducers, is shown in Figure 10.
The variable delay of the reference signal is achieved by
keeping the transmitting transducer fixed and moving the
receiving reference transducer.

For a velocity of sound in water of approximately

1.48 x loscm/sec, the range factor is l1l3usec of delay per
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Figure 9.--Transducer Arrangement For
Doppler Detection.
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Figure 10,--Adjustable Analog Delay Line,
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centimeter. The dimensions of the water tank therefore
allow a maximum delay of 1ll5usec between the reference

signal and the Doppler shifted signal.

3.1.5 Receivers

Referring to Figure 7 again, both reference signal
and received signal are passed through high frequency ampli-
fier sections to bring the signals up to a suitable level
for cross-correlation (2 volts peak-to-peak.)

The Doppler shifted signal is increased by a gain
of 60dB. Although the bandwidth of the preamplifier is
close to 35 MHz (10 KHz - 35 MHz), the overall receiver
bandwidth is limited to 6 MHz (2-8 Mhz) by the second-stage
amplifier. The noise figure for the overall receiver sec-
tion is approximately 12dB.

Due to the relatively high level of the reference
signal available, an increase in gain of 40dB brings the
reference channel up to a suitable level for correlation.
The reference channel's amplifier section has a bandwidth

of 35 MHz and a noise figure less than 8dB.

3.1.6 Correlator

The correlator subsystem consists of the following:
1. A digital correlator
2. A bandpass filter

3. An audio amplifier.
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The digital correlator is simply an "exclusive-OR"
logic circuit followed by an inverter. 1In this case, the
correlator performs a multiplication of the reference signal
with the received signal. This logic circuit produces a
coincidence output when the two inputs agree and an anﬁi-
coincidence output when they are different.

The correlator output consists of a digitized random
signal that contains the Doppler frequency shift of the mov-
ing target. 1In addition to the Doppler frequency shift,
there are signals due to spatial leakage changes that extend
down to DC and are large in amplitude [5]. These leakage
components vary widely when the transducers are moved in-
tentionally or from random motion. 1In the experimental
random signal system, a 4-pole active bandpass filter with
unity gain follows directly from the correlator output.

This filter has a variable bandwidth to reject the spatial
leakage components and select the Doppler frequency of in-
terest. Coherent integration is also performed by the filter.

An audio amplifier with a bandpass exceeding the
maximum filter bandwidth follows. The Doppler signal is
raised to a suitable level for display on the spectrum
analyzer.

Figure 11l is a photogfaph of the complete experimental

system,
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Figure 11.--Photograph of the Experimental
System.



46

3.2 Doppler Resolution Results

An indication of the Doppler resolution of the ex-
perimental system is given in Figures 12-15. The test was
performed by aligning the transmitting and receiving trans-
ducers directly over the glass vessel as shown previously
in Figure 9. The necessary delay between the reference
and received channels was manually adjusted to correspond
to observations made in the center of the tube. Signifi-
cant parameters associated with the experimental system are
given in Table 1.

Figure 12 shows the correlator output after bandpass
filtering and audio amplification with the polystyrene
particles stationary. This is the frequency domain repre-
sentation of the background noise.

Figures 13-15 represent the Doppler resolution ob-
tained with the polystyrene particles moving at various
speeds. As the velocity of the particles is increased, the
dominant Doppler shift frequency is seen to increase. The
bandwidth of the filter following correlation was adjusted
to select the frequency range of interest.

Prior to these experiments, the various velocities
of the polystyrene particles were measured by external means
and these values used to calculate the theoretical Doppler
frequency shifts. A comparison of the theoretical Doppler
frequency shifts expected and the experimental frequency

shifts observed are presented in Table 2.
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TABLE l.--Characteristics of the Experimental System

Transmitted center frequency f_ ' 4.59 MHz
Transmitted random frequency bandwidth 4 MHz
Pulse width l0usec
Pulse repetition rate 10 KHz
Delay | 78usec
Receiver noise figure 12dB
Receiver gain 604B

Transducer arrangement:
Distance between transmitting
transducer and vessel centerline 3cm

Distance between receiving trans-

ducer and vessel centerline 3cm
Angle o between transmitted ultra- o
sonic beam and velocity vector 65

Angle: B between .received ultrasonic
beam and velocity vector 115°
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Frequency display range 0 - 2000 Hz
Horizontal scale 200 Hz/cm
Vertical scale 2v/cm
Correlator filter bandwidth 40O - 2000 Hz

The polystyrene particles are stationary.

