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In this thesis, a microprocessor system for the characterisation
of arterial pulse \waves obtained from microwave impedance
measurene‘nts is described. The microwave pulse recorder, or MPR,
makes use of a Dopplel; radar.at microwave frequencies, to obtain
signals proportional to the time varying impedance of biological
tissues as blood vessels pulsate. The main objective of this
thesis was to design a system capable of extracting useful
information from these signals, “namely the pulse wave velocity
and the pulse transit times along artérial} segments in humans.
Physiological principles involved in arterial circulation are
first presented, then followed by a review of existing techniques
for arterial pulse wave acquisition and analysis. A discussion
of the signal processing theory involved with . information
extraction aspects is then presented, This is followed by a
description of the design of a simulation system implemented to
determine Bystem design parameters as well as to develop
information extraction algorithms, Final_ly, experimental results
are presented together with a discussion of the system design

performance, advantages, and shortcomings.
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Chapter I i \~

INTRODUCTION y

Occlusions in the arterial system 'is one of the major
cause of mortality in man. Evaluation of the location and
extent of arterial related disease are necessary pre-
operative stéps. Several studies have demonstrated that
useful diagnostic information may be derived from the

characterization of the arterial pulse pressure wave.

Traditional techniques for obtaining the pulse pressure
waves in arteries are invasive in nature, involving _the
insertion of special pressure -transducers in the p;tient's
artery, and therefore incurs certain risks. This limits the
usefulness of pulse characterization techniques to sitUAtions
where the condition of the patient justifies the wuse of

invasive transducers and the potential for inherent compli-

cations.

~More recently, ultrasound transducers have been used to
obtain arterial pulse pressure signals non-invasively. Even
though ultrasound techniques have proven successful, their

usefulness is limited to the evaluation of pulses from



\ .
peripheral arteries because of their low penetration depth in

human tissues, particularly in bdne and in air.
-y

Stuchly et al., 1] proposed a microwave device for the
detection of arterial wall motion, called the microwave pulse
recorder (NPR). The advantage of wusing this device for
arterial pu1§e wave dcquisition lies in the high penetration
depth, in human tissue, oﬁingnals at microwave frequencies.
This gives the advantage of being able to monitor, non-
invasively, the pulse wave of deeper situated arteries such
as the aorta and iliac arteries. One parameter of particular
interest s the arterial pulse wave velocity [PWV) at’
different ]ocai{ons in the arterial system. Several studies
haye correlated the variability of the PWYV witﬁ changes in
the mechanical propert%es of the arterial walls, which in

turn is @ function of the health of arteries,

This thesis deals with acquisition, processing, and
information extraction aspects related to pulse pressure wave
signals obtained from the microwave pulse recorder. For this
purpose, a microprocessor based system, called the Cardiovas-
cular signal recorder (CSR), was des}gned. The CSR: was
designed primarily for studying the usefulness of the MPR as
a tool for evaluating diseases of the arterial system as

characterized in pulse wave signals. Prior to the CSR desigh

/
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“and imp]ementd{ion, it was found necessary Eo implement a
simulation system, using a microcomputer development system.
With this system it was possible to determine several system
design parameters and to deve1op‘processing and information
extraction algorithms best suited for analysis of *signals
derived from the microwave pulse recorder. The following

sections outline the work that comprise this thesis,

In- chapter two, physiological éspects of the arterial
bu]se wave are discussed, The mechaniés involved in blood
circulation through the arterial system and a review of
a%téria1 blood flow models are presented,. The clinical
significance of some parameters related to the pulse pressure
wave are also examined. In chapter fhree, sgme of the
currently used transducers are reviewed giving particular

attention to the electrocardiograph and the microwave pulse

recorder.

In chapter four several aspects of digital signal
processing,(Baréicu]ar]y relevant to our needs, are discussed.
In chapter' five digital hardware available to perform the
signal processing functions are examined. In particular, a

technical discussion of microprocessor systems and supporting

hardware for medical applications is presented.

o owF
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In chapter six, the development of the Cardiovascular
signal recorder simulation system is presented. Some
important system design parameters are deduced from an uncer-
tainty analysis and real results are exaﬁined and compared
with expected system performance. In chapter seven the
general design of the Cardiovascular signal recorder is then
given. A final discussion of results and system design

capabilities and failures follows in chapter eight.

e
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. Chapter II
PHYSIOLOGY OF THE ARTERIAL PULSE WAVE

2.1 MECHANICS OF CIRCULATION

®*
In this section we will briefly describe the mechanical

events involved in the circulation of blood in fhe arterial
system, A1l muscle contractions are activated by bio-
electric currents, Such currents are also responsible %or
the contractions of fhe heart muscles., The electrocardiogram
{ECG) is a record of the electrical activity of the heart. A
‘typical ECG is shown in Figure 2.1{a). The P wave is caused
by contraﬁtion of the atria. During this time the heart
muscle is electrically polarized and then depolarized,. The
QRS complex is'produced by ventricular depolarization and the

ST seqment and the T wave by ventricular repolarization.

Blood flows through the véssels primarily because of the
forward motion conveyed to it by the pumping action of the
heart. Contractions of the heart causes the blood in the
ventricles to be forced into the aorta which in turp moves
the blood forward in the arterial system, and also genera}es
@ pressure wave that expands the wall of the arteries as it

travels down the arterial tree ,2,. The pressure waves in
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different arteries are shown in Figure 2.1(b). The speed at
which the pressure wave travels is independant and faster
than the velocity of blood flow. The pulse wave velocity
(PWV) is usually in the range of 5 to 8m/s, 3,. It varies
with many factors such as age, health and distance from the
heart. These factors and~otﬁers will be discussed in the

following section.

2.2 MODELS OF THE ARTERIAL SYSTEM

The relationship between mean blood flow, mean pressure
and total hydraulic resistance in the arterial system is very
similar to the relationship between the voltage, current and

resistance in an electrical circuit:
FLOW = PRESSURE / RESISTANCE (2.1)
The Poiseuille-Hagen equation describing the relation-
ship between flow, viscosity and radius in a long narrow tube

provides insight into the physical principle involved in

blood flow;

F = APaR“/8nL (2.2)



where F is the flow rate, AP is the pressure differenck
between the two ends of the tube, R is the radius, L is thg
length and n is the viscosity of the fluid.

" The elastic behaviour- of the blood vessels is usually
given ﬁn'terms of wave‘speed as a function of the distance
from the heart and the blood pressure. The PWV in an infini-
tely thin walled lastic vessel may be predicted from its
viscoelastic p perETE% using the so-called Moens-Korteweg

equation [4]:

RWVZ = Eh/2Rp (2.3)

v

where E is the circumferential Young's modulus of elasticity
h the wall thickness, R the internal vessel radius and p the

density of the blood. For thicker walled vessels (2.3) is

/

PWVZ = Ep(l-y}/2p (2.4)

commonly rewritten as

0
where y is the ratio of wall thickness to external vessel

radius and Ep is the pressure elastic modulus defined as

Ep = AP R/AR {2.5)



%
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where AR is the change in external radius of the vessel

associated with a pressure change AP and R is )he mean vessel

. ]
radius.

The validity of the g\f Korteweg equatlon has not beeh

fully verified in vivo.,  One t roblems w1th this equation

is that it does mot account hwave reflections. Wave are
reflected primarily becaus _ anges in hydraulic impedan-
ces sJEh as the end of per1phera1' arteries or obstructed
arteries. It is quite difficult té assess quantitatively the
effect of reflections. One of the major repercuss1on of wave
reflections is that they contr1bute to chanfing the shape of
the pulse wave as it travels [51. This makes,1t difficult to
define é reference point on the wave when measuring its
velocity. . Wave refléctions also cause varjations in PWV.
For éxamp1e Westeroff [6] reported increases in PWV in a
model 6f an obstructed arter¥£ Another related problem stems
from the non-linear elastic behaviour of the arterial wall,
Wetterer [7] reported presGure-diameter -diagrams showiﬁg
hysteresis effect in which pressure leads diameter in canine

carotid artery (Figure 2.2).

