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ABSTRACT

ULTRASONIC BLOOD FLOW IMAGING
USING CORRELATION PROCESSING

By
Michael De Olinger

A general investigation of those fundamental processes
affecting the design of ultrasonic blood flow imaging instru-
ments is presented. First, known physical attributes of the
various biological tissues are combined to formulate a simple
model which describes the interaction of ultrasound with the
human body. Using this model, it is shown that a periodic
pulse train is the preferred transmitted signal and that
significant performance improvement may be realized by imple-
menting ''true'" correlation as opposed to the conventional
correlation processing.

The desirability of having the true correlation receiver
operate in a near optimum manner is demonstrated and the con-
straints imposed on signal bandwidth, effective signal dura-
tion, achievable velocity resolution and transducer angle are
presented. In order to present the complex interrelationships
which exist between these constraints, a unique set of design
curves were generated. These curves indicate those combina-
tions which insure near optimality. Also, the constraints
imposed by transducer limitations are discussed. The trans-
ducers which are examined include the traditional piston type

(both focused and unfocused) and the array type, as well as

a newly developed dual element transducer.



Finally, these results are utilized in an example
system design where implementation difficulties and system
limitations are discussed.

To make this dissertation as self contained as practical,
a rather complete tutorial on detection and estimation theory,
as it applies to the blood flow measurement problem, is pre-

sented in the Appendices.
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CHAPTER I

INTRODUCTION

Currently there is widespread interest in developing

instrumentation capable of non-invasively measuring various

cardiovascular system parameters. Included are such para-

meters as mean volume flow rate, blood velocity, condition

of the blood vessel walls and the presence of partial or

comp lete occlusions.

In the past, such techniques as Fick and other dilution
methods, angiographic techniques, and attaching electromag-

netic flowmeters directly to the vessel of interest have

been employed. These methods have severe limitations since

they are physically invasive, expensive to perform, limited
in the number of repeated applications, and there exists an

attendant risk. Ultrasound has been suggested as a non-

invasive alternative to these methods.

Specifically, an ultrasonic system capable of display-
ing and/or measuring the velocity of the flowing blood as
a function of position within the vessel could provide the
Physician with important quantitative, as well as qualita-

tive, information on the condition of the patient's cardio-

Vascular system. Many ultrasonic systems which will be

1
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described in the next chapter have been proposed to provide

this information. The primary difference between these

systems is in the particular choice of transmitted signal,
oxr 1in the technique employed to implement the signal pro-
cessing. Fundamentally however, each of these systems

emp loy some form of correlation detection. The research re-
ported in this dissertation theoretically examines the feas-

ibility of implementing a practical Blood Flow Imaging

System employing correlation processing.

In the large majority of cases, research can be grossly
classified as basic or applied, with a poorly defined line
diwviding the two. Paradoxically, however, the research
reported herein may be best classified as both. In the most
general terms, this research examines the fundamental nature
of those physical attributes and signal processing techniques
which significantly affect the design of a correlation type
blood flow imaging system. Because this research covers
relatively uncharted ground and because of its complex nature
and scope, it is difficult to separate those processes and
Procedures which should be investigated from those that
should not. Therefore, in an effort to prevent the scope of
this investigation from becoming unmanageable, the central
theme of designing a practical system has been adopted.

Although this is a highly visible theme in this dissertation,
it -

1S also superficial to a more subtle underlying purpose.
Th .

© true value of this research lies in the insight gained

in
O the fundamental processes affecting the system design
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so that readers might be better equipped to make their own

engineering judgement in designing their own system.

The various phases of the research are listed below in
the order that they are presented in the text. Each phase
constitutes a major portion of work in the investigation of

ul trasonic blood velocity imaging.

1. Background: This section presents a brief history
of previous work relevant to the work presented in this
dissertation. A simplified block diagram of the veloc-
ity imaging system is presented and discussed in this

section.

2. Development of a Model: 1In this section a model

for the flowing blood as a '"target" is developed.
Additionally, a characterization of the surrounding

tissue (target environment) is presented.

3. Signal considerations: An investigation of the

potential advantages and limitations of utilizing

various large time bandwidth product signals is carried

out in this section. Based on these results and prac-

tical considerations, a particular signal is selected.

4. Processing Considerations: Under certain con-

straints on the transmitted signal, the correlation
receiver can be considered near optimum. These con-

straints are derived and discussed in this chapter.
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5. Resolution Constraints and Receiver Performance:

Various complex resolution interrelationships which
affect the design of an optimum flow measurement
system are derived and discussed in this chapter.
Additionally, theoretical receiver performance is

evaluated.

6. Transducer Considerations: At this point, a

discussion of various transducer designs is included.
This discussion includes results of a specially
designed dual element transducer developed by Jethwa,
as well as more conventional focused and unfocused

transducers.

7. System Implementation: In this chapter, real world

considerations are included in an example system design.
Most of the ideas presented in the example are the
result of experience gained in the actual hardware

construction of a similar system.

8. Finally, a brief conclusion section is included to

summarize the research and comment on the implications

of some of the results.

Additionally, the required detection/estimation theory back-
ground is developed in Appendices A through G. Since the
the°ry is developed in the context of the blood flow imaging
pr°blem, the reader is strongly advised to at least skim

these Appendices before reading the main text. They are very
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mac—Xx a part of the total effort, and it will be assumed in
rhe main body that the reader has developed the necessary

Fami liarity.



CHAPTER II
BACKGROUND

In the past, several different techniques from plethys-
mo g xraphy to NMR (nuclear magnetic resonance) have been used
fox the detection and measurement of blood flow. The major
di £ Fficulty with these methods is the lack of ability to mea-
suxre flow in a specific region. Ultrasonic techniques do
no t experience this problem and are only limited by the
resolution and accuracy designed into the instrumentation
arnnd processing. Hence, ultrasound is ideally suited for
me di cal diagnosis and treatment, as well as, medical research.
A muamber of excellent surveys of various ultrasonic blood

£1 ovwrmeters have been published by Franklin,1 Wells,2 Baker,3
and Fryg.

Tr\ansmission Type Ultrasonic Flowmeters

Many transmission-type flowmeters have been designed.]‘o-18
TheSe flowmeters are based on the principal that a sound beam
Pas sed diagonally through a blood vessel exhibits a difference
in The time required to traverse the vessel alternately in
the upstream and downstream directions. A major disadvantage
AS S ociated with these flow detectors is that surgery must be

performed to locate the transducer close to the blood vessel
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being examined. Thus, these flowmeters are not suitable

for transcutaneous blood velocity measurements.

Conventional Reflection Type Ultrasonic Flowmeters

The conventional reflection-type flowmeters, which are
in common use, are based on the principle of the Doppler
effect. When ultrasound is transmitted into the blood stream
a portion of the signal is scattered by the moving blood
particles and is Doppler shifted. The relationship between
the average Doppler difference frequency fd and the average

blood flow velocity v, is given by the following equationz’19

c fd

fCTbos a + cos Bi; 2.1

where c is the velocity of ultrasound in blood, f, is the
transmitted ultrasonic frequency, and « and B are the angles
between the transmitting and receiving ultrasonic transducers

and the velocity vector of the blood stream.

Reflection type devices may operate in the continuous

wave mode or the more sopisticated pulsed Doppler mode.

20

Satomura was the first to demonstrate continuous wave

Doppler motion detection in 1956. Franklin, et al21 used

this technique for blood velocity detection in animals.

22 .
Baker developed a practical instrument for the transcuta-

neous detection of bloow flow in humans.
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Conwventional Pulsed Doppler Systems

The early continuous wave flowmeters were not capable
of detecting the direction of the blood velocity vector with
respect to the transducer. In 1966, McLeod23'24 used a ver-
sion of quadrature phase detection to demonstrate the first
successful direction sensing Doppler device. One of the
shortcomings of the continuous wave (CW) sinusoidal systems
is its inability to obtain a measurement of range. This
lack of range sensitivity prevents the measurements of
vessel diameter and velocit& profiles. The current pulsed

Doppler systems by Baker, Perroneau, and others3~8
25 26

and the

Random Signal Systems by Newhouse were devel-

and Jethwa
oped in an attempt to make transcutaneous blood flow measure-

ments.