Figure 12.--Frequency Domain Representation of
Background Noise.
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Frequency display range
Horizontal scale
Vertical scale

Correlator filter bandwidth
Pre-determined velocity of particles
Doppler frequency:

a) observed

b) theoretically calculated

Figure 13.--Doppler Resolution.

0 - 1000 Hz
100 Hz/cm
2v/cm

400 - 800 Hz
23.4 cm/sec

620 Hz
614 Hz
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Frequency display range
Horizontal scale
Vertical scale

Correlator filter bandwidth
Pre-determined velocity of particles
Doppler frequency:

a) observed

b) theoretically calculated

Figure 14,--Doppler Resolution.

0 - 1000 Hz
100 Hz/cm
2v/cm

500 - 1250 Hz
33.7 cm/sec

870 Hz
878 Hz
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Frequency display range
Horizontal scale
Vertical scale

Correlator filter bandwidth
Pre-determined velocity of particles
Doppler frequency:

a) observed

b) theoretically calculated

Figure 15.,--Doppler resolution,

0 - 2000 Hz
200 Hz/cm
2v/cm

630 - 1250 Hz
39.1 cm/sec

1000 Hz
1021 Hz
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TABLE 2.--Comparison of Theoretical Doppler Frequencies -
Expected and Experimental Doppler Frequencies

Observed
Calibrated Particle Theoretical Experimental
Velocity at Tube Doppler Frequency Doppler Frequency
Centerline Shift Shift
23.4cm/sec 614 Hz 620 Hz
33.7cm/sec 878 Hz : 870 Hz
39.1cm/sec 1021 Hz 1000 Hz

Formula used for calculation of the theoretical
Doppler shift frequency fd:

fo _
fd =< [cosa - cosB] °* v (17)
where ¢ = 1.48 x lOscm/sec
fo= 4.59 MHz
a = 65°
B = 115°

velocities v are given in the table above.
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3.3 Conclusions

The theoretical and experimental Doppler results
outlined above leave no doubt that it is entirely feasible
to build pulsed ultrasonic systems employing stochastic
signals. An analysis of the results presented in Table 2
indicate that the experimental random signal ultrasonic
system is capable of measuring the Doppler difference fre-

quency within an error range of + 1%.



CHAPTER IV

THEORY AND OPERATION OF A DUAL

ELEMENT BROADBAND TRANSDUCER

4.1 Introduction

An increase in longitudinal and lateral.;esolutiOn
is required in order fo apply pulsed Doppler ultrasonic
blood flow techniques to deep-lying and small blood vessels.
In Chapter II it was theoretically shown that the range
(longitudinal) resolution AR of a random signal ultrasonic
system is approximately c¢/2B, with c the velocity of ultra-
sound in the medium and B the bandwidth of the transmitted
signal. Using a system similar to that aescribed in Chap-
ter III, with a noise center frequency of 5.8 MHz and a
transmitted signal bandwidth of 2 MHz, Newhouse et al. [64]
confirmed the predicted range resolution c¢/2B = 0.35mm. The
target was a stationary steel ball in water. It was also
shown that the range (along-the-beam) resolution could be
made arbitrarily sharp or coarse by varying the signal band-
width B.

The lateral resolution, which is in a direction'per-
pendicular to the ultrasonic beam axis. depends upon the

dimensions of the transducer face. This resolution may be

54
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improved by focusing the ultrasonic beam with lenses. How-
ever, this technique increases the complexity of the system
and is accompanied by the attended risk of generating
acoustic intensities harmful to living tissues. To circum-
vent these difficulties a novel broadband dual element
transducer [67] was developed by Doctor C. P. Jethwa of
Michigan State Universify in collaboration with the Pana-

metrics Company.

4.1 Principle of Operation

The basic principle involved in the operation of the
dual element transducer can be explained by considering a
transmitting element T surrounded by eight receiving ele-

ments Rl - R, as shown in Figure l6a. Figure 16b shows

8
that if the target is directly ahead of the transmitting
element T such as target 1, the cone of the reflected
acoustic energy will arrive at all receivers R1 - R8 at
precisely the same time. The signal detected by each re-
ceiver will be added together since receivers Rl - R8 are
connected in series. The resultant signal will be quite
large because the eightrreceivers are in phase with each
other.