Other parameters not considered in the Moens Korteweg
equation are: mechanical properties of the arterial walls,

the anatomic structure of the arterial system, the type of
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flow (for example artery stenosis cam cause turbulent flow),
and the vasoactive state of the arteries (eg. caused by
drugs, hormones, etc...). Many complex models have been
developed which include some of the parameters discussed,
(8,9,10]. It is beyond the scope of this thesis to review

this work.,

2.3 CLINICAL SIGNIFICANCE OF PWY

A S

The study of the mechanics of the arteries is important
since it is related to the functions of the arteries in the
circulation. For example, arterial properties influence the
work of the heart since the hydraulic impedance presented to
the heart by the arterial system constitutes the load of the
heart. The resistance to flow depends on several factors
including the viscosity of the blood and the diameter of the

vessels,

Much work has been done to investigate the correlation
of the PWV with other hemodynamic variables.- Initially PWYV
was thought to be a function of mean pressure only. Gribbin
et al. f11,12] showed that the coefficients of correlation
relating the PWV and the brachial artery transmural pressure
(TMP) in human subjects were 0.9 or greater and increased

linearly with TMP, (Figure 2.3). Their study also showed no
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evidence of dgcline in' the validity of the correlations with

increasing age and resting pressure. However, slopes of the
re]ationsh%p (regression coefficients) varied fréh 0.04 to

0.25. This implies-that for any one individual an absolute

change in arterial pressure cannot be deduced from change in

PWV alone.

A
Studies have shown the variability of PWV with other

anatomical and physjglggisjlﬁfﬁﬁnﬁables. Most of these

variations were shown‘to be relhted.to‘changés of mechanical

properties of the arterial wall, [13]. This was found true

not only for small vessels but a153 large arteries such as -
the aorta; for example, when wvasoactive agents were present
in the blood. The changes were, however, quite small in
larger arteries. McDonald, [14], showéd the dependance of
PWY on the anatomical position and distance from the heart in
dogs, (Figure 2.4). He explains that there is less variabi-
lity in PWVY in 1argé; arteries because the effect of the
vascular smopth muscle is greater than in smaller arterjes.
Othen investigators reported correlation of PWVY with

endotrine disorders [15], and cardiovascular diseases [16].

Use of the PWV as a measure of ar;eria] blood pressure
change requires measurement of the interval between pulse

arrivals at two sites along an -artery segment. It s

-
ko
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difficult to obtain continuous trains of artefact free pulses
from two sites. Also, the intervals between pulse arrivals -
is very short, making it difficult to measure PWV accurately,
These problemgx can be overcome by measuring an alternate
interval called the pulse transit time (PTT). The PTT is the
interval from the occurence of the ECG's R-wave and the pulse
transit time at a site on an artery. The PTT however,
includes not only the pulse transmission time, but also the
delay due to intra-cardiac events such.as electrical depolar-
ization, isovolumic contraction, the. opening of semilunar
valves, and expulsion of blood. Nevertheless, Qribbin et
al., [1117, showed a correlation between PTT and mean arterial
_ pressure in the range of 0.91 and 0.98.

-

L
-

Models such as the Moens Korteweg equation and reported

experimental results clearly show that PWV not only corre-

lates with blood pressure but is also a function of the

" health of the arteries, This constitutes the.basic rationale

for this thesis. 3
\



N\ - Chapter III

PHYSIOLOGICAL TRANSDUCERS

3.1 GENERAL TRANSDUCERS

In this section we will briefly describe some of the
most common transducers used in a number of medical iﬁstru-
ments. Figure 3.1 shows sofie physiological parametérs
along with the principal measurements and frequency ranges
associated with each. These réndes specify the sensitivity,

dynamic range and bandwidth of the transducers.

A transducer is a device that converts energy from aone form
to another. Ideally transducers should only respond to the
form of energy. present in the physical quantity to be
measured. However, there usually are interfering inputs
affecting the instruments as a conseguence of the principle

used to acquire the inputs.

We will now briefly describe conventio;al transducers
for three types of physiological measurements: displacement,
temperature and biopotentials. These have been particularly

dsefu] jn the study of the arterial system. Transducers for



Parameter or
measuring technique

Bladder pressure
31ood flow

3lo0d pressure
{arterial} Direct

Indirect
{Venous) -

Cardiac output

Electrucardiography
(ECG)

tlectroencephalegraphy
(ECG)

(Electrocorticography
and brain depth)

Electrogastrography

Electromyography
(ECG)

Eye Potentials
(E0G)
(ERG)

Gastrointestinal
pressure

Nerve potentials

Phonocardiography

, (PCS)

Plethysmography
{volume change)

Circulatory
Respiratory functions
Prneumotachography
(flow rate)

Respiratory rate

Temperature of body
T

Figure 3.1

Principal measuredent
range of parameter

1-100 em Ha0
1-300 ml/s

10-400 mm Hg

25-400 mm H
0-25 mm Hg

£.25 liter/min.

0.5-4my
5-300 uv
10-5000 uv

10-1000 v
6.5-80 my

0.1-5 mv

50-3500 .V
0-900 RV

0-100 cm Hy0
0.01-3 mv

Bynamic ranqge 80 dB,
threshold about
10-%Pa

Yaries with organ
measured
0-30 ml

0-600 Titer/min

2-50 breaths/min

32-40°0C
90-104 °F

Signal frequency
range, Hz

de-10
dc-20
dc-50
dc-60
dc-50
dc-20

0.01-250
de-150
dc-150

de-1

dc-1
dc-10,000
dc=-50
de-50
dc-10

dc-10,000

5-2000

dec-30
dc-30

dc-40

0.1-10

dec-0.1

16

Standard transducer
or method

Strain-qage manonmeter

Flowmeter (electro-
magnetic or ultrasonic)

Strain-gaqge mannmeter
Cuff, 3usculation
Strain-gage

Dye dilution flowmeter

Skin electrodes

Scalp electrodes
Brain-surface or depth
electrodes

Skin-surface electrodes

Stomach-surface
clectrodes

Heedle electrodes
Contact electrodes
Contact electrodes
Str{ln-gage manometer
Surface or needle
electrodes

Micraphone

Displacement chamber or
impedance change

Displacement chamber or
impedance change

Pneumot achograph head and
differential pressure

Strain-gage on chest,
fmpedance, nasal
thermistor

Thermistor,
thermocouple

Physiological parameters: measurement

and frequency range {from Webster,

(30])
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measuring displacement are used for determining size, shape
and position of organs. For example, they can be used-to
dir;ctly measure changes in the diameter of arteries, or
change in volume or shape of cardiac chambers. Displacement-
sensitive transducers are also used for indirect measure-
ments. For example, they can be used to deteEE movemént of a
microphone diaphragm that detect; arterial bruit. An example
of a displacement sensitive transducer ijs the 'strain gauge.
When a fine wire is strained its resistance changes due.to
the variation in its length and diameter. The inductance af
an inducfor can also be used to measure displacement by
mechanically changing the number of turns of .coil, the
geometric form factor or the effective permeability of the
core. Capacitance between two parallel plates can be changed
by varying the distance seperating them. Piezoelectric
meterials generate an electric potential when mechanically
strained, The piezoelectric effect is commonly wused in

<
ultrasonic transducers.

¢
Temperature measurements are useful indices of physiolo-
gical malfunctions related to blood circulation. For
example, decrease in blood pressure of a person in shock
causes decrease in blood flow to the periphery which results
in changes in skin temperature [17]. Thermocouples are pairs

of dissimilar conductors joined so that an electromotive
4
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force }s developed by the, thermoe1ectrié effect when the
temperatures'of the junctions are different., Thermistors are
devices that exploit the fact the resistivity of semicon-
ductors change with temperature. Radiation thermometry makes
use of the relationship between the surface femperature of an
"object and its radiant power. Thermography has been found

~useful in determining wvarious circuiatory disorders {eg.

carotid artery oc¢lusion).

Biopotential electrodes are more than just an interface
between the body and electronic instruments. They are
transducers since they convert body ionic currents into
electrical currents. Chemical reactions at the electrode-
electrolyte interface transfers the charges from the cations
and anions in the electrolyte and the electrans in the

electrode,

Several methods and instruments have been contrived to
measure different parameters related teo the circulatory
system. lInvasive methods, in which transducers are placed in
the blood vessels, provide accurate information about
parameters such as blood flow and pressure. These include
electromagnetic flowmeters, intravascular devices and
angiography. The electromagnetic flowmeter is based upon

Faraday's law of electromagnetic induction, [18]. A magnetic

.
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field is ;pp1ied across the blood vessels, perpendicular to
the flow axis. A potential difference, linearly related to
the blood flow rate, is detected by elegtrodes placed normal
to the magnetic field and flow axis. The drawback of this

device is that the vessel has to be exposed.

Intravascular devices are used to accurately recdrd the
pulse pressure wave, Pressure transducers are surgically
inserted inside the blood vessels. This limits their use to
cases where the invasion of the blood vessel is justified by
the condition of the patient. In angiography a series of
x-ray films of a blood vessel is taken in rapid sequence
following the injection of a radioopague substance into the
vessel [19], It is useful for examining the shape and size
of wvarious arteries. However, this technique has limited

usefulness and carries risks for the patients.