In the pulsed Doppler system, a burst of ultrasound is
transmitted. The distance to the moving target and the tar-
get's velocity with respect to the ultrasonic beam are deter-
mined by range-gating the return echoes. These recéived
echoes are both phase and amplitude modulated by the moving

target. This range-gated echo is then compared with a sample
of the original transmitted signal in a phase detector to

extract the Doppler components. A number of these systems

have been built and used for measuring blood velocityB-8

As will be discussed in the next chapter, one of the

concerns with a conventional Doppler system is providing




sw ¥ ficient energy in the pulse to enable targets of interest
to be easily detected, simultaneously with providing suffi-
c i ent range resolution (obtained by using shorter duration
pwulses). A conventional system increases transmitted energy
b 3 dncreasing the peak energy in each pulse, thus improving
th e system immunity to noise. However, there is presently
s ome concern about the safe peak intensity levels for

t:issueszs’26.

Random Signal System

One potential solution to the peak power problem
a S sociated with conventional Doppler systems lies in the use
Of random noise as the transmitted signal. Using random
Noise, a duty cy;cle of 1007% may be utilized without degrad-
ing the systems range resolving capability. Also, the signal
may be pulsed modulated and transmitted at an arbitrarily
high repetition rate without introducing range ambiguities.

(Those concepts will be treated in detail in Chapter Four.)

The random signal system proposed by Newhouse and by
Jethwa vwere attempts to utilize random noise in this fashion.
Also, it was speculated by these researchers that the random
Signal system could theoretically provide arbitrarily good

Ve1ocity and range resolution.
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Corr~wventional Reflection Type Visualization Systems

Conventional reflection type ultrasonic visualization
s s tems provide cross sectional presentations of static
tax gets (tissue, muscle, bone, etc.) These systems transmit
a series of narrow pulses of ultrasound. A portion of the
txransmitted energy is reflected from any acoustical impedance
di scontinuity (tissue interface) and received by the receiv-
ing transducer. The received signal is amplified and
envwvelope detected. An image is then formed on a CRT by scan-
ning properly and intensity modulating according to the

enexgy in the received signal.

Ve locity Imaging Systems

A second form of a visualization system is the presenta-
i on of dynamic (moving) targets, or Doppler visualization.
In  the special case where red blood cells are the moving tar-

gets, the system will be referrad to as a Blood Flow Imaging

Sy sten.

A simplified block diagram of a Blood Flow Imaging
Sys tem is shown in Figure 2.1. As shown in the block diagram,
the signal to be transmitted is generated by the signal
gel'1e1:ator, amplified by the power amplifier, and converted to
qN gcoustical signal by the transmitting transducer. The
Y1l trasonic energy is then reflected by a continuous stream of

™MO~ring red blood cells in the flowing blood as well as
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swax xounding tissue. The signal received by the receiving
tx = mnsducer is amplified and processed to provide a velocity

es t imate corresponding to each spatial location.

Blood Vessel

<
Transmitting
Transducer
T— o —
Power / / Receive
Ammplifier Receivine | Amplifier
Transducer
Signal Image Signal
Generator Display Processor

Figure 2.1 Simplified Blood Flow Imaging System

Some limited success has been reported in the area of
Blood Flow Imaging27. However, very little work has been
dotle in investigating fundamental limitations, system con-
stn:‘aints, appropriate transmitted signals, or optimum pro-

c . .
Ss sing and the associated performance.

This investigation was an outgrowth of a desire to

"Tx Qerstand more clearly those fundamental processes involved
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ima  Ultrasonic Blood Velocity Imaging.

E=x 1y Experimental Results

Initially, the purpose of this research was to exploit
thh e suggested advantages of the random signal system in
mza k< ing blood velocity measurements. As a result, a flow
me A surement system was constructed which was capable of com-
Pax ing the performance of the random signal flowmeter with
thh e more conventional pulsed sinusoid system. Additionally,
a b lood flow simulation system was constructed so that in-

Vi txo measurements could be made.

Figure 2.2 shows the physical construction of the blood
£1 ovw simulation system. Seven millimeter dialysis tubing
Wa s used to simulate blood vessels of the size most likely
o be encountered in practice. The length of the tube was
cho sen as approximately 100 times the diameter of the tube
So T hat laminar time independent flow could be guaranteed
in T-he exposed section. Also, as shown, this construction
al L ©wed for the introduction of obstructions into the tubing.
¢. = - Antifoam containing seven micron silicon particles was

ml}ted with distilled water to simulate actual blood.

The block diagram of the experimental system which was
cons tructed is shown in Figure 2.3. As shown, the trans-
mitted signal consisted of either a sample function from a
T:a"'?‘-(iotn noise source or a pulsed sinusoid. A portion of the

T
rahsmitted signal is delayed by the variable acoustic delay

.



13

wa3sLg uOIIBINWIS MOTJ POOId @Yl ¢7°Z 2an314g

PR AN: Burqng,
PEISTHEES sTs&1®1q Surqng
ﬁﬂﬂV/‘ ajronT
dung , \Ahql \\“WL\/
M _r . v n ? u/.\-
8 Y A S—— \\
;/ uoT31oNIISqQ \\\
19aonpsuea] S9ATEA
I93eM
PRTTIT3ISTA

d

Burqny uo3A£jg,

_

und _
_maﬂummasm_

3703




14

Blood Vessel

Transmitting
Transducer

Random
Noise
Gen.
Power Revr
Ampli- | Ampli-
fier fier
Pulsed
Sirmusoid . Receiving
Gen. Variable Transducer
Acoustic
Delay
Line
L)
Spectrum | Low
Pass
Analyzer Filter

]F'igure 2.3 Experimental Velocity Measuring System



15
1 i rxe and then mixed with the received signal. The output of
tIre mnmixer is low pnass filtered and its frequency content
ara lyzed by a digital spectrum analyzer. The range under
e>camination is determined by the delay introduced into the

r « £ erence signal by the delay line.

Figure 2.4 shows a typical velocity profile reconstruc-
ted from Doppler spectra obtained using the experimental
system38’39. The actual spectrum analyzer output corres-

Ponding to a few selected positions across the vessel diame-

tex is shown in Figure 2.5.

» 7 mm
Dialysis
> Tube

j*gure 2.4 TFlow Profile Across Unobstructed 7 mm Tube
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# Position 1

= e e - e e e Emw e - -

B e

3dO 406 SAO 660 760 850
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\Position 8

A Position &
\Position 6

at Selected Positions Along the Diameter

Figure 2.5 Actual Doppler Spectrum Analyzer Output
of a 7 mm Tube
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These spectra were obtained using random noise as the
txr ansmitted signal by averaging the output spectra over
s e<reral seconds. When long time averaging was not used,
thhe Doppler spectra were virtually uninterpretable. Even
wi th averaging, the difficulty in reconstructing a profile
£ xom them is apparent. Clearly, long time averaging cannot
be tolerated in-vivo where pulsatile flow exists. Nearly
iAentical results were obtained when a pulsed sinusoid was

used as the transmitted signal.

These results indicated that the range and velocity
re s olutions of the random signal system were comparable to
tho se of the existing conventional ultrasonic Doppler systems,
but not superior as had been anticipated. Additionally,
al though the in-vitro results indicated that similar system
Pex formance could be expected, in-vivo results were quite
di £ ferent. Using random noise, not a single meaningful mea-
SWUx ement was ever accomplished. On the other hand, obtain-
ing in-vivo measurements using the conventional system were

4 matter of routine.

It was this combination of failures on the part of the
Tandon signal system which was to become the seed of this
Tes earch. It became apparent that a more fundamental under-
Sta‘nding of the processes involved in making in-vivo blood

£ .
low measurements was required.



CHAPTER III

TARGET MODEL

In this chapter, a model for the flowing blood as a
taxget is presented and discussed. In the sequel, the word
mo del is intended to mean a mathematical characterization of
a physical target which is consistent with the measurement
me tthods and objectives. From this characterization (model),
wVvaxrious performance measures and design parameters may be
ana lyzed and optimized according to the measurement objec-
ti~res. However, before such a characterization is completed
4 < lear understanding and/or definition of the following is
Teqgwired:

1. .Measurement objective

2. General measurement method to be employed

3. Actual physical structure of the system upon which

measurements are being made and its effects on the

measurement method.
T}lerefore, the development of an actual mathematical charac-
e 3 zation must be preceded by a discussion of each of the
EO D ics listed above.

After defining the general measurement method and

obj @ctive as well as describing the important attributes of
fha physical system, this chapter addresses the problem of

13
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f£f o xrmulating a model for the flowing blood. Additionally, a

s i mple model for the surrounding tissue is presented. Thus,

th e final two sections of this chapter are:

4., Target Definition and Characterization

5. Simple Tissue Model

Me a surement Objective

The objective of the ultrasonic flow visualization sys-
tem is to display, as a function of time and as accurately as
P o s sible, the velocity of scatterers at each spatial location
irx the field of observation. Unfortunately, as will become
ap p arent, the simultaneous achievement of good spatial, vel-

O c i ty and time resolution are conflicting requirements.