If however, the target is at an angle to the cehtér-
line of the transmitted beam such as target 2 in Figure 1l6b,
the reflected signal will arrive at each receiving element

- R, at a different time with the result that some of the

Ry 8
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Figure 16.--Constructidn of the Dual Element Wideband
Ultrasonic Transducer.
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receivers will be out of phase with respect to each other.
The integrated sum of the several receivers Rl - R8 is ac-
cordingly much reduced.

The dual element broadband transducer reported in
this thesis has a Q of 2.5, a transmitting diameter of 1.26
cms., and an annular receiver diameter of 1l.9cms. In this
transducer a single annular ring is used as a receiver in
place of the eight receiving elements. However the basic
principle of operation remains the same.

Although ultrasonic transducers with similar coaxial
configurations have been reported [65,73,74], they are pri-
marily used for continuous-wave single frequency operation.
Hence their construction is drastically different from the
transducer reported here which operates in the broadband
pulsed mode. Also lateral resolution data for these trans-
ducers has not been reported.

3 Experimental Results and
nclusions

i.
C

In this section the dual element wideband transducer
is compared to a single element broadband transducer in
terms of lateral resolution capability. In order to deter-
mine the lateral resolution, the following experiment was
devised. A l.5cm diameter steel ball was held stationéry
in a water bath. The transducer being tested was mounted in

a scanning device and aimed directly at the spherical target.
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While operating in the pulse-echo mode, the transducer was
moved laterally to scan the target.

Figure 17 and Figure 18 show the amplitude of the
echoes received by the single element transducer at various
distances between the transducer face and target plane.
Similar results for the dual element transducer are shown
in Figure 19 and Figure 20. The half amplitude lateral reso-
lution data obtained from these figures is plotged in Figure
21 for comparison. It can be seen that the lateral resolu-
tion of the dual element broadband transducer is markediy
superior to that of the single elemeht transducer.

It is expected that by combining the unique proper-
ties of random signal processing with_the superior directional
and sensitivity properties of the dual element transducer,
it should be possible to develop a éYstem capable of making
blood flow measurements on deep-lying blood vessels and
small blood vessels. A preliminary attempt was made to in-
corporate the dual element transducer into the experimental
system described in Chapter III. However some modifications
must be made on the receiver amplifier section before Doppler

results can be obtained.



59

Figure 17.--Echoes Received by the Single Element Transducer
Scanning the Target Laterally.

a. Water Path--5.1 cms.
Vertical Sensitivity--0.1V/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB
Target--1.58 cms. dia. steel ball

b. Water Path--7.6 cms.
Vertical Sensitivity--0.1lV/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB
Target--1.58 cms. dia. steel ball
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SINGLe =LEMENT BROADBAND TRANSDUCER
Center Frequency - 5 MHz, Bandwidth - 3 MHz
Diameter - 1.26 cms.

(a)

(b)
Fifure 17,
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Figure 18.--Echoes Received by the Single Element Transducer
Scanning the Target Laterally.

a. Water Path--10.2 cms.
Vertical Sensitivity--0.2V/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB

Target--1.58 cms. dia. steel ball

b. Water Path--12.7 cms.
Vertical Sensitivity--0.2V/div.
Horizontal Sensitivity--1l.34 mm/div,
Attenuation--10 dB

Target--1.58 cms. dia. steel ball
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SINGLE ELEMENT BROADRBRAND TRANSDUCER
Center Frequency - 5 MHz, Bandwidth -
Diameter - 1,26 cms.

Figure 18,

3 MHz

(a)

(b)
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Figure 19.--Echoes Received by the Dual Element Transducer
Scanning the Target Laterally.

a. Water Path--5.1 cms.
Vertical Sensitivity--0.1lV/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB
Target--1.58 cms. dia. steel ball

b. Water Path--7.6 cms.
Vertical Sensitivity--0.1V/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB
Target--1.58 cms. dia. steel ball
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DUAL ELEMENT BROADBAND TRANSDUCER
Center Frequency - 5 MHz, Bandwidth - 3 MHz
Transmitter Diameter - 1.26 cms.
Annular Receiver Diameter - 1.9 cms.