Non-invasive instruments usually provide 1ds§ rgliab]e
information than invasive methods. In p1ethysmobraphy,
information about total flow to a 1limb {is obtained by
measuring volume changes in the limb [20]. Venous blood flow
is occluded with a pressure cuff, The rate of change of limb
volume is therefore related to arterial blood inflow. In
electrical impedance plethysmography electrodes are attached

to a segment of tissue, Changes in tissue volume due to



blood inflow results 1in change in the tissue 1impedance.
Phonocardiography is used to detect turbulent flow in
occluded arteries, In thermography, changes in regional
blood flow are detected by monitoring varations in skin

-

surface temperature distributions.

Ultrasound propagates with different velocities in
‘tissues with different densities and elasticity,. This
.property permits the use of ultrasound in outlining the shape
and Position of different organs in the body. The ultrasound
blood velocity meter is a typical application,. Ultrasonic
energy (2-5 MGz) is directed obliquely toward a blood vessel,
Signals reflected from blood cells are shifted in frequency

by an amount proportional to the velocity of the cells,

fe1].

Ultrasound has also been used to monitor arterial wall
motion [22,23,24]. These techniques are however limited to
the study of peripheral pulse wave character and periﬁhera]
pulse propagation speed.

3.2 THE ELEC‘POCARDIOGRAPH AND “FHE MICROWAVE PULSE RECORDER
/

One of the basic inputs required for our system is an

electrocardiograph, which records the ECG. It is basically a



high gain differential amplifier with high common mode
rejection and high input impedance. Figure 3.2 shows the
diagram of our electrocardiograph. The isolation and
protection circuit protects the patient from hazardous
currents that could be generated in the electrocardiograph.
It isolates the electrode from the electronic circuits and
the power line, A calibration signal is wusually provided.
The preamplifier provides the high common mode rejection and
input impedance. A driver amplifier amplifies the ECG to the
level of the range of the device that records it (eg. pen
recorder or A/D converter). It also usually includes a gain

control switch or a programmable gain amplifier.

The microwave pulse recorder {MPR) was first described
by Stuchly et al. [1]. A block diagram of the device is
‘shown in Figure 3.3. It consists of a microwave oscillator
coupled to an antemnna through a circulator. The antenna is
an open ended waveguide filled with a dielectric material
chosen to provide good matching with the skin. A continuous
wave electromagnetic signal at microwave frequencies s
transmitted into the body. When the signal meets tissue
interfaces having different dielectric properties part of the
signal is reflected back to the antenna. The returned signal
is then mixed with the original signal using a Schottby

barier diode. The transmitter signal may be expressed as
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vp(t) = Vo oexpli(ugt + 8p)] (3.1)

where V7, wg and 87 are amplitude, frequency and phase
of the transmitter signal; respectively. The returned signal

may be represented by

Valt) = Vg explilujt + 8p(t))] (3.2)

where Vp and 6p(t) are 1its amplitude and phase,
respectively. The amplitude Vi depends upon Vg, the
structure of biological tissues adjacent to the antenna and

tissue attentuation characteristics at wg.

The signal Vg(t) is heterodyned in the mixer with
a portion of the transmitter signal. After filtering

unwanted components out, the resulting signal is

v{t) V cos(n + gT - GR(t))

Vocos(x + 8+ a(t)) (3.3)

where V and @8, are constants, and o{t) is a time-varying
phase change. The constant V depends upon the sensitivity of
the receiver, V7 and Vp. The constant 6, depends upon

frequency wg and thqwapructure of the biological tissue.

L
h

Vi 9
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For a small phase change, sine(t) = o(t), and (3.3)

may be rewritten as
v(t) = - Vcose  + (Vsineo) a(t) (3.4)

The output signal is therefore sensitive t¥ phase changes™ in
the reflected signal. If the tissue pro;erties {(impedance) -
varies, the reflected signal will change 1in phase and
magnitude. The detected signal is therefore sensitive to

changes in the position of the reflecting interfaces.

The MPR can be used to menitor, non-in;asifely, arterial
wall displacements, However, one major problem encountered. -
with this method is the non-linear behaviour of the detector.i
Experimental resuﬁts obtéined by Thansandote [25] are shown
in Figure 3.4. Using a precision apparatus for measuring
the motion of a bovine artery sustaining pulsatile flow of
water, he found that as the antenna-artery distance varied
the detected signal (i.e. the phase difference) fluctuated
around zero. He explains that this phenonmenon. occurs
because the arterial wall appears to the antenna as a mis-
matched Yoad resulting in a standing wave which changes the
amplitude of the detected phase. The decreasing amplitude of
the curve is due to the attenuation of the microwave in Qater

which was used to simulate the biological tissue.
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Because of the non-linear characteristics and the
impossibility to obtain calibrated signals of wall displace-
ment it is presently nly practical to extract timing

parameters such as the /PWV from the detected signals.

L

However, since the penetration depth of microwaves in’

biological tissue, such as bone, and in air is much greater
than for ultrasound, microwaves are well suited to monitor
Y . .

deeply situated arteries such as the aorta and i1iac

arteries, . The attenuation of microwaves in several
o

'biological tissues plotted as a function of frequency are

shown in Figure 3.5,

In this chapter we have discussed various physiological
trapsdqiers and given a description of the MPR. The thaory

for MPR signal processing will be presented in the following

-

chapter.

-

s
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Chapter 1V

SIGNAL PROCESSING THEORY

4.1 SAMPLING AND WINDOWING -

-

G;owth and diversification of digital processing
equip;ent are responsible for many modern signal proceséing
~applications. In digital signal analysis systems, physical
quantities are converted to electrical signals by a trans-
ducer. The output of the. transducer is then digitized:
usually at equal intervals. That is, the analog signal is
converted to a sequence of numbers,

e

Suppose a function f(t) is sampled at equal intervals of
T seconds (i.e. fn =f{(nT); n= 0,1,2,....). The question‘
arising is how small or large should or can the samp1ing‘
interval, T, be in order to completely describe f(t) with a
sequence of numbers [}n]. To answere this question it is
necessary to impose ﬁ restriction on f(t). The Qell.known
sampling theorem states thai to be able to recover f(t)‘
exactly, it is necessary to sample f(t) at a rate greéter

than twice its highest frequency component fe71. We assume
4

that the function f(t) is bandlimited (i.e. the Fourier
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transform vanishes for values of w > wC). It is seen that
the Fourier transforﬁ of the sampled function % f(t) (t-nT)
is periodic ‘with period % T and that the 1individual
repetitions can overlap. To avoid this problem it s
therefore .necessary to select the sampling interval T so that

1/T » wc, or

1/27 > fc : (4.1)
Thus, if one multiplies the Fourier transform of the sampled

function by the function

I{w) =1, -w < w < wC (4.2)

0 , elsewhere,

it is possible to recover F(w) completely; and consequently
f(t), the original function. |
I

0f particular importance for our application are the
sampling rates required for physibldgica] 'signals; more
épecifita11y fhe ECG and the blood pressure pulse wave.
Signal frequency ranges of various physiological parameters
are given in Figure 3.1. From this table, we see that the

sampling rates for the ECG and the blood pressure wave should

be greater than 500 Hz, and 100 Hz, respectively. Several
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other researchers agree‘with these values [28,29,30].
R .

Another operation to which we subject the data in
digital signal analysis systems "is windowing. For
prﬁctica]ity the data to be processed are N uniformly spaced
samples of the observed signal. A finite sampling ifterval

NT can be represented by multiplying the sampled function by

the window function
w(t) =1 , 0 <t <NT

0 . elsewhere, (4.3)

The  multiplication in the time domain translates inta
convolytion in the frequency domain, Since W(jw) has
frequency components extend{ng to infinity the convolution
introduces distortions which are clearly evident in the
frequency domain representation of the sampled function.
This phenomemon is feferred to as spectral leakage. There-
fore, even if the sampling theorem is satisfied it is still

impossible to completely recover the original function from a

finite sampled function.

Windows are weighting functions applied to the data to
reduce the order of discontinuity at the boundary of the

periodic extension of the data. Harris, [31] and Nutall,

)

[

J

S
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[32 ] make available condise reviews of some well known data
windows. vfhe Hanning and Hamming windows are examples of

data windows. The Hanning window is defined as follows

w(t) = 0.5{1-cos{2Mt/NT)) ; 0 < t < NT. (4.4)
The Hamming window is a modified Hanning window which gives a

marked improvement in sidelobe levels. It is given by
w(t) = 0.538 - 0.462 cos(2mt/NT) ; 0 < t < NT, (4.5)

The selection of a data window is dictated by the particular
requirements, in terms of bias due to nearby sidelobes and

bias due to distant sidelobes in their frequency spectrum,

Also important is the width of the main lobe. Ideally
the data window should be of infinite length. This corres-
ponds to an impulse in the Fourier domain. The Fourier
transform of the window function should, therefore,

approximate an impulse.