Therefore, it is difficult, if not impossible, to
S P ecify a single criteria which provides a measure of overall
S 3> s tem capability. However, a unique set of design curves
™31 1 be presented in a later chapter which suggest a design

™Me tthodology to meet the measurement objectives of any specific

|AP P lication.

Ge\rleral Measurement Method

The general measurement method employed in this research

s shown pictorially in Figure 3.1. As indicated, electrical

s s
L nals are converted to propagating acoustic waves by the

p
t‘a-hsmitting transducer. These waves are then alerted (scat-

-
QI“ed, attenuated, distorted, etc.) by the internal structures
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o £ the human body. A portion of the altered transmitted
wawves are received by the receiving transducer and con-
wexrted to electrical signals. These signals are then pro-
cessed in the true correlation receiver to provide informa-
i on related to the measurement objective. The only further
r e striction imposed on the general method is to constrain
th e transmitting and receiving transducers to occupy the

s ame spatial location and orientation.

Corre- Range and
™ lation[™> Velocity
Revr Estimates
Epidermis
T xansmit/Receiye | ¥

Transducer

6 “~————————— Blood Vessel

Figure 3.1 General Measurement Method

It should be pointed out that this choice of general
measurement method is based on the author's, and other's,
Sxp @ riences as described previously in the introduction. And
te i s the purpose of this research to further exploit the

a .
d‘\7a~ntages of this measurement scheme.
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Py sical Structure

The actual physical structure which the measurement
s > s tem must interface with is the human body. Simply stated,
tIhre human body consists of an almost endless number of micro-
s copic cells, each performing specific functions which are
i tegrated for maintenance of the entire being. Primarily,
th exe are four types of cells, which group together in a
re gular fashion to form the four general tissue types:

1. Epithelial
Muscle
Connective
Nerve
Blood

wm &~ LN

Fox example, Figure 3.2 shows how epithelial cells group to-
< ther to form stratified tissue, while Figure 3.3 shows how

SO oth muscle cells group to form muscles.

Since tissue is composed of similar cells organized in

X2  orderly fashion, it is reasonable to expect the acoustic

prOperties of a given tissue to be nearly homogeneous. (See
Appendix H for a brief discussion of acoustic waves.) Also,
e might expect the acoustic properties of dissimilar tissues
to be dissimilar. In fact, all reflection type ultrasonic
Cis Sue visualization systems are based on the fact that differ-
St tissue types provide different characteristic acoustic
impedances and the fact that reflection occurs at the acoustic

i . e . .
™M edance discontinuities present at tissue interfaces. At
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Figure 3.2 Stratified Squamous Epithilial Tissue

Figure 3.3 Muscle Tissue
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bone/tissue or tissue/air interfaces, the characteristic

impedance mismatch is so large that very little acoustic

energy is transmitted (large reflection coefficient).

These tissue types form the layers of the various mem-

The membranes cover the body, line

b =anes of the body.
In addition, mus-

~rAaxrious body cavities and enclose organs.

c 1 e surfaces, organ surfaces, and interfaces between various

O X gan parts, nerves, bones, tendons, etc., will all scatter

1l t-rasonic energy. Signals returned to the receiving trans-

dwucer from these interfaces are unwanted signals and only
i tterfere with our ability to make accurate velocity measure-

These undesired returns are collectively known as
the effects of these returns cannot

Only through

mex ts.
<1 watter. Unlike noise,
be reduced by increasing transmitter power.

2P D ropriate signal design and/or sophisticated signal process-

ing techniques can the effects of clutter be reduced.

Another important characteristic of tissue is its

= T tenuation coefficient since it directly affects the design

£ an ultrasonic blood flow measuring instrument. With the

S >cception of bone and lung tissue, other soft tissues enhibit
=2 & tenuation coefficients ranging from .5 db per cm per MHz

:EQI adipose (fat) tissue, to over 2 db per cm per MHz for

= T xiated muscle tissue28. Bone and lung tissue exhibit

T tenuation coefficients much greater than the attenuation

S efficients listed above. For the remainder of this dis-

= . .
S xtation a nominal value of 2 db per cm per MHz will be
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1rased for acoustic waves in the one to ten MHz category.

A lso, attenuation losses have been shown to vary directly

w~7ith the carrier frequency29 in biological tissue.

Of course, for a blood flow measurement system, the

4= 1 ssue whose characteristics are of most interest is the
The

> 1 ood. Blood is composed of two major components.

£ i1 rst component is the fluid portion or blood plasma in

wwihich solutes are dissolved. The second component is the

<o llection of living cells suspended in the plasma. These

< e 11ls may be classified in one of three categories:

< x 3y throcytes, leukocytes, and thrombocytes.

Erythrocytes, or red blood cells, are approximately 7

™Mi cxons in diameter, 1 - 2 microns thick, number 4.5 to 5.5

T 1 Jion, and occupy 40 to 50% of the total blood volume in a

RO rxrmal individual. The percentage of blood volume occupied

by the red blood cells is known as the hematocrit.

The total volume occupied by the smaller and less numer-

s thrombocytes (platelets) and the leukocytes (white blood

Se=11s) is approximately 17 of the total blood volume. Thus,

T is not surprising that the red blood cell has proven to be
30

.

Che major source of ultrasonic scattering from the blood

Blood is only one component of a larger system called

S cardiovascular system. The cardiovascular system in-

<
l"~3lc1es the heart, arteries, capillaries, and veins. The
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I eart creates the pressure differential which pumps the
¥>lood through the system. The arteries carry blood away
4+ xrom the heart to the capillary beds in the tissue, and the

~reins return blood from the tissue to the heart.

The arteries and veins form a branching system of
<7essels which divide into more and more vessels of decreas-
3 ng diameter as the capillary bed is approached. This
Ioxranching occurs in such a way that the sum of the cross-
s ectional area of the two vessels following a branch is
& pproximately 1.5 times the cross-sectional area of the
> e sssel before the branch. Thus, the blood velocity de-
< xeases from an average value of 20 cm/sec in the aorta to
I ess than .2 cm/sec in the capillary beds>t. This research
Qo es not address flow measurement problems associated with
i crocirculation of the tissue. But rather, it is directed

T oward flow measurement in the major arteries having diam-

<t ers greater than approximately .5 cm.

The major arteries and veins of the body resemble thin
™ a]lled distensible circular cylindrical tubes. Their walls
=T e made up of layers of endothelial cells, elastin fibers,
S Mooth muscle, and colagenous fibers. Under control of the
<entral nervous system, these vessels expand and contract to
QQI'I.trol blood flow and pressure. Also, blood flow in the
X teries is quite pulsitile due to pulsitile pumping of the

heart and these arteries expand and contract with the time
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~rarying pressures in them. The situation is quite different

4. 1 veins where flow is nearly time independent.

As derived in Appendix I, the flow profile for laminar

£ 1 ow in a circular cylindrical tube is parabolic.

2
= -
V(r) = Vinax <l az) 3.1

whiere a is the radius of the vessel.

The relationship between the average velocity across the
C X oO ss section of the vessel and the maximum velocity in a
P & abolic profile is also derived in Appendix I and is found

T o be

Vnax = 2'Vavg 3.2
At high velocities, the pattern of laminar flow breaks
A Own and the fluid elements appear to flow in a random time
varying fashion. The critical point at which this transition
T X om laminar to turbulent flow occurs is defined by the so-
= = 11ed Reynolds number, where
2ap

\Y
Reynolds number = avs 3.3
n

where p = blood density =~ 1 gm/cm3 and n is the blood viscosity

" s . .
hlch is approximately .035 dyne sec/cm2’32. Turbulence
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tas ually occurs when the Reynolds number exceeds 2,300.

C oulter and P.apenheimer33 found the critical Reynolds number
= or blood to be approximately 2,000. This indicates that, in
=T e larger vessels, blood behaves much as a homogeneous fluid.
Y7 i th the exception of diseased vessels and flow at the root
o £ the aorta, Reynolds numbers are usually well below 2,000

i 1 the circulatory system. Thus, for purposes of this

e search, laminar flow will be assumed.

The design of any practical flow measuring instrument
~rdi 11 be highly dependent upon the dynamic range of velocities
T o be measured. Figure 3.4 shows a typical plot of average
Vo 1 ume flow rate vs. time for blood flow in the aorta. Using
€S qguation 3.2 and an average value of 1.0 cm for the diameter
S £ the aorta, it is seen that blood velocities in the-cardio-

~as cular system should normally lie in the range of 0 - 100

<=1/ sec.