(a)

(b)

Figure 19.



65

Figure 20.--Echoes Received by the Dual Element Transducer
Scanning the Target Laterally.

a. Water Path--10.2 cms.
Vertical Sensitivity--0.2V/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB
Target--1.58 cms. dia. steel ball

b. Water Path--12.7 cms.
Vertical Sensitivity--0.2V/div.
Horizontal Sensitivity--1.34 mm/div.
Attenuation--10 dB

Target--1.58 cms. dia. steel ball
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DUAL ELEMENT BKROADBAND TRANSDUCER
Center Frequency - 5 MHz, Bandwidth - 3 MHz
Transmitter Diameter - 1.26 cms,
Annular Receiver Diameter - 1.9 cms.

(a)

(b)

Figure 20,






. ~*groonpsueRI] IUSWSTHA Tend _
pue jusweTd OTHUTS JO UOTINTOSIY Texa3eT 8yl Jo uostaedwod--°TZ aInbTg

?_uw H1d3Q .a:éiﬁ

67

€l el t oL ) L 9 S
| 1 i | S 1 1 1 | 1
-’
- \\\
- B v
\\\\
e e =
\‘\\‘\ " €
o————"""" . 5
-
. 5
. 2
% X _ . 'z
36 —X m
x 3 °5
YIINASNWIL LINIW3TI Tvna B _.\w)
| N
o'l""' N
""’,
B S [ ¢
’l'l
e
I\ICIIII -
. ~
YIINASNVYL INIWIT3 3TONIS S O~ - —a



CHAPTER V

METHODS FOR DETERMINING THE ANGLES
ASSOCIATED WITH DOPPLER BLOOD

FLOW MEASUREMENTS

5.1 Introduction

Referring back to Chapter I the relationship be-
tween the average Doppler shift frequency fd and the avef-
age blood flow velocity v was given by

(18)

c - f
v o= fs . %Ebsa - COSB] -

with ¢ the velocity of ultrasound in blood, fo the trans-
mitted ultrasonic frequency, a the angle between the trans-
mitted ultrasonic beam and the blood velocity vector, and
B the angle between the received ultrasonic beam and the
blood velocity vector.
When one transducer is employed as both transmitter and

receiver the equation is modified in the following way.

v %" %a (19)
where 6 is the angle between the coincident transmitted and

received ultrasonic beam and the blood velocity vector.

68



69

‘Although the random signal ultrasonic system des-
cribed in Chapter II and Chapter III, and the novel trans-
ducer described in Chapter IV will enhance the detectability
of blood velocity flow, an accurate determination of the
ultrasonic angle of attack 0 is neceséary to quantify the
in-vivo data. Baker [5] has stated that the determination
of this angle is one of the two most important yet the most
difficult parameter to measure. Paradoxically, the impor- .
tance‘of this measurement is obscured by the fact that few
techniques of angular calculation have been published. -

This chapter examines two methods for caiculating )
the ultrasonic angle of attack. The following techniques
assume that one transducer is being used to both transmit

and receive the ultrasonic pulses.

5.2 Oblique Triangulation Method

A definite procedure for measuring 6 the sound beam
angle has evolved. The transducer and theodolite holder
[5] are positioned over the vessel with the initial angle
between the skin surface and transducer less then 60°. The
range to the near and far walls of the vessel are measured
and the centerline range r; is computed. Next a vertical
angle ¢ of 10° - 15° is turned in the direction toward - |
.normal to the vessel. If the vessel is straight, the near

and far wall ranges of the vessel can again be measured and

the centerline range r, computed.
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An oblique triangle has now been constructed. 60 is
computed as the angle between sides r, and r, with side r,
opposite the angle. Figure 22 illustrates this construction.
The larger the angle ¢, the more accurate will be the compu-
tation of 6. Other critical factors are the precision with
which r, and r, can be calculated. |

This method appears to be the accepted technique
for calculation of the angle 6. However the most puzzling
aspect is that the location of the vessel of interest be-
neath the skin is alyready presupposed. It seems hard to
concede the availability of such information to the investi-
gator except in the most limited circumstances.