4.2 SAMPLING AND QUANTIZATION

Noise associated with undersampling and windowing were

discussed in the previous section. There are other sources

s

of noise associated with sampling and analog to digital
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converters (ADC). An ideal sampling process implies that a
signal is sampled at equal intervals; that is, the value of
each sample is equal to the amplitude of the signal at the
sampling time. If the sampling process islunstable in time
the signal! will be sampled at a time other than that assumed,
resulting in am error proportional to the rate of change of

the signal. This error is referred to as jitter noise.

Sampling continuous signals implies that we are
representing voltage levels by numerical values stored in
binary format. For an n-bit binary'word it is possible to
represent 2N different voltage 1levels 1in a specified
voltage range,. Signal levels between Fﬂise steps will be

undetected. These errors are referreJ/to as quantization

noise.

If we assume that the step size S is small in comparison
with the peak to peak range of the analog signal, we can
assume that the probability density function of that signal
is constant within each qyantization step. In this case it
can be shown, [33], that the mean squared error is given by

e? = S2/12 (4.6)
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The step size is
S = vr/(2NM-1) (4.7)

where Vr is the peak. to peak range of signal and n is the
number of bits in the binary word. If we assume a uniform
distribution ef the signal voltage the mean squared signal V2

is given by
V2 = yr2/12 (4.8)

The signal to noise ratio (SNR) is therefore
SNR = V2/e2 = 22n . (4.9)

Thus if we haye an ADC with 12 bits of resolution the device

has 72 dB of dnstantanecus dynamic range based on

quantization noise alone.

4.3 OTHER SOURCES OF NOISE

An important source of noise is the constant agitation
at the molecular level. This agitation of molecules 1is
called thermal agitation since it increases with temperature.
For example, in resistors, there exists random wanderings of

electrons. This causes a voltage difference between the
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resistor terminals. This is referred to as resistor thermal
neise. A second type of noise shoet noise results from a
phenomenon associated with the flow of current across
semiconductor junctions. Thermal noise has a quasi-uniform
power spectral density up to frequencies of the order of 1013
Hz.' Shot noise has a power ‘spectral density rgasonnab]y

constant up to frequengies of the order of the reciprocal of

the transit time of charged carriers across the junction.

4.4 FILTERING THEORY

A filtering process involves the elimination of bands of
frequencies. Digital filtering is used for signal smcothing,
noise rejection, Signa] reconstruction and feature
extraction. For our application an essential characteristic
of the filter is that it should not introduce non-linear
phase shift. For this reason only non-recursive filters are

discussed. The transfer function of a non-recursive filter

is given by

N (4.10)
HN(jw)= % bn exp(-juwnT)

where Hy(jw) is expressed as the discrete Fourier transform

(DFT) of a function b(t) having the samples fbn].
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The synthesis of non-recursive filtérs involves the

selection of a set of filter coefficients fbnl to achieve a

desired frequéncy response. Coefficients can be derived such
that Hp{jw) is a least squares approximation\ggqu(jm), the

desired transfer function. The c¢oefficient equatibn, re71,

is given by

al/T )
bn= (T/2n) Jf Hd{jw) exp(jnaT) ; -N <n < N
“n/T (4.11)

The closeness of the approximated transfer function,
Hy(Jdw), to the desired transfer function, Hz(juw),

obviously increases with N.

4.5 INTERPOLATION AND DECIMATION

Interpolation and decimation are basic processes in
digital signal processing. They are used when conversion
from one, sampling rate to another is required. For example
decimation is used to reduce the number of samples of a
signal to be stored or transmitted. Interpolation is often
used for reconstructing signals f}om a low bit rate represen-
tation. Interpolation and decimation techniques are also
useful for defining efficient implementations of narrow band

non-recursive filters [34].
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The design of interpolation or decimation processes
invelves the use of 1owpéss {(or bandpass) digital filters.
We will briefly outline the effect of different interpolating
functions by first considering the process in the Fourier

domain.

As \noted previously, the Fourier transform of a sampled
function fs(t) is a periodic repetition of the transform of

the original function f(t). Thus, given Fs{w), we have

Frlw) = Fs(w) I(w) (4.12)
where I{w), defined by equation (4.2), is the interpolating
function, and F,.(jw) is the Fourier transform of the

reconstructed function. 1In the time domain we have

fr(t) = fs(t) *F-1T1(w)] (4.13)'
where F [I{w)] = sin{=t)/nt (4.14)
This is the ideal intenpoJator. However, it is inpractical
since it decays to zero very slowly. [t is possible to

approximate (4.14) by truncating it to n points,.

There are several other approximations to the optimum

interpolator. One approach consists in approximating the
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interpolation function with a set of polynomials (splines).
Another approach consists in multiplying the sinc function by
(1-x2/n2) in order to remove the discontinuities produced by

truncation, fZG].

The accuracy of an interpolator can be estimated in
terms of the autocovariance of the unsampled signal. The

mean squared error is given by

~

e(t) = Elfr(t) i fs(t)|2 (4.15)

where fr(t) is the reconstructed signal, and fg{(t) is the

sampled signal,

It can be shown, [35], that

n n
+ 5 L Cli-§) I(t-i) I{t-§) (4.16)
i=o j=o ,

where C(t) is the autocovariance of f(t) given by

C{t) = ETF(t+t)f(x)] - ETf(t+x} ] ENF ()] (4.17)
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4.6 PULSE WAYE VELOCITY MEASUREMENT

.

There are several approaches for mea;u-ing the PWV from
the MPR signals. The problem consists in extracting certain
features from the signals at different locations on an artery
in order to estimate the time delay between them. McDonald
[14] used a cross-correlation techn{que in which one of the
signals is shifted across the other and the correlation
coefficient is computed. The shift position at which the
correlation is maximum is defined as the time delay between
.the two sigha1s. This method is rather accurate since it,
filters out problems caused by sign:1 distortions, It is,

however, quite involved computationally and is therefore

inpractical for real time PWV measurements.

Another method consists in identifying a stable time
referepce point on the waves. One such point can be the
peak of the MPR signal. The problem then becomes one of
function minimization (or maximization). If a function f(t)
is differentiable in an .interval [a,b], a necessary condition
to have a iocal minimum {note that when we consider minima we
can equally consider maxima) at a point me(a,b) is f'(m) = O,
One way of solving this is by approximating f' numerically

(eg. by finite differences) and searching for a zero of f'.



In this chapter we have presented digital processing
techniques reqhired for this project,- I the following
chapter we present an overview of hardware required for the

CSR.

™
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| _ Chapter V
P DIGITAL HARDWARE CONSIDERATIONS

In the previous chapter we have discussed digital signal
processing theory relevant to the CSR system. In this
chapter we will examine digital hardware available to perform.~

the described signal processing functions.

.
5.1 ELEMENTS OF DIGITAL SYSTEMS
Digital processing presents many advantages ov;:\signal
procesﬁing using discrete analog components. The digital
processing approach eliminaiés the need for component
matching and system re-tuning often required for analog
circuits 'since diéita] componen&s behaviour is stable,
predictable and repeatable; [27]. Dig?§p1 processing a156
eiiminates costlyiprecision components and sigmal degradation
I dﬁ; to circuit interaction W1tﬁ noise.

/// :
\\E_J)_\w//(he use of pr grammab%e\\gjgita1 components, such as
Jicroprocessors, permits greater f]gxibility for
modificat{ons, 1mpr9vements and adﬁ?tion of extra features,
The basic elements of a digitaj signal processing system

‘ ' .
v consists of an anti-alia¢ing filter, a sample and. hold
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amplifier (SHA), an analog-to-digital éonverter (ADC) and a
digjta1 processor., The anti-aliasing filter 1is wused to
bandlimit the analog signal to eliminate aliasing noise. The
filtered signal is then sampled at a rate determined by the
digital processor. The SHA 'is used to hold the—signal long
enough for the analog-to-digital conversion. The ADC is then

used to convert a sample into a digital word. The main

component of the digital précessor is a central processing

“unit (CPU) which inputs and outputs data and carries out

logical and arithmetic operations under the directions of a
program, Other processor elements include program and data
memory as well as other electronic components «to direct
internal data flow and control peripherais devices such as
iﬁpJ?\&eyboards and output displaying and storage devices.