1500 4
1200 |
Z 900 |
\~
'E 600 4
300 4+
|,_._§Lax:ies from .5 to 1.0 seconds ,l >t

Figure 3.4 Typical Flow vs. Time in the Aorta
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Another very important parameter characterizing the blood,
as well as the surrounding tissue, is the effective scattering
cross section. The scattering cross section of continuous bi-
ological media is defined as the fraction of incident acoustic
power scattered in the direction of the receive transducer per
unit solid angle per unit volume of media. A great deal of re-

cent research has been directed toward measuring the scattering

cross section of various tissues. Unfortunately, with only a
few exceptions (whole blood for example), current measurements
of absolute scattering cross sections provide little in the
way of useful design data. However Baker, using the Duplex

Scanner,27

measured the relative scattering cross section of
blood at 3Mhz to be 20 db below the scattering cross section
of the vessel wall. 1In the analysis and design that follow,
this number is used as the nominal relative scattering cross
section of blood relative to all the surrounding tissue.

"Also, experiments34

have shown that the scattering cross
section of blood increases as the fourth power of frequency
and is nearly isotropic. This is consiétent with Rayleigh
scattering theory which states that given a Poisson distribu-
tion of independent scatterers, each with dimensions much less
than a wavelength, and assuming first order scattering, then
the scattered energy will be isotropic and exhibit a fourth

power dependence on frequency. Thus, treating red blood cells

as independent Poisson distributed scatterers is not only

intuitively pleasing, but also consistant with the above
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mentioned experimental results. The optimum choice of carrier
frequency depends on a trade-off between the back scattered
energy which is proportional to W? and attenuation losses
which are proportional to w . Experience in building and
working with C. W. Doppler flowmeters, Pulsed Doppler flow-
meters, and Continuous Noise flowmeters has shown that 5 MHz is

a reasonable choice for a blood flow imaging system.

Target Definition and Characterization

In Appendix F, a technique for using a correlation type
receiver to estimate the range and range rate (or radial ve-
locity) of a point target is introduced. It is shown that
the maximum likelihood estimate of delay (t) and Doppler
frequency (w)in the presence of white Gaussian noise is
obtained by maximizing the square of the magnitude of the log
likelihood function over all possible values of delay and

Doppler frequency. That is:

A 2
T,n = ??f IL(T,w) | s 3.4
T = T
w =
where
L(t,0) = [TE(E)E% [(1 + o)t - t]ed®C dt 3.5

In equation 3.4 r(t) is the complex envelope of the re-
ceived signal and £ [(1 + a)t-1] is a delayed,time scaled

version of the transmitted envelope.
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There are two apparent difficulties with maximizing
|L(r,m)]2 as shown. One arises from the infinite limits of
integration. The other because of the continuous nature of
the candidate delay Doppler estimates. The first difficulty
is easily removed since in any practical system the trans-
mitted signal will be non-zero only for some finite time dur-
ation and therefore the limits of integration are finite.

One the other hand, there is no apparent means of arguing
away the existence of infinite possibilities for delay and

Doppler estimates.

A practical method for dealing with this difficulty con-
sists of the following two steps. First, limit the allowable
ranges of both delay and Doppler to values which can physi-
cally occur. And secondly, divide the remaining ranges of =
and w into a grid of discrete candidate delay/Doppler pairs.
The pair which maximizes the magnitude of the log likelihood
function is then chosen as the estimate of target delay and

Doppler.

However, this introduces a new difficulty. Namely that
of choosing the delay and Doppler separation of these pairs.
A logical first step in solving this problem would be to some-
how determine the delay and Doppler resolving capability of
the transmitted signal. Fortunately, this information is
available by properly interpreting the signal ambiguity

function discussed in Appendix G. 1In the Appendix it is shown
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that for all cases of interest in blood flow measurement, the
range resolving capability is approximately the inverse of the
effective bandwidth of the transmitted signal. Also, it is
shown that the Doppler resolving capability of a conventional
correlation receiver is roughly the inverse of the effective
time duration of the signal, and it is suggested that in most
cases of interest the same criteria holds for the true corre-
lation receiver. However, demcnstrating the reasonableness

of this suggestion is reserved for Chapter Four where specific
signals and their attributes are discussed. Thus a reasonable
choice for delay separation of the discrete delay/Doppler pairs
is also the inverse of the effective bandwidth and a reason-
able choice for Doppler separation is, for most signals, the

inverse of the effective signal duration. -

As stated earlier, the objective of the blood flow imaging
system is to estimate the velocity of the blood at a particular
location within the vessel. That velocity estimate must be
made by examining the sum of signals reflected from all red
blood cells as they pass through the desired location. There-
fore, since laminar flow has been assumed, the target will be
defined as a "small" cylindrical subsection of the vessel
parallel to the flow vector as shown in Figure 3.5. The range
to the center of the target is assumed known. However, the
approximate size and shape of the target cross section has not
been specified. In general, the target shall consist of all

red blood cells which by themselves would produce a significant
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output from a correlation receiver perfectly matched in
velocity and set at a known delay t. Based on the previous
discussion concerning the range resolving capability of the
transmitted signal, the target shall specifically consist of

those red blood cells which pass through the ultrasonic beam

Ultrasonic
Beam

Blood
Vessel

->

Lo @_ R IR AR R )

)
Diameter =D 2
Ax = Cosb
Target /(;/[ C+BW

o

Figure 3.5 Target Definition

, 1
at ranges corresponding to delays between t - »gw and t +

1
TEA The approximate dimensions and shape of a typical target

are shown in the figure. Of course, the actual shape of the
target depends on the specific signal and transducer beam
pattern. Even when these are completely specified, the target
shape is still somewhat arbitrary. Therefore, when specific
target shapes and beam patterns are required, they will be

chosen for mathematical convenience.
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Having described and defined the physical target, a math-
ematical characterization (or model) shall be developed next.
Figure 3.6 shows the geometric relationships between the

th

target, the i RBC within the target, the ultrasonic beam,

and the transducer. In addition to moving along the flow vec-

th RBC

tor with velocity Vi, the spatial orientation of the i
is continually changing. Thus, each red blood cell in the
target appears as a fluctuating point target. However, the
assumption will be made that each RBC appears as a non-fluc-
tuating point target during the time required to pass through
the ultrasonic beam. Additionally, it will be assumed that

the beam is sufficiently narrow and the transducer sufficiently

far removed such that 6 is approximately equal to 6 when

the associated RBC is within the illumination volume. For

Ultrasonic
Transducer —>»

Target
(See Figure 3.5)

Figure 3.6 System Geometry
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example, with a beam width of 1 mm and a target distance of
approximately 2.5 cm, ei would vary on the order of two
degrees. The importance of this assumption is to allow all

RBC's along a particular streamline to be associated with a

unique Doppler frequency given by:

Z‘Gilwc
wd=———cos(€) 3.6
C
Under these assumptions and temporarily neglecting the beam
pattern, the signal received from the ith red blood cell is

the same as that derived for a point target in Appendix F

(see equation F.14).

;:i(t) = VE_ Bi%[(lw(Ei))t-T(;i)]ejw(fi).t 3.7

The effects of transducer losses, beam pattern, and two
way propagation losses can be included by multiplying by an
appropriate function of space T(?i) = T(Fi)ej¢i. If phase

changes associated with T(?i) are included in bi’ the actual

th

received signal from the i~ red blood cell may be written as:

£, (8) =ELT(E, +7,0)b L (L+aE )t - 1(F)1el ¢ FF
3.8

The total signal received from all RBC's in the target is the

sum of signals received from the individual red blood cells.

r(t) = tr.(t)
irl
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llext, the summation will be divided into two summations.
This division is achieved by breaking the target volume into
i Each Vj will in turn con-
tain some random number, Nj, of red blood cells. The re-

small elements of equal volume V

ceived signal may now be rewritten as:

CE[(L + a(Eij))c-r(?ij)]ej“’(rij)t . 3.9

I1f the volume elements are sufficiently small, then rij=rj

and the expression for r(t) can be rearranged as follows:

r(t) = /E;T(fj+vjc)%[<1+a(fj))c-r(fj)]

L
i

. - . t 0 -
Julrye ] by s 3.10
l )

i

e =2

.e
Because the reflection coefficients, gij’ are assumed to be
zero mean independent random variables, then for large Nj

the central limit theorem allows the second summation

in the above expression to be considered a single complex
Gaussian random variable. Since ;(t) is a linear combination
of complex Gaussian processes, it is itself a complex Gaus-
sian process (see Appendix C). Additionally, the additive
noise is considered Gaussian so that all the information

required to evaluate the performance of the blood flow
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imaging system or derive the optimum processing is contained
in the covariance function of the received siznal (see
Appendix D). First the mean of r(t) will be evaluated