The next technique examined exhibits a method by

which both the location of the blood vessel and the angle

of attack can be determined.

5.3 Compound B-scan Technique

5.3.1 Introduction

By using the information obtained from appropriate
lateral and longitudinal B-scans, the blood vessel of in-
terest can be located accurately beneath the skin and the
anglé of ultrasonic attack determined. A detailed analysis
of the theory and operation of A-scope and B-scan techniqﬁes
is beyond the scope of this thésis. The interested reader
should consult the references given in the List of Refer-

ences [22,48].
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/2 2
r="VYr + r, - 2r,r,cosé (20)
2 .
_ r] - rjracos
6 = cos™! s (21)
ry /El + r; - 2rlr2cos¢

Figure 22.--Oblique Triangle Construction.
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5.3.2 Basic Principles

Figure 23 illustrates the A-scope and B-scope
methods for displaying ultrasonic pulse-echo information.

A schematic representation of a section through a patient
is shown in Figure 23a. The interior circle represents the
cross section of a typical blood vessel.

Pulse-echo systems which are used to measure the
depth of an echo producing interface operate by the princi-
ple of ultrasonic wave reflection at tissue boundaries.

When a transmitted ultrasonic pulse meets the boundary be-
tween two different media, a portion of the wave is reflected
back through the incident medium. The time between trans-
mission and reception of this back-scattered wave and the
attenuation of the received pulse characterize the tissue
interface depth (range) and the energy absorption (amplitude)
data, respectively. This information may be represented in
the form of an amplitude-modulated time base (A-scope, Figure
23bi). However, the information may be displayed equally
well on a brightness-modulated time base in such a way that .
the brightness is proportional to the echo amplitude. This
type of display is called a B-scan and is shown in Figure
23bii.

The B-scan illustrated in Figure 23bii corresponds
to the pulse-echo.inférmation obtained along a typical scan
line. It is a simple matter in principle to link the direc-

tion of the time base across the display to the direction
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Figure 23.--A-scope and B-scope Displays of Ultrasonic Pulse-
Echo Information.

a. Schematic representation of a section through
a patient. ’

bi. A-scope presentation of a typical scan line. .

bii. B-scope representation of the same scan line.

c. B-scan with the direction of the tjimebase
linked to the direction of the ultrasonic
beam.

-~

d. Compound B-scan.
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of the ultrasonic beam across the patient as shown in
Figure 23c. This B-scan then represents the space-position
of each echo-producing interface.

If the probe is moved around the patient and all of
the separate B-scans are stored on a calibrated display de-
vice or photographic plate, a picture such as shown in
Figure 23d is produced. This is a "compound B-scan" and
it represents a two-dimensional section through ;he patient
in the plane of the scan.

5.3.3 Calculation of the
Angle of Attack

The procedure for calculating 6 the angle of attack
for.Doppler blood flow sensing is as follows. Several lines
are drawn on the patient's skin over the vessel of interest
as shown in Figure 24a. Lateral compound B~-scans are per-
formed along these lines. Each compound scan produces a
two-dimensional picture as shown in Figure 24b. From the
calibrated pictures, the vessel of interest is known fo lie
X, mm from the left edge of the first Scan, X ,mm from the left

edge of the second scan, and x.mm from the leftmost edge

3
of the third compound scan. These three points are mafked
on the patient's skin (Figure 25a).

On the skin of the patient, a straight line is'now
drawn between the lateral lines 1, 2, and 3 passing through

the points xrrxz, and x., (Figure 25a). A longitudinal

3
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compound scan is performed along this constructed line. The |
blood vessel should be displayed from this scan as depicted
in Figure 25b.

The angle a of the blood vessel relative to the sur-
face of the skin can be computed from the photographic display
depicted in Figure 25b as follows:

1. A straight line is drawn through the photographic
blood vessel image.

2, The slope s of this line relative to the surface

is

of the skin at the point X,

(22)

0]
]
&

where dy is the vertical displacement of the blood vessel,
and dx is the horizontal increment.

3. a is then given by

o = tan-ls (23)

Figure 26 summarizes the above procedure.