—_—

5.2 MIGROPROCESSORS IN MEDICINE

The number of biomediéa1 applications of microprocessors
have considerably increased in the last few years, notably in
cardiology and physio]ogy._ The decision making capability
incowmporated py the microprocessor 1in the instruments
significantly’ increases the degree of automatism and
considerably simplifies thé man-machine interface., At first
microprocessors were used prihari]y as process controllers.

Advancement of wmicroprocessor ~technology in the areas of
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power efficiency and speed have however contributed to the
increased useége for their computing capabi]ities. The main
advantages of using microprocessors is that they require less
components and are programmable. The benefits of having less
compqnents are: reduced volume, hence portability of the
system; reduced power con5umptibn and dissipation; smaller
number of interconnects resulting in increased reliability;
and lower cost. The advantages of prograhmabi}ity are that
design 1is simplified and that the development time s

reduced,

In biomedicine, the <computing capability of the
microprocessor is found useful in many app]igations sinc% the
data rates are 10Q enough for the microprocessor to be able
to acquire, process, and then store or display the bio-
signals, [36]. Some of thé_ latest ECG instruments wuse__
microprocessors to incorporate intelligence in order to
diagnose some heart defects or to warn about abnorma{ heart
rythms, [37]. .Numerous other applications include the
followingi beside monitoring of patient circulatory, respira-
tory, and central nervous systems, as well as metabolic and
acid/base control systems; feedback control of the breathing
of bed patients and the automatic infusion of intravenous

fluids; automatic <chemistry analysers which allow blood

counts to be made by relatively unskilled personnel, [38].
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In microprocessor based systems the processing unit is
the cheapest resource in the'system. It is therefore an
error to time share the processor amongst several tasks. The
most efficient solution 1is to dedicate a processor to a
process since the complex executive to supervise multi-
tasking 1is not required. These single process dedicated
processor systems are referred to as distributed systems,
39,40]. 1In contrast with multimicroprocessor systems,
distributed systems do not truly interact with each other for
contro]é purposes in real-time, but only exchange data.
Distributed systems wusually. consist of a main "“master"”
processor with one or more "slave" processors. True
multimicroprocessor. systems usually require comp]gx operating
systems to synchronise the overall system activities. For
that reason it is not cost-efficient to implement multimicro-

processor systems using monolithic microprocessors.

In distributed or multimicroprocessor systeﬁs, two or
more microprocessors c¢an be interconnected wusing several
methods including memory communications, inter-reqister
communication and direct-bus intercommynication, With dual-
microprocessor systems the memory communication scheme can be
achieved by using dual ported RAM's, With this: approach,
access priority are determined by haviﬁg a port with higher

priority. A lock mechanism is also required to control the
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access of the memory (i.e. to protect against simultaneous
read and write). ‘ Another approach which 1is cheaper and
usually faster consists in having two single ported memory
blocks switched between the two microprocessors. This h]ock.
sharing mechanism is pa?tiCUlar]y efficient when a micro-
processor can independan{1y process a block of data and then
‘turn over that block to the 'oihe; processor for further
.processing. Inteé-register communication involves the use of
interface chips such as the programmab]e!input-;htput (PIO).
The shared register is in a;xI/O register in the P[0. These
systems are usually interrupt driven and are most efficient
for word-oriented communication. This scheme s however
quite slow for block-oriented transfers,.

-~

5.3 SPECIAL PURPOSE DIGITAL HARDWARE

7
I

f ¢

In biomedical applications the communication between the
processing unit and the outside world is of considerable
importance. As with standard computers, devices can
interrupt microprocessor to request servicing. Most micro-
processor manufacturers supply 1/0 management ch}ps to
support their microprocessors. For example, programmable
interrupt controller (PIC) allow standard microprocessors to
handie several interrupt lines. The PIC can manage multiple

interrupt priorities and implement automatic interrupt

L4
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vectoring. Many microprocessor vendors also supply memory
management hardware units (MMU) to handles memory mabping in
f

complex distributed processor systems.

-
_

Many biomedical applications require long time delays
(a2 few 611liseconds). Software timing loops are therefore
inefficient in many applications where the processor time is
needed to perform othe; functions, The programmable interval
timer (PIT) considerably improves the amount of processor
time to perform other tasks; It can be used to measuré time
differentials between events or event durations. As output
it can be used as a time counter to generate programmed
delays for real time process control., -

’

A -
/

- h
Many inherent 1/0 problems can be Eo]ved by using an

inte]ligent [/0 subsystem which .isolates the CPU from the
perip{h’éra] devices. For example, the INTEL 808% 1/0
procéssor (10P) can be used to control all 1/0 operations,
under the supervision of the CPU. The I0P performs device
initialization, record selection, I/0 transfer, simple data
transformation, error checking and retries, and signals fhe
CPU upon the successful completion of the I/0 transfer. The
CPU and thé I10P cnmmyniﬁate through the system memory. The
CPU signals the IOP for servicing, the I0P then reads the

memory and performs the appropriate I1/0 operations. 1/0
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tasks such as CRT screen refresh, CRT buffer update, floppy.

disk transfers and keyboard scan and decode can be dedicated

to the IOP thus significantly improving the system through-
put.

Another useful I/0 management device that speeds UQ word
and block transfers between memory and I/0 devices is the
direct memory access controller (DMAC). The DMAC implements
transfer algorithms in hardware,. when the OMAC is inter-
rupted by an I/0 device it sends an "Hold" signal to the CéU
and performs the transfer operation at hardware speeds.
DMAC's are typically used in the case of fast 1/0 devices
such as disks or CRT's. They, however, contribute conside
rably to a system's cost and are, therefore, not used with

small systems, .

There exists several special purpose multiplier “chips

which permit microprocessor implementation of algorithms that

~

require the extensive computation of products and sum of
products Depending upon the techniqgues used to input and
output data from and to the hardware multipliers, increases

in multiplying speed by factors .of 10 to 25 can be achieved.

In this section, we thave presented many wuseful

¢
-

components and functions for assembling microprocessar
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systems. In the next section, we will give a brief overview
of various mass storage devices most often used with micro- .

processor systems to store biomedical data.

5.4 MASS STORAGE DEVICES

Mass storage devices, or secondary memories, fall into
two categories: sequential and random access devices.
Sequential devices permit reading and writing in fixed
sequences only, [41]. Most common sequential .devices used
with microprocessor systems are magnetic tapes as wé]] ag
_ cassettes and tape cartridges. These devices write and read
data in block format and are therefore best suited for appli-
cations where data is organized sequentially or accessed only
occasionally. Because these mediums arg so inexpensive they
are attractive for storage of large quanfities of data. They
are however relatively slow. Information 1is recorded at
densities of 800, 1600 and 6250 bpi and transfer speeds range
from 15 ips to 200 ips. At 1600 bpi this is the equivalent
of 24 kbauds at 15 ips and 32 kbauds at 20 ips. The speeds
are, however, fast enough for many biomedical applications

where data i4 stored in real time.

Random access .devices are wused to permit direct or

pseudo-random access to specified data, They are faster than
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-

tape systems but are also mdch more expensive, Magnetic
disks are typical random access devices., The floppy disk or
diskette, because of its low cost, is extensively used with
microcomputer systems. A single density, single sided
diskette can hold about\250 kbytes of data. Double density,
double sided diskettes can hold up to 1 Mbyte of data. Also,
"recent increases in sales of personnal computers have led to

decreases in costs of floppy disk drives,

Two relatively new memory technologies show great
botentiaT for microcomputers. These are charged couple
devices (CCD) and magnetjc bubble memories, [42]. If
successful, these technologies could replace fixed head disks
since they offer more speed and greater capacity at a lower
price, CCD's offer very high density data storage. GQOne Mbit
memories on 50 mm chips should be available in a few years.
Magnetic bubble memories achieve data rates comparable to
rotating storage devices but at a much Jlower cost with
reliability not achieveable by mechanical devices. Even
though the technology to produce bubble memories is §imp1e in’
principle, there have been some brob]ems with obtaiding high
yields from the available material. Magnetic bubble devices
currently operate at data rates of about 50 kbauds and have

storage capacity of about 20 Kbytes.
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In this chapter we have presented a brief overvjew of
digital hardware commonly used in microcomputer systems with
emphasis on biomedical applications. In the following
chapter we will ﬁresent a simulation system demonstrating the
performance of the signal processing algorithms and justify-

ing the implementation of the Cardiovascular Signal Recorder.

t,q?..nj
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Chapter YI

CSR SYSTEM SIMULATION

.