(E{*} is the expectation operator).

m(t) = E{r(t)}

N, _
ez o5 5 g

hi i=
Ny
- VE, T()E()ed® It b, . 3.11
X . 1,]
3 =]
By assumption E{bij} = 0 so that
N, . N i
E{z” b. =3 E{b. .} =0
i=1 *J i=1
Therefore,
m(t) = 0 3.12

This simplifies the expression for the complex covariance

function K(tl’tz)'

R(ty,tp) = ELIT(e))-0(e) ] E(Ey) -m(e))1")

E{E(tl)E*<c2)} 3.13
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Substituting for r(t) from equation 3.10, the covariance

function becomes

N.
~ . J
K(t,,t,) = E IVE_ g.(ty) £ b,
1’72 F t °j 1 j21 1.3
TVED g¥(t,) Sk p¥ 3.14
“t k"2 ¢,k :

where
. _ N Ju(Ef: )t
g5(t) = TEAT O E[(LH+a(F)e - 1(F;)]e J 3.15
or
ind ~ *
K(t,,t =E_TZ . (t t
(F1:52) = B D0 25 (FP g ()
N, N
{ J k | ~% }
E< z° T b, .b 3.16
i=1 g=1 1.3 bk

Because of the independence assumption for scattering from

individual red blood cells, i.e.,

20% m=n
E{Bﬂﬁi} =
0 m#n

the only terms which contribute to ﬁ(tl,tz) are those which
~ ~ s - ~
contain products of Fhe form bij bij = !bijiz. Thus K(ty,t,)

may be simplified as:
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N.
3 B ~ % . J - 2
(t1,ty) = EL ? gj(tl)gj(tz)d 151 Ibi’jl 3.17

Now since Nj and Bij are both independent random variables

the expectation in equation 3.17 is by the definition of

expectation (letting Xi5 = [bijlz):

N N.

V{ ZJx } ; f°° ZJ X (N )d

E . . = . .p (N, ,x)dx

i=1 *»J Ny=1 o i=1 B3]

N.
[0 o) © J
= ¥ S/ =

T x. .p (X)P(N.)dx
Nj=l o i=1 i,3P J

z fmx.
Nj=1 i=1 o v

i
™

jp(x)dx P(Nj)

2
= I .2 P(N.
N_=l J cb ( J)
J

2
b

20 E{Nj} 3.18

Since the red blood cells are by assumption Poisson distrib-
uted in space, the average number within any volume element

AVj with volume AV is given as
E{Nj} = pAV 3.19

where p is the density of red blood cells.
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Substituting these results into the expression for the

covariance of ;(t) provides further simplification.

~ _ 2 - ~%
R(tp,ty) = 2000E, E g (t))gs (£))eV 3.20

z
j

In order to replace the summation with an integral it is

3 and still contain

3

necessary that AV be much smaller than A
a statistically significant number of RBC's. At 5 MHz, A
is approximately 2.7)»:10'6 cm3. This volume contains over
20,000 red blood cells. Even at AV = X3/1000 there are still
an average of 20 RBC's per AV, more than adequate for the

Gaussian approximation to be valid.35 Thus the final form

of K(tl,tz) is

~ ~ ~%
K(tl,tz) = 20% Etp _/. g(tl)g (tz)dV
target
volume 3.21
) . juE)t
g(t) = T(XE+V@)E[(I+a(T))E-T(X)]e

This is the desired characterization and is a major result
in the analysis of a blood flow imaging system. This result

will be used extensively in Chapter Five.

Next a very crude but useful characterization of

tissue surrounding the target is developed.
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Simple Tissue Model

When performing transcutaneous blood flow measurements
using ultrasound, there are many sources of scattering other
than the target red blood cells. These sources include vari-
ous tissue interfaces as well as red blood cells elsewhere
within the vessel. Returns from such undesired clutter will
degrgde the performance of certain ultrasonic flowmeters and
the system designer should be cognizant of their effect.
Using the measurement technique chosen for this research,
there are two pétential methods of combating clutter, signal

processing and appropriate signal design.

In order for signal processing to be effective the
designer must have adequate knowledge of the clutter environ-
ment. This knowledge may take one of two forms: (1) a
deterministic description of the scattering characteristics
of all internal structures, or (2) a good statistical model
for tissue scattering. Deterministic knowledge of all inter-
nal tissue interfaces is clearly impracfical if not impossible

to obtain and use. Also, at this time an adequate statistical

description of tissue scattering is not available. In fact,
since such a statistical model must be valid for all possible
transducer positions and orientations, it too may be impracti-

cal or impossible to develop.

Fortunately, using only a very rudimentary model for the

target environment, system performance may be quite effec-
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tively optimized through appropriate signal selection. Unfor-
tunately, very little information is available which aids in
formulating even a crude characterization. However, in this
section a model is described which makes use of the available
information and provides a realistic worst case clutter

characterization.

The model used for the target environment will be called
the relative range scattering function. The purpose of this
range scattering function is to describe the distribution of
returned energy as a function of the range at which it was
reflected. In developing this model it will be assumed that
the gross attenuation and scattering properties of tissue is
homogeneous. If second order scattering effects are ignored,
then the intensity of ultrasound incident on a differential

range element of tissue at range R is:

_ -2aR
Iincident - Ite

where a is the attenuation coefficient of tissue. The
intensity of the wave reflected in the direction of the
transducer is found by multiplying the incident intensity
by the square of the reflection coefficient and the size

of the differential range element (see equation H17).

L2
Ireflected - !FTI dr Iincident 3.23
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Here Top has been used to represent the reflection coeffi-
cient of tissue. The reflected energy is attenuated as it
propagates back to the receive transducer so that the
received intensity of the wave is:

e—ZaR.

Ireceived reflected

-4aR
e

Ireceived ]FTIZI dr 3.25
It will be assumed that the center of the vessel of interest
is located at a range given by R, and has a fadius of R_.

If blood is considered to be lossless, the intensity of
ultrasound at the receive transducer due to reflection from
within the blood vessel is given by:

I e-aa(Rc-Rr)dR 3.26

Tl I,

Ireceived = B

If a uniform beam of cross sectional area A is assumed,

then, by comparison with K(t,t) from equation 3.21, it is

seen that the reflection coefficient of blood may be written

as:
12 2
Notice that in equation 3.21 the attenuation factor
e-4aR has been absorbed in the beam profile T(r,v,t). Because

of the one-to-one correspondence between range and delay, the
range scattering function is easily made a function of =

rather than R. Making the change of variables
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R = L.€ 3.28

The general range scattering function may be written as:

-2acrdT . C

S(t) = IFTIZI 5 O<T<T =T

te

= ! 2 -zac(rc-Tr) . C -
S(t) IFB] Ie dt + 5 T ST <TST HT

{ZI o-2ac(t-21p) 4, %

—— !
S(t) = !FT ¢ T>TC+Tr

Since only relative scattering intensities will be of
interest in the following chapters, the range scattering
function may be normalized to IFT|ZI - £ dt. The result of

t 2
this normalization is the desired relative range scattering

function.

S. (1) = e"2acrt 0<T<T =1 3.29

R Ty :
IPBI2 -2ac(t_-1_)

S,(t) = - -

R( ) E [ e I o To Tr<r<rc+1r 3.30

T

-2ac(t-27.)

S, () =

R( ) e r ™>T tr 3.31

Using the assumed value of 10 db/ecm for the attenua-
tion of ultrasound in tissue at § Mhz, the value of a is
found as a = 1.15 (refer to Appendix H for the conversion

factor). As mentioned earlier, the relative reflection
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coefficient of tissue was measured by Baker and found to
be 20 db above that for whole blood. Thus the ratio

lFBlz/iPle equals .0l. Substituting these values into

equations 3.29 through 3.31, the final form of the relative

range scattering function may be written.

SR(T) e O<T<T =T 3.32
' _ -n(t _-1_) _

SR(T) = .0le c r Te Tr<r<rc+rr 3.33
Sg (1) = e n(T-21.) o T 3.34

where n = 3.45 x 105.

In the next chapter various signals will be evaluated
in terms of their clutter rejection capabilities. To do this
a typical vessel range of 2.25 cm will be assumed and the
vessel will be assumed to have a diameter of .5 cm. In this

case, equations 3.32 through 3.34 may be further simplified.