With this preliminary calculation completed, ultra-
sonic blood flow detection may begin. The transducer posi-
tioned by its theodolite holder is acoustically coupled tq
the skin at the point X, (Figure 27). The angle B of b:am
incidence relative to the-skin surface is read directly from
the theodolite holder. With thé aid of Figu-e 27, 6 can be

easily computed.
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y = 180° - a - B (24) .
6 = 180° - y (25)
=a+ B

As a final check, the transducer operating in the
pulsed mode should be moved such that 6 = a + 8 = 90°. The

Doppler frequency shift should be equal to zero.

5.3.4 Conclusions

This technique determines the location of the blopod
vessel and computes 6 the angle of ultrasonic attack. It
appears to be a theoretically sound approach to the problem
if the observer is experienced with the interpretation of
compound B-scans. To the author's knowledgé, no such method
of angular calculation has been presented in the literature
to date.

The main disadvantage associated with this technique
is that compound B-scan storage devices are very expensive.
The final accuracy of the angle measurement will have to

determine if such an investment is worthwhile.



CHAPTER VI
SUMMARY

6.1 Results and Conclusions

The analysis presented in Chapter II shows that the
range resolution of the random signal ultrasonic.system is
determined by the bandwidth of the transmitted signal. The
velocity resolution is determined by the bandwidth of the
filter following correlation. These bandwidths are inde-
pendently controllable, thereby making it possible to make
very accurate range and velocity measurements simultaneously.

The primary advantage of the random signal system
is its freedom from range ambiguities. This permits the
use of high pulse repetition rates to measure any given
Doppler shift unambiguously in the absence of clutter.
Spectrum folding, which would occur for a conventional ultra-
sonic system used to detect high velocity targets, is com-
pletely avoided.

In comparison to conventional pulse systems, the duty
factor of the transmitted random waveform can be kept large
thereby providing a greater average power for a given peak
power. Increased sampling rates, duty factors and coherent
or noncoherent integration all provide an improvement in the

system's signal-to-noise ratio.
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In Chapter III the experimental random signal ultra-'
sonic system is described and the Doppler resolution results
are presented. These results indicate that the experimental
system is capable of measuring the Doppler difference fre-
quency within an error range of + 1%. This system does not
by any means represent the ultimate capabilities of random
signal ultrasonic techniques. It was built to demonstrate
and verify the theoretical results. The basic system con-
figuration and performance will continue to be improved in
many ways since the initial construction.

Previous experimental work by Newhouse et al. [64]
established the range resolution capabilities of the random
signal ultrasonic system. ‘ N

The theory and operation of a dual element broadband
transducer [67] designed for ultrasonic blood flow detection
is presented in Chapter IV. The novel transducer is compared
with a single element transducer in terms of lateral range
resolution. The experimental results presented in that
chapter indicate a marked increase in lateral resolution with
the dual element transducer.

In Chapter V, two methods for determining the éngles
associated with Doppler blood flow measurement are described.
The first technique appears to be the accepted method for
calculating these angles. The second method, developed by
the author, makes use of the information obtained from several

compound B-scans to determine the slope of the blood vessel
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and the angle of attack. Experience is required in inter-
preting the compound B-scans. Although the latter method
is shown to be theoretically feasible, no experimental re-

sults are presented on this topic.

6.2 Recommendations for Further Work

To fully demonstraté the superiority of the random
signal ultrasonic system in comparison to conventional
pulse Doppler techniques, experimental results-ihdicating
the random éignal-to-noise ratio are required.

Further experiments involving the use of smaller
polystyrene particles (7-10 microns) or human blood should
be conducted to determine the capability og the random
signal system in detecting Doppler shifts from smaller
sound scatterers.

It is hoped that by combining the unique lateral
resolution property of the dual element transducer with the
iongitudinal resolution capability provided by random
signal processing that velocity profiles can be obtained for
deep-lying and small blood vessels.

The experimental feasibility of employing the com-
pound B-scan technique to the transcutaneous calculation of
the ultrasonic angles of attack needs to be demonst;ated.n

Finally some theoretical work must be undertaken to
determine if the equation used to relate the velocity of the

moving target to the Doppler shift frequency (equations 2
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and 19) is still valid for bandlimited random processes.
The derivation of this formula assumes that only a single
frequency f° is transmitted. In the random signal ultra-

sonic system, fo is interpretted as the center frequency of

the bandlimited random signal generated.
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