In this chapter we will present the development df a CSR
simulation system which will enable wus to predict the
performance of a microprocessor.based CSR system and to study
the effects of certain parameters on our measurements. The
information will also serve in evaluating the potential and
limitations of the CSR design. We will first establish a
number of basic goals for the CSR and théﬁ 'proceed to
implement the simulation of the CSR using a microcomputer
development system, We will then be able to compare
experimental measurements with theoretical uncertainties and

try to explain errors if we had not predicted them.

6.1 CSR DESIGN GOALS

After reviewing medical litterature it became apparent
that potentially wuseful applications of the MPR are 1in
determining pulse t(ans1t times (PTT) and pulse wave velacity
(PWV) in arteries. The PTT can be used as an indication of
beat to beat changes in blood pressure while the PWV is a

more useful indicator of arterial wall dynamic and arterial’



physiological state. The initial goal for this project was,
therefore, to develop a portable, easy to operate, system to
determine accuraté]y PTT and PWV in different arteries in
real time. Since only one MPR device was available it was
decided to build the simulation system to measure directly
only PTT's. For reasons given in chapter 5, it was decided
that the system would be microprocessor based. The CSR could
become a useful research tool for monitoring PTT's and PWV's

in human arteries.

The CSR microcomputer system functions were initially

devised as follows:

l. Signal acquisition control.

2. ECG R-wave detection. .
3. MPR signal event detection.
4, MPR signal artifact detection (due to patient

motion for example).

5. Data conditioning {e.g. filtering).

6. Computation of PTT, PWV, statistics, and result
displaying.

7; Data storage'(for later more complex processing).

-

6.2 PTT AND PWV MEASUREMENT UNCERTAINTY ANALYSIS

In this section, we will analyse_the uncertainty on both
[ 9




the PTT and PWV measurements. From this we will be able to
specify the ‘accuracy of basic measurements and help in estab-
Tishing important system design parameters and requirements.
L) 4 '
Three major components c&htribdte to the uncertainty in

time measurement for the determihation of PTT and PHV:_.

1. Quantizatign size
2. Finite sampling interval
3. Statistical system noise

In the analysis, we will *assume that the noise component, AN,
can be virtually eliminated by suitably low pass filtering
the EC6 and MPR signals. For the PTT heasurement the~

absolute wuncertainty, APTT, is equal to the uncertainty 1in

f
the R-wave to peak MPR signal time measurement, ATRP. '\_

ATRP depends on the following:

1. APM - uncertainty in peak detection algorithm
2. ARW - uncertainty in R-wave detection algorithm
3. AQTM - effect of quantization error on MPR peak

detection



4, AQTR - effect of quantization error on waave

detecttgn
re

-

5. ASTM -~ effect of finite sampling rate on MPR peak
detection
6. ASTR - effect of finite sampling rate on R-wave

detection
i 4 .
L . h)
We will assume that the R-wave and MPR peak. detection
algorithm are accurate to one sampling interval (i.e. aAPM =
0, ARW = Q). Since the QRS complex of the ECG is very
dynamic, 8 bits per sample quantization is sufficient for
&

reliable R-wave onset detection "[11].  We may therefore

assume that AQTR < ASTR. Thus, two cases may occur:

Case 1. AQTM > ASTM; then APTT

1t

AQTM + ASTR (6.1)

Case 2. AQTM < ASTM; then APTT ASTM + ASTR (6.2)

The absolute uncertainty due the quantization noise,
AQTM, depends on the slope of the signal near the peak: 'E@z{

is, if ~

df/dt > aQ / aS - - {6.3)
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. . . ~ l -
in( he. sampling intervals =immediately before and after®the
’
~ <
pea then AQTM < ASTM, ~Tt is desireable to find a

quantization size for which AQTM is always less than ASTM.
To study the effect of quant1za{1on on peak MPR deteé}ion
accuracy an equat1;n for a port1on of the MPR signal was
obtained by ‘éitting a cubic polynomial through 20 points
around the peak of a MPR pulse digitized at a 2KHz sampling
rate. i.e. 10 ms window around the peak). The resulting
curve ené\TEU us to estimate the time wuncertainty as a
function %f gquantization size. The results are shown 1in
Figure 6.1, Clearly, at least 12 bit per sample quantization
ié’required for the MPR signal.

Similarly, the ECG signal was digitized and‘j;jlysed ya

—

It was found that the quant1zat1on error at 8 bit pe

sample
was neg]Ible compared “to the sampling interval i.e.- // //

ms). Thus, if the MPR signal is quantized to 12 bit ;y//
abgolute uncertainty for the PIJ is given by: Q\k,,///
APTT = ASTM + ASTR ; ASTM, ASTR > 1.2 ms (6.4)
-,

Similarly the uncertainty for the PWYV measuiiifpt can be
derived as follows. The PWV is given by

PWY =D / T (6.5)

F
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Figure 6.1 Portion of MPR signal centered around
the detected peak
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where D is the distance between two MPR devices placed along
an artery and T is the time differential measured between the
peaks of the two MPR signals. Then, it follows that the

relative uncertainty for the PHV is given by

APWY = AT + AD (6.6)

The absolute uncertainty can be expressed as follows:
APWV = PWV (2 ASTM / T + aD / D) (6.7)
_ ]
Since T = D/PWV and ASTM = 1/f¢ (fg= sampling frequea&zﬂ
{(6.7) can be rewritten as
APWY = PWV { 2 PWV/Dfg + AD/D) ; fg » 1/1.2 - (6.8)

6.3 UNCERTAINTY CASE STUDY

6.3.1 PTT MEASUREMENT

Here it will assumed that both the ECG and the MPR
signal are digitized at a 500 Hz sampling rate and that the

ECG is quantized to 8 bits and the MPR rsignal to 12 bits.



58

The uncertainty for the PTT is given by equation (6.4). We
also have ASTM = ASTR = 1/f;. Therefore, we have APTT =
2/fg = 4ms.
'
The relative uncertainty on the PTT measurement depends
on which artery 1is being measured. Approximate values,
obtainted from estimations of PTT in arteries assuming PWV of

10 mm/msec, are shown below:

L)

radial artery: APTT/BTT = 2 / 300fg = 1.3 %
femoral artery:  APTT/PTT = 2 / 250fg = 1.6 %
abdominal aorta: APTT/PTT = 2 / 175fg = 2.2 %

The worst case of 2.2% uncertainty on the PTT measurement
seems to be acceptable since significant physiological

variability of PTT's should be considerably higher.

6.3.2 PWV MEASUREMENT

In the second case study it will be assumed that the PWYV

-is to be measured over a 200 mm artery segment. Assuming
that two MPR devices can be positionned to an accuracy of 5

mm, and that the PWV is 10 mm/ms, and that the MPR's are

«sampled at 500 Hz and 12 bits per sample, from equation (6.8)

we have:

R



APWY = 10 (2*10 / (200*0.5) + 5/200) = 2.25 mm/ms

This represent at 22.5% uncertainty on the PWV measurement,
which is totally unacceptable. Clearly, for PWV measure-
ments, either the sampling rate needs to be increased or the

uncertainty reduced below that of the sampling intervals.

65.3.3 DECREASING THE UNCERTAINTY

-

In the previous ésctions it was shown that the
uncertainty on PTT and PWV measurements were dependant on the
sampling frequency fg. Tests conducted by Benson, [27],
showed that a 500 Hz sampling rate was acceptable for ECG
signals. This is also true for pulse pressure signals since
they contain even Yess harmonics than the ECG. It should be

o
possible to increase thg?¢€301ution of the MPR peak time

detection since we are able, 1in theory, to reconstruct
exactly the MPR signal if it is sampled at a rate satisfying
~ —
the sampling theorem, Af discussed in section 4.5, recon-
struction of the original signal is achieved by convolving an
interpolating function with the sampled signal, Thus, to
decrease the ungertainty on'the MPR peak occurence, ASTM, and
the ECG's R-wave onset, ASTR, we only néed\\o interpolate the
signal around the detected peak and re-evaluate the peak from

the resampled signal.