S (1) = e 0<1<3x10° 3.35
~ -7 -5 -5
Sp (1) = 3x10 3x10 9 <1<3.67x10 3.36
_6
S (1) = e n(1-6.67x10 ) 1>3.67x107° 3.37

Figure 3.7 shows a sketch of lO-log[SR(r)] described by
equations 3.35, 3.36, and 3.37.
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Figure 3.7 Typical Relative Range Scattering Function
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Another dimension may be added to the Relative Range
Scattering function which describes the distribution of
energy at each range as a function of the Doppler shift
which occurs upon reflection. The resulting function will
be called the Relative Range Doppler Scattering function,
SRD(r,f). For purposes of the analysis conducted in this
dissertation it is adequate to assume that tissue is sta-
tionary. Also, if laminar flow is assumed, the Doppler
within the vessel may be described as a function of range,
fD(R). Note: 1In circular cylindrical vessels fD(R) will
be parabolic. This information is easily incorporated into

the clutter model in the following manner.

Spp (T, £) = Sg(1) & () 3.38
SRD(T,f) = SR(T)G(f—fD(T)) 3.39
SRD(T,f) = SR(T)5(f) 3.40

To compute the total relative energy output of a corre-
lation receiver perfectly matched to the target Doppler due
to reflections from scatterers located in a specific region
of delay space, the relative range Doppler scattering func-

tion is combined with the ambiguity function as follows.

E, =/ r Sgp (T, £)8 (-1, £-£ )df dr 3.41

T =

where t,_ and ft are the target delay and Doppler, respectively.

t
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This relationship will be used extensively in the next
chapter to evaluate the clutter rejection capability of

various signals.



CHAPTER 1V
SIGNAL CONSIDERATIONS

In this chapter a particular waveform is selected as
~the transmitted signal. The first step in the selection
process will consist of describing and discussing desirable
signal characteristics in the context of blood flow imaging.
Next, various signals are discussed and evaluated based on
these desirable characteristics. And finally, any practical
technological limitations will be considered in the selection

of a modulation waveform.

Desirable Signal Characteristics

This section contains a listing of waveform characteris-

tics which are considered desirable for blood flow imaging.

1. Large Bandwidth. As previously discussed, the range

resolving capability of a flow imaging system is
inversely proportional to the bandwidth of the
transmitted signal. However, there are practical
and theoretical reasons for limiting bandwidth
which will be discussed later. At this point, it
is sufficient to indicate that bandwidths in ﬁhe

range of one to three megahertz are reasonable.

43
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2. Long Time Duration. For a conventional correlation

receiver the Doppler (velocity) resolving capability

is inversely proportional to the effective signal

duration and therefore a long time duration signal
is desirable. As with bandwidth, limitations will
be placed on the maximum reasonable signal duration.
Typical values will lie in the range from one to

ten milliseconds.

3. High Energy Signal. Higher energy signals mean

higher signal-to-noise ratios which is clearly a

desirable characteristic.

4. Low Peak Power. Although adequate information is

not available to make a definitive statement about
the in-vivo effects of ultrasound, some concern has

been expressed about the potential damage caused by

25,26

high peak power. However, peak power input to

LZT type transducers on the order of 10-30 watts

has been used routinely and safely.27

5. High Immunity to Clutter. A signal which minimizes

the contribution of clutter returns to the correla-

tor output will improve overall system performance.

Signal Selection

The primary tool which will be used in evaluating the

acceptability of a given signal will be the conventional
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ambiguity function. Additionally, the process of selecting
a specific signal must take into account practical techno-

logical limitations as well as the desirable signal

characteristics. After a specific signal is chosen it is
shown that the Doppler resolution of the true correlation
receiver is well approximated as that indicated by the

ambiguity function.

One of the simplest modulation waveforms one might con-
sider is the single pulse. The ambiguity function for the

single pulse is easily derived as follows:

f(t) = 5; for - % < t < %
1 t
JT Tr<T>
_ 1 s/t t-T jarft
¢ (1, £) --i 7 W(T) ﬂ( T ) e dt

t-1/2 l

i)
T \T-T7T )y
= %ll_ e-jﬂfTsinc((T-lfl)f)

2
0(t,f) = |¢(,£)|?% = <T—$i) sinc? ((T-|t])f) 4.1

where

l [xl < l
m(x) = { 2

0 elsewhere
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In Figure 4.1, illustrating the ambiguity function for a
single pulse, it is observed that the function has a single
peak whose width along the delay axis is directly propor-
tional to the pulse width and whose width along the frequency
axis is inversely proportional to the pulse width. To achieve
the velocity resolutions necessary for blood flow imaging
(i.e., 100 hz - 1 Khz with a 5 Mhz carrier) signal durations
on the order of one to ten milliseconds must be used. Since

. this provides a range resolving capability in the 75 to

750 cm range, the single pulse is clearly unacceptable.

8(t,£f)
A
[
!
1
/
/
1
! 2
/ @—— Sinc” ((T-[7|)£f)
/
-T l
~< T
S U I
1 T
°T

Figure 4.1 Ambiguity Function for a Single Pulse
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One method of improving the range resolving capability
without disturbing the velocity resolution is to introduce
complexities into the transmitted pulse. For example, if
the basic pulse is multiplied by wideband noise, a large
bandwidth long time duration signal is generated. The average
or expected ambiguity function for such a signal is derived

by computing

9(t,f) = E{¢(z,f) o¢*(x,£)} 4.2

where the expectation is an ensemble average taken over all
possible waveforms of the noise process. The ambiguity

36

function for random noise has been derived by Cooper™  and

is shown in Figure 4.2.

As expected, the width along the delay axis is deter-
mined by the signal bandwidth while the width along the
frequency axis is determined by the signal duration. Of
particular importance is the fact that there are no signif-

icant ambiguous responses.

There are difficulties in implementing a random signal
system. One of the limiting devices in the hardware imple-
mentation of this system is the delay line required to pro-
duce a delayed version of the transmitted signal. This

delay line must be capable of delaying a 1-3 Mhz bandwidth
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Figure 4.2 Ambiguity Function for Random Noise
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Figure 4.2 Ambiguity Function for Random Noise
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analog signal centered at 5 Mhz for up to 50 us. The require-
ment for such a delay line is unique to systems using non-
deterministic signals. In the past, analog acoustic delay
lines were used in the experimental random signal system
described in Chapter Two. However, these mechanically varied

lines are much too slow for use in velocity imaging.

Pseudo random codes (Barker codes, Gold codes, and other
Pseudo Noise (PN) sequences) have been developed to approxi-
mate a random pulse sequence. Actually, these codes are
deterministic and therefore the use of a delay line to pre-
serve the transmitted waveform is not required. There is a
class of PN sequences which are particularly appealing. They
are called maximal length linear shift register sequences.
Briefly, these sequences are called shift register sequences
because they can be generated by a feedback shift register.

A typical feedback arrangement is shown in Figure 4.3.

Shift Register Stages

Ini- Ini- | Ini-

tially tially tially Qutput
quence

equals equals equals

one zZero Zexro 0010111

(@

Figure 4.3 A Typical Feedback Shift Register
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They are called maximal length because they are periodic
on 2L-l clock pulses, where L is the number of shift register
stages employed. For example, see the output sequence asso-
ciated with the feedback shift register of Figure 4.3. Addi-
tionally, PN sequences exhibit some very nice properties
which make them nearly ideal substitutes for truly random
sequences. Specifically, the number of ones exceeds the
number of zeros by one, a run of length K occurs with proba-
bility 2-K and the cyclic autocorrelation function has con-
stant sidelobes equal to -l/N.. Unfortunately, the noncyclic
autocorrelation function, 9$(t,0), for PN sequences does not
have uniformly flat sidelobes. However, it has been shown37
that the average sidelobe level for the ambiguity function
(for PN sequences) along the delay axis, ¢(t,0), is -1/N.
Also, the average ambiguity function for PN sequences has
been shown to be approximately that pictured for random noise
in Figure 4.2. The only modifications necessary are to re-
place bandwidth (BW) with l/TB (where TB is the bit period)
so that T+BW is N, the length of the code in bits. Figﬁre
4.4 illustrates the average sidelobe level of an ambiguity

function for a PN sequence.