S
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Using equations (4.16) and (4.17) it was possible to
estimate the accuracy of severatl reﬁ%mpIing functions for MPR
and ECG data. The four point sinc function was found
satisfactory for both the MPR signal (average mean squared
error of 0.102} and the ECG signal (average mean squared
error of 0.096). Since the mean squared error for 12 bit
quantization is 0.124, it follows that AQTM > ASTM is true if
we resample to, say, four times the original sampling rate
(i.e. ASTM = 0.5 ms). From the results in figure 6.1 it

follows that

b
/
APTT < 1.2 ms (6.9)
and,
APWY < PWV ( 2.4/T + aD/D ) (6.10)
o
For D = 200 mm and PWN¥ of 5 mm/ms, 8 mm/ms and 10 mm/ms,
the relatiye ncerfaidties are 8.5%, 12% and 15% respec-
tively. If better accuracy is required for PWV measurements
/
then a different appfaach should probably be taken. For

example, a correlation method would probably yield results
with better accuracy, [14], Neverthéless, it will be assumed
that meaningful physiological variability of PWV's exceeds

15%.
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i
6.4 CSR SIMULATION SYSTEM DESCRIPTION

6.4.1 GENERAL DESCRIPTION

The general configuration of the CSR simulation hardware
is shown in Figure 6.2, The MPR and ECG signals are fed into
a MDS800 microcomputer system which consists of Yan l6-channe)
multiplexer, a 12-bit A/D converter, a storage scope, a
console and two floppy disk drives. The ECG and microwave
signals are digitized and are simulataneously displayed on
the storage scope. Since the MDS800 is based on a 8080
microprocessor, it has a relatively long cycle. Real time

beat by beat analysis was therefore not possible and only

every other beat could be processed.

At the beginning of a processing session the operator ts
prompted fo: the number of beats to be processed. At the end
of 'the analysis ghe R-wﬁve to peak MPR pulse transis time
(PTT), and statistics such as means qnd variances are
displayed on the console. The R-wave and peak MPR locations

are indicated on the storage scope as vertical lines.
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6.4.2 DATA FILTERING

In order to remove high frequency random noise from the
ECG and MPR Signals, a non-recursive digifal filter wa$
designed. From the coefficient equation (4.11) H,{jw), the
filter transfer function, is made a least square approxima-

tion to the desired- square box filter, Hyq (jw), shown in

Figure 6.3. The filter coefficient equation is therefore
iven b . '
giyen by ,
' /T . “
b, = b-n = T/= J Hd(jm)cos nutdw ' (6'11)
“

Here H4(jw)} is symmetrical (i.e. real) so that there is
zero phase shift.
It follows that

n/T .
T/n | Hd(jw) €o0s nw T dw
0 ' ¢

(=
1]
o
1]

(6.12)
s$im nw T
= w T <

C
n
wcT

A better approximation to Hy w{jw) is obtained by
multiplying the sample set [bf] by . the Hatming data window -

(X, ] given by

LS
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Figure 6.3 Ideal low pass filter
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X(T) = + (1 + cos(tn/NT)) ] ] {(6.13)
The modified coefficients are then
\\‘-‘ | \
(bn) (xn) = (1 + cos (nx/N) sin nwc T; -n<N<n .
2n (6.14)
The filter and transfer function formulas are'thén given by:
N (6.15)
gn = § bn Xn fm-n
=-N
N
- k\’___k‘ .
H(jw) = bo + 2 } bn"Xn coswnwT : (6.16)
. n=1
\ 4
whete gm.is the filtered signal at m, and
< f; is the filtered signal at 1. . -~
At the beginning of a session the bm Xm coefficient are
evaluated for all n values and stored in memory. The filte @
with N = 2 was used. This requires five multiplications and »
five additions. per sample. _ . }

6.4.3 ECG R-WAVE DETECTION

& . .
Location of the R-wave is accomplished by finding a

point in the ECG data where the absolute value of the first
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derivative exceeds a preset threshold.
) —

1 ad
A least square estimate of the first derivatiVe is

obtained from

.

d(i) = -2f(i-2) - f(i-1) + f(i+1) + 2f(1+2)* (6.17)

10at

‘. .
where the f(i)'s are the filtered ECG samples, At is the
sampling interval (i.e., 2ms at 500 Hz), and d{j) is the value

of the first derivative at the ith sample,

At the beginning of a processing session the first 5§
Segends of the ECG data is scanned to locate the maximum of
the first derivative. The derivative threshold is tﬁen.set
at 50% of this maximum value. A new dynamic threshold Qalue

is then updated every heart beat using the latest 5 beats.

6.4.4 MPR EVENT DETECTION

Artifacts due to patient motion are detected when the
absolute value of thelfinst derivative of the MPR signal,
computed wusing quation (6.17}, 1§ higher than a certain
threshold. When such an event is detected the processing of

the current pulge is aborted. The threshold is initially set
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to 70 mv/ms which was established through experimentation,

This threshold is then periodically'updated th be 130% oﬁ.the
maximum absolute derivative of the latest five artefact free

pulses.

-

The search for the peak MPR signal is started a preset

period of time after the ECG's R-wave is detected. This time

b

period depends upon which artery is being studied. For
example when monitoring the radial artery, the time perijod is

set to 200 ms which is the minimum possible value for PTT.

-y

The peak MPR signal is then defined'gs the first critical

point from the start of the search. Depending apon the sign
of the first derivative at the beginning of the search, the
4

peak is detected when at least ten consecutive opposite sign

derivatives occur.

TECG amd MPR signals are resampled to four times the original

rate using the truncated sinc interpolator. This however is
only done for samples around the detected R-wave and MPR
peak. The same R-wave and MPR peak detection algorithm are

then reapplied to the resampled data.

6.5 ANALYSIS OF EXPEﬁIMENTAL RESULTS

Measurements were performed on the radial artery in the

wrist of an healthy human. Typical ECG and MPR"signa1s are

. .
5 PP T
1D et 3, LR AR ST AT
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A~

shown in Figure 6.4. Figure 6.5 shows{_PTT's for fifteen
artefact free pu]seg on.4wo separate days. \Dﬁexpg;ted1y, the
errors were found to be significantly Iargq? thz; the theore-
tical uncertainties (standard deviations o{h15.7 ms for day
1, and 9.3 ms for day 2). After careful visual insbéc;ibn it
was _abparent_ that certain pulses appeared to be somewhat
'di;torted compared with other pulses.

An hypothesis-was then made that these errors could be
attribufed to the non-linearity of the MPR device. To inves-
tigate this hypothesis a program was implemented on a PDP-11
minicomputer. - ‘A template digitized pulse signal, called
zs(t), was normalized to one and was then multiplied by a
fﬁctor, . P. . The' resulting time-varying signal ZAA(t) =
?(I-Zn(t)) simulates ﬁn arterial wall motion with peak t6
peak displacement P and antenna-artery spacing varying from D’

to P+D. The ,mathematical] representation of the graph in

figurem3,4g;§ g%ven by z?
e

Pt

» . S
f(zAA(t)) = A e ZaZAA(t)sin(%E Zpalt) + ) " (6.18)
Where A = 175.8 mv ; ' oo
a ='6;tenuation in water, 43.6 dB/cm (0.502 np/mm) &
A= '

wavelength in

L]

iy
. e S .
‘ e SR !
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\ "

2.391 rad,

=
1]

N
u

antenna-artery spacing in mm

Therefore tﬁe detected Microwave‘signalﬂcorresponding to
an arterial wall motion given by zpa{t) is obtained from
the above equation. The time of occurence of the peak for
zapa{t) and f(zAA(%)) were estimated, with the algor-
ithm, for different values of P ana D. The probability of
making an error due to the distortion of 'the signal by the
detector was estimated by div{ding the number of false detec-
tions by the total number of trials. This probability was

Ny S
naturally a function of the iéak to peak displacement of the

arterial wall since the larger the.peak displacement the moré

chances the.signal has of being distorted around its peak.
The'estimated error probabilities are shown in Figure 6!6.
N ) o

To this daté, attempts to obtain calibrated MPR
displacement measurements using an 1ntérferometer technique
have been unsuccessful, It would seem that patient motion,
variatidns in® MPR device placement, and variable arterial
wall displacement (due to muscular resistance variations for
example} causes the MPR to,bperate.jn'a ﬁon-]inéar portjon of
fts transfer curve occasionally. 0One way arocund this problem
is to drop PTT measurementsrnhich appear to be significantly

different than the average, for example those PTT va1ue§



which are smaller than the average minus the standard

deviation br larger than th average plus the standar

deviatio In doing this with the “data in Flgure 6.5,

obt3aTHEd means of 328 ms and 329 ms with s ~deviation

Measurements were also performed on other arteries of a
healthy human. Results of méasurements aTong the aorta/and
the femoral artery are presented in Figure 6.7, The Ybars
indicate pulse to pgise_yariabi]ity and varidations introduced
by antenna placement error. From these PTT measurements, the
PWY along the arterjal segment from the abdominal aorta to

the femoral artery is 4.8 mm/ms with an error of 15%.