Typically, these sequences are used to Binary phase
modulate a carrier. With this modulation scheme, the trans-
mitted signal exhibits most of the desirable signal charac-

teristics mentioned earlier. Specifically, it can be a large
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bandwidth long time duration signal with the highest possible

energy for the lowest peak power.

i - - - T
g 1
ol } 4N

/ 1

£

1 A B
i
/7

Figure 4.4 Average Ambiguity Function for a PN Sequence

To evaluate the potential performance of a correlation
receiver using this signal in the presence of clutter, the
clutter model of equations 3.38, 3.39, 3.40 will be com-
bined with the ambiguity function of Figure 4.4 through the
relationship given by equation 3.41. Using these models,
the average output of the correlation receiver due to target

returns in the absence of noise can be reduced to:

Et = ftargetSR(T)e(T-Tt,fD(T)-ft)dT 4.3
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For a target perfectly matched in Doppler to the correlator
and having a range extent of At, the average energy returned
from the target is: (using equation 3.36)
E, = &t ¢ 3x1077 4.4
In deriving this expression, a uniform velocity profile
within the target has been assumed. The effects of Doppler
spreading due to non-uniform profiles will be considered in

Chapter Six.

Similarly, the average energy output due to clutter
returns is found by substituting equations 3.38, 3.39, 3.40

into equation 3.41 and using equations 3.35, 3.36, and 3.37.

E = [ = s, (1)8(t-1,,£ (t)-£,)dr
clutter R tD t

0 3.7x107°
fe Z-L\T dt + f s
© 3x10

-7 1
3x10 m dr

- at - 3x107 fﬁ

7.2x10°7
7.2x10°

For a typical delay resolution on the order of 11070 the

signal-to-clutter ratio is computed as follows:
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-7
SCR = AT'3X10-7
7.2x%x10
N
SCR = 4.2Nx 10~/ 4.6

This is an example of the signal-to-clutter ratio expected
for a typical .5 cm diameter vessel located 2.25 cm from
the transducer using a long time duration PN sequence. The
correct interpretation of equation 4.6 is that increasing
the number of bits in the sequence improves the signal-to-
clutter ratio. In the case of blood flow imaging where
1-10 msec signals are required, N will range from 103 to
104 which results in an SCR in the range from .0004 to .004.
This is not an acceptable value and other signals must be

investigated.

The simplest large time bandwidth product signal which
combats clutter as well as or better than any other signal

is the periodic pulse train shown in Figure 4.5.

T = NT
- P "
Bt
T
| e—L2—3]
TB———- —
ST K N N

Figure 4.5 Periodic Pulse Train
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Insight into some of the properties of ambiguity func-
tions can be gained by intuitively developing an approximate
representation for the ambiguity function associated with a
periodic pulse train. (A rigorous derivation is available
in any standard radar text.) From Figure G2, it is observed
that the area of the pedestal of a generalized ambiguity
function is 2T+2BW. For the periodic pulse train this area
is approximately 2NTp %% . However, the ambiguity function
is non-zero only in narrow strips parallel to the Doppler
axis. The width of these strips is approximately TB so that
the total area where the function takes on non-zero values
is approximately 2NTp %% ;f . Since the volume of the
ambiguity function must be unity, the average pedestal height
is £ﬁ . Using this and properties one and two in Appendix G,
an approximate ambiguity function has been sketched in Figure
4.6. This approximation for the average pedestal height
between peaks has neglected the volume under each peak. If

this volume had been included, the derived wvalue for the

pedestal height would have been reduced slightly.

The important features of this particular ambiguity
function are 1) the narrow central peak, 2) the presence of
"clear'" areas that are not affected by clutter, and 3) the
presence of subsidiary peaks. Clutter present at these

peaks can cause the receiver to make an incorrect decision.



60

Central Spike —p

Figure 4.6 Approximate Ambiguity Function for a
Periodic Pulse Train

Based on the clutter model of Chapter Three, it is
reasonable to assume that clutter more than about 2.5 cm
beyond the vessel is negligible. Therefore, to allow for
the observation of vessels up to 3.5 cm deep the ambiguity
peaks in delay must be greater than 47 us (the two-way
propagation time to a target 3.5 cm deep). This corres-
ponds to a Pulse Repetition Frequency (PRF) of 21 Khz or
less. To allow a margin of safety, a PRF of 10 KHz is

selected. This choice of PRF generates ambiguous peaks in
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Doppler separated by 10 Khz. Since the maximum expected
Doppler is on the order of 5 Khz, this is completely accept-
able.

This signal choice provides the best immunity to clutter,
and at the same time provides the worst ratio of total energy

to peak power.

However, it has been suggested that another class of
signals exist which reach a reasonable compromise between
the PN sequence and the pulsed sinusoid. These signals are
formed by replacing each pulse of the periodic pulse train
with a slightly longer time duration burst of a large band-

width signal.

One possible compromise would be to replace each pulse
with a short, large bandwidth PN sequence, and observe the
effect on the signal-to-clutter ratio. A typical signal

sequence is illustrated in Figure 4.7.

The sequence period is selected to be ].O-4 seconds as
it was for the periodic pulse train. The total signal dura-
tion is T, (1-10 msec), and Ty is the bit period, which is

on the order of 1 us.



62

T = NTp
» —
TB-ar -
\‘ \‘7

T = F—

B p

Figure 4.7 Periodic Train of PN Sequences

This signal may be represented analytically as

T
rL_
TP 1
-~ T
P
= — T -
f(t) MTBT< e P(t kTP) 4.7
L

where P(t) is an M bit PN sequence. The first step in com-
puting the ambiguity function is to compute the time fre-
quency autocorrelation function 5(T,f).

-~

$(1,£) = f £(t) £x(t+1)ed e 4.8

If TP is greater than ZMTB, then 5(') contains strips of
clear area for certain values of T. These strips of clear
area lie midway between the subsidiary peaks of 5(') along
the delay axis. The centers of the clear areas nearest the
origin correspond to the location of clutter 3.75 cm from
the target. Since the greatest expected target depth is

3.5 cm, the only portion of the ambiguity function which is
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of any interest lies between these first two clear areas.

For |t] € MT, using 4.7 in 4.8,

T
) TP TP -1 kTP4-MTB'-lTI
b (t,f) = T T f P(t-kTP)
B™ k=0 kT,
P*(t-kTP+T)ej21rft dt
For || < MTg 4.9
Letting u = t - kT,
T
=/ -1
. TP . MplT
@(T,f) = TI._ X I‘—'IT_ f P(u)
k=0 B 7

-P*(u+r)ej2nfudu ejZWfkTP

T -1
. T, TP jon KTy _
¢(t,f) = I e ¢p(t,£) 4.10
T
k=0

The summation in equation 4.10 is a finite geometric series

so that
T, _Jj2m€T _, .
=~ _ P e -1
P = T 5D 411
e -1

Equation 4.11 is the time frequency autocorrelation
function. The ambiguity function is easily derived from it

by computing $(t,£)é%(t,f). The result is:
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T,\ 2
_ P 1 - cos (2T £T)
o, f) = (TF) I-cos (2ZTETp) Sp(t. D) 4.12

Taking the limit as f approaches zero one finds that along

the delay axis 9(T,0) equals SP(T,O).

Again using properties three through six and Figure G2

in Appendix G, it is quickly verified that the area of
4NT
8(t,f) in the t,f plane is 2T*2BW = .ﬁT—R . The strips
B
of clear area reduce the strips of non-clear area such that

4NT (ZM-l)TB
the non-clear area is approximately T A = )

Thus, in order for the volume of the ambiguity function to

equal one, the average pedestal height must be approximately
1

IN(2M-T) -
Now returning to the example illustrated in equations

4.4-4.6, the target energy is as computed in equation 4.4

. 1
with AT = B0 TB'
7

E = T, « 3 x 10

v B 4.13

To evaluate the received clutter energy, a worst case
situation will be assumed; i.e., the target is located in
the range cell adjacent to the nearest vessel wall. Figure
4.8 shows the spatial relationships between the target, the
clutter, and the approximate ambiguity function associated

with the transmitted signal.
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Figure 4.8 Geometry for Clutter Computations

The clutter computations are as follows and parallel those

associated with equation 4.5.

Eg = I, +1I,+1I, 414
3x10°° s .
I1 = -f i exp[-3.45x107 1] INCM-T) dt
3x1072
- (1-1) T,
_ 2.3x1071!

oMoy (exp[3.45x10%+ (M-1)Ty]-1)
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[ 6.7x107% - T, _; 6
«3x%x10 (M-l)TB> 5.7x10"
. 41 (2M-1)
2 < M-1)T, 7 -6
«3x10 (M-1)Tz < 6.7x10
| 4du-1) -
-5
3x10 +MTB
expl-3.45x10°+1] . dr
JxtoSsr, 4N (2M-1)
Iy = - -11
< 2.3x10 (1—exp[-3.45x105'(M-l)TB]
N(2M-1)
. (M-1)T, > 6.7x107
-6
| 0 (M-1)Tp < 6.7x10
L

It is easily verified that E. is a monotonically
increasing function of M which is approximately flat for
M< 4. TFor M<4 the exponential in I, is reasonably well

approximated by the first two terms of a Taylor series

(assuming TB to be on the order of 1x10-6). Thus, Il’ I
and I3 are given approximately as:
-11
1, = -£2%10 *3.45x10° (M-1)T,
N(2M-1)
= 8x107% T M-l
B N(2M-1)
I, =~ 7.5x107% .7, -1
N{2M-1)
I, =0

2

4.15

4.16

4.17
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And the total energy is approximately I,

3 -6 M-1

Therefore, for M < 4, the signal-to-clutter ratio is:

E T x 3x107
SCR = =t = B =
Eg M-1 T_+8x10"
N(211- B
_ -2 (M-1) N

In major blood vessels such as the aorta where high
velocities are encountered, the signal durations employed
can be on the order of .00l seconds or less. (The reasons
will become apparent in a later chapter.) Thus N can take
on values less than or equal toAapproximately ten. Without
resorting to a periodic pulse train by setting M equal to onme,
the maximum signal-to-clutter ratio is obtained for M equals
two. Even for this signal, the signal-to-clutter ratio is
approximately zero db and therefore not adequate for reliable
blood flow imaging. The overwhelming effect of the vessel
wall is obvious. In order for a signal to be usable, the
vessel wall must lie in a clear area of its ambiguity func-
tion. Thus, for the instrument to make reliable velocity
measurements over as much of the vessel as possible, the
periodic pulse train appears to be the only reasonable signal

choice.
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All that remains to be accomplished in this chapter is
to show that the Doppler resolution of the periodic pulse train
using a true correlation receiver is approximately that indi-

cated by the conventional ambiguity function.

The transmitted signal shown in Figure 4.5 may be written

analytically as

|-

-1
[T T - KT
= P P
f(t) = TT T ”(—ﬁf———) 4,20
B k=0 B
where
0o x| > %
TT(X) =
1 x| < 3

Along the Doppler axis (i.e., 7=0) the generalized time

frequency autocorrelation function is

f .
P _ P 1 J2TTf t
67 (0, £],£,) = f{f[<l+1_-—c>t:]e 1

f .
- 2 j2mE t
£* [<1+}-Z) t] e 2 }dt 4.21
If f2 is assumed greater than fl’ and £y and f2 are both
assumed small compared to fc, then by substituting equation
4.20 into 4.21 an expression for 5'(o,fl,f2) can be derived.
f1 £

i 0, = =— and &, = =— .
For convenience, 1 fc a 2 fc



Ty
kTP+T T
I+-a2 P
t - ————
~ ( ) TP 1 l+a1
" (o,f,,f = I — T
1°+2 T K Ty T __TB TB /
P~ 7
[+-a1
kT
£ - P
I+—a2 j2w(f1-f2)t
B

j2w(fl-f2)kTP

Using the fact that exp Tia is approximately

exp(jZW(fl-fz)kTP) for all Dopplers of interest, 5'(o,fl,f2)
can be simplified as: (letting f = fl-fz)
-1

kT, J2TKTpf
u].-,-r?:fe 4.23

where the function C(x) is defined as C(x)=0 for x < 0 and

- T
37 (0, 8) = =+

mrJﬂH

k

0

C(x)=x for x>0.

Now when TPf<< 1, the summation in equation 4.23 can be
approximated as an integral in the following manner. Note
that since pulse repetition rates are generally greater than
10 Khz, TPf will be less than one for Doppler mismatch less
than 10 Khz. An absolute maximum upper limit on Doppler mis-

match will be 1 Khz with 500 Hz being more typical.

kT T
= _:.g . _E. = A\
Let X T T AX



70

1
ix - 1
5’(o,f) = X C<1'T—f§— k.Ax>eJZ*rfo Ax
B c
=0

R

_ _fT j2nfTx
C(l m: x>e dx

4.24

For the case when fT < TBfC, which includes Doppler mismatch

T.f
up to f < -%—9 = %, then C(g(x)) equals g(x) such that:

(This approximation is justified since our interest is only

in the behavior of ;‘(-) near fT=1.)

1
$” (0, £) =of (1 - %—)éznfrx'dx 4.25
(&)

A great deal can be inferred about the behavior of
5‘(o,f) by properly interpreting this integral. With the
product of bit period and carrier frequency being typically
about 5, the function in parenthesis is nearly constant for
fT<1l. 1In that case, 5‘(o,f) can be interpreted as the Fourier
transform of a pulse of width fT. This in turn is the well
known sinc function with zeros at integer multiples of f£T.
Therefore, the larger the value of Tch, the more closely
the conventional ambiguity function approximates the general-

ized ambiguity function in the vicinity of the central spike.

The generalized ambiguity function along the Doppler

axis is computed as the square of the magnitude of $” (o, £)






8°(0,£) = |3°(o,£)|? 4.26

Table 4.1 shows the results of a numerical evaluation of
equation 4.26 using equation 4.21. Additionally, corres-
ponding values for the conventional ambiguity function of

the periodic pulse train are given for comparison.

It is clear that for bit period carrier frequency pro-
ducts typically employed, the Doppler resolution using a true
correlation receiver is well approximated by the inverse of

the signal duration.
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Table 4.1 6°(0,fT) for a Periodic Pulse Train
87 (o, £fT)
TBfC

fT 2.5 5.0 7.5 10.0 8 (o, fT)
0.0 1.0 1.0 1.0 1.0 1.0

0.1 .929 .948 .955 .959 .968
0.2 .806 .840 .851 .858 .875
0.3 .651 .693 .708 .715 .737
0.4 .486 .528 .543 .550 .573
0.5 .330 .366 .379 .385 .405
0.6 .200 .255 .235 .240 .254
0.7 .104 .117 .123 .126 .135
0.8 .043 .047 .050 .051 .055
0.9 0.13 0.11 0.11 0.11 0.12
1.0 .004 .001 .000 .000 .000
1.1 .008 .007 .007 .007 .008
1.2 0.16 .019 .020 .022 .024
1.3 0.22 .030 .033 .034 .034
1.4 .024 .035 .038 .040 .047
1.5 .022 .033 .036 .039 .045
1.6 .017 .026 .029 .030 .036
1.7 .012 .016 .018 .019 .023
1.8 .008 .008 .009 .009 .011
1.9 .005 .003 .003 .002 .003
2.0 .004 .001 .000 .000 .000




CHAPTER V

PROCESSING CONSIDERATIONS

In this chapter the reasonableness of using a correla-
tion type receiver is investigated. 1In part, this is
accomplished by deriving a theoretically optimum receiver
and comparing its structure with that of the correlation
receiver. In so doing certain constraints will be imposed
on the design and operation of the correlation receiver if

it is to perform in a near optimum fashion.

Transit Time Effects

The major effect causing correlation type receivers to
be non-optimum for blood flow imaging is a transit time
effect. Briefly, the transmit time effect is due to the
finite time that moving red blood cells are within the
ultrasonic beam. To the receiver, this appears as though
the target scattering properties are changing with time, and

indeed they are.

As stated in Chapter Three, the covariance function of
the received signal is all that is required to derive the
optimum receiver. Also, an expression for the covariance

function was derived and is repeated here for convenience.

73
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i(tl,tz) = 20§Etptafgeté(tl)g*(tz)dv s 1
volume
5(t) = TEH B EQ+a @) e-1(@)1e3¢ (BT

Recall that the effective scattering cross section
associated with each red blood cell is c%. The density of
red blood cells is p. E. is the energy in the transmitted
signal whose normalized complex envelope is %(t). The Doppler
frequency is represented by w(r) and is a function of spatial
location r. Also, a is directly related to w(r) by o = 9551
where R is the carrier frequency of the transmitted signai.
And t(r) is the two-way propagation time to the initial loca-

tion of each differential volume element. The function which

gives rise to the transit time effects is the beam pattern
T(+). Notice that as each differential volume element of

blood moves through space, the effective scattering is modu-

lated by T(-).

Since the intention is to determine the general effect
that transit time has on true correlation receiver perfor-
mance and not to determine the performance of a specific
system, the choice of beam and target shape is somewhat
arbitrary. For mathematical convenience a somewhat unusual
beam pattern is chosen. As shown in Figure 5.1, a spatially
hard limited beam with square cross section and beamwidth B

has been chosen.
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Beamwidth =B
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Transducer Angle =9

—»

Figure 5.1 Target and Beam Geometry

Temporarily neglecting the relative motion of the tar-
get, this choice of beam pattern may be described by T(-)
as follows. (The effects of propagation losses are being

included in T(-)).
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