«  The main conclusions drawn from this simulation can
be summarized as follows: : : v
~ PWV measurements with uncertainties lower than 20%

L . N
difficult to obtain using only one MPR device

, <

- PTT measurements with uncertainties of 2%

achievab1; . ‘ éf

(would require using a correlatioh technique and a
. . . ‘\\ ‘____‘_4‘—/" 7
minicomputer) .

]

-



12 bits/sample for MPR signal and 8 bitg/sample
for ECG are necessary and 500 sample/sec

. \, o~
sufficient for both signals -

3

resampling to increase peak'detaeszn accuracy not
advantageous

necessary to fmp]ement a scheme to throw out
pulses with PTTs nominally different from a
dynamically updated average

differentiation approach to peak deteE}gon

sufficiently accurate

dual microprocessor system necessary
~
filtering and peak detection software easily

transportable to sthnd alone microprocessor system
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1’\D Chapter VII

- -

CARDIOVASCULAR SIGNAL RECORDER GENERAL DESIGN

/

In the first section of this chapter we will present a
general 'description of the Cardiovascular Signal Recérder
.(CSR) digital system underlining Fhe.motives for the choice
of hardware and justifying the system's architecture.
ﬁpllowing this we will describe the individual modules
comprising the system. i

° . N
7.1 GENERAL SYSTEM DESCRIPTILO

Let use first briefly restate the main tasks that the

CSR has to perform, as stated in the previous chapter,

1. Reduce wide band noise generated in the data

acquisition module,

2. Artifact detection in the MPR signal.

-

3. ECG's R-wave detection;//’
/

4, MPR signal peak detection.
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5. Data acquisition control; such as switching the
. -
analog multiplexer, programming the real time clock

-

and reading the ch.
6. Transfer data to a mass storage unit.

Some of the main criteria taken into account in the CSR
system design were portability (size, powe; consumptiqn),
cost, throughpuf andn,ease to adapt the system to bther
cardiovascular monitoriﬁg applications. For the re;;;ns
stated 1in chapter 5 a microprocessor based system was
considered. The basic components of the system were
initially specified to be a microprocessor, an analog to
digital converter (ADC), a programmable'cloﬁf;’m{in memory

N4

and mass storage memory.

*

processor unit consists of two microprocessor arranged in a

pipeline configuration, communicating via shared random

access Memory. There are three principal reasons for

/ <
adopting a shared memory interprocessor communication scheme. .’

rst, 'since the system 1is relatively small, a "crossbar

switching" scheme. to switch CPU's and memory. modules s
h} i L] -

‘simple and does not add excessAvely to the overall cost of

the-system. Second, for our particular application, software

overhead is minimized. Third, and most 1ﬁportant, the main

P

For several reasons, to be enumerated later, the dual



78

traffic between the two CPU's consists of data organized or
assembled in blocks.
S

L

= To expand on the third reasdn it is relevant to discuss

a specifiC(CSR task, that of data sfgrage. . The main criteria

for the selection of the storage unﬁ;xwere: size, cost, power
consumption and transfer rates. The Quantex Model 200 mini
cassette recorder was chosén, The recording densit}uof the
Quantex 200 is 1600 bpi while the maximum transfer rate i§r24
kbauds (or 1500 16-bit samples per second). This meets our
throughput requirement. To enable the use of the cassette at
maximﬁm-qensity\independently of the sampling rates, it is
necessary to buffer the incoming data from the ADC module.

When the buffers are fully loaded they are ready to bevdumped

on the cassette. The size of the buffer is dictated by a

tradeoff between cost of memory and the loss of space on the
cassette when it is stoped in between data block transfers,

This buffering can be advantageously used as a common memory

shared by the two processors.  The scheme consists of two RAM

blocks which are switched between the two processors. While
one processor is f#M.1ing one memory block with incoming dat@a
from t-he ADC module, the other proEessor dumps the data ontb

the digital caé;etté. v N

Let us now elaborate on the Brocessing unit. The center

of the CSR system consists of two‘processors'wipe]ined and

L
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arranged in a master and s]ave'configuratioﬁ. The master

processor performs the following functions:

1. Data acquisition control, such as switching the-
analog multiplexor, programming the real time clock

and reading the analog to diéjta1 converter (ADC).
2. Data conditioning, such as filtering.
. -

3. Monitoring the activities of the slave processor, .

4, Software interface to the peripherals,

/ . ' (

The second processor, the slave, performs the bulk of the

real time ‘processing.

1. R-wave detection in the ECG.

2. Peak detection in the MPR signal:

3. Calculation of PTT.

4, Transfer data to the ddgital caﬁsetgef

’

5. Artefact detection in MPR device.

-

A block diagram of the CSR system is shown in Figure

7.1. The system consists of four basic units; néme!y, the

-

T o
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processing unit, the data acquisition module, the stooage
unit and the human interface hardware. In the next section,
we will describe the processing unit. :>

7.2 THE CSR PROCESSOR ‘!'

Recent advances in microprocessor technology have
brought into the market powerful 16-bit and 32 bit micro-
processors (such as Intel's 8086 and Motorolas ﬁCGBOOO), As
expecied, however, these microprocessors‘.reqoiré higher

degrees of development efforts and highef hardware costsvﬁﬁan

the more tranditional 8-bit machines.‘ Thus, one should

carefully evaluate requirements before decidi®g on a 16 or 32
bit machine. In ;;e case of the CSR ~ system, from the
simulation studies in chapter VI the more conventional 8-bit
microprocessor was deemed to be of sufficient poweo to
satisfy our requirements. o .

LB

S Since the University of Ottawa department of‘E1ectrica1 '

:

Engineer%ng possesse§ a MDS-800 microprocessor development
system, the Intel 80§§"microprog%sspﬁ'seemod a' good choice
foo the CM's, For practical reasons we“those to desfgn the
CSR system around a SDK-85 sys€om design kit. fhe basic
SDK-85 has the following bui]jjc: featooesz a 3MHz 8085a CPU

(1.3 ps instruction cycle), a direct teletypewriter inter-

face, an interactive LED display, a wire wrap -area for

- P 3 i



‘customed design circuit, system monitor software in a 2K ROM

(8355), 256 bytes RAM, 38 paral]ef 1/0 lines (expaﬁdablg to
76 lines) and a serial 1/0 thru the SID/SOD ports of the
) : \
8085..
In addition to the basic SDK-85 components an 8155 was
added, thus providing another 256 bytes of static RAM and an

extra 22 programmable .I/0 lines, Also, expansion buffers

_.were necessary,to drive the bus switching cantrollers, the

-

hardware muttiplier and the master prodéssor gfogram memory

(a ZKI x 8 2716 EPROM). The slav?»proc ssor is also
configured around aé 8085 CPU along with an 8155 and a 2716
EPROM, thus providing all 1/0 ]inest ata and program memory
requirements. The expanded SDK-BST)and slave processor

circuit‘diagFams are included in the Appendices.

The program which supervises and coordinates all
activities of the CSR is called SUPCSR. SUPCSR starts to run
as soon as the CSR system is turned on. . It initially
acquires from .the use} all information and paramédters
necessary for a recording sessfon. When the data acquisition
pfocess is initiated by the user, SUPCSR is responsible for
handling software interrupts (such as overflows, - inter-

processor communication synchronization errors, status

errors, etc....) generated by the application software as

G
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well as managing system operations such as monitoring the\
data acquisition and coordinating the activities of the slave
procesgor.

-

" Interaction of SUPCSR with applicatign progFams and peri-
phera1§_devices will be further discussed in the following

sections,

7.3 MEMORY SHARING AND INTERPROCESSOR COMMUNICATION

As mgntionéd earlier, the two processor can access
comfon data through shared RAM.  Two blocks of RAM are
alternately switéhed between the two processors. This scheme
is particularly desirable for our application since the two
processors arg-pipelined and the transfers between them are
in blocks of data. This eliminates contention for resources
among the processors and minimizes the effect of the multi- -
processing law of diminishing ﬁ;:;?ha1 utility, 139]. Also,

software overhead 1is minimized since there is no complex

S

scheduling. - : ' N

The memory processor bus switches (or bus multiplexer)
consists of bidirectional drivers with tri-state outputs.
THe master processor controls the oﬁtput state of the drivers
in such a manner that when it accesses a block of memory the

other processors bus 1% branched to the other "block. The

- L
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4

read - ignal from each processor ‘controls the direction .of tHe
S -

drivers to which/{hey dre connected. o -
y s N L] ’ . ’

-

In mrd€? to é%tab]ish'a ;EWe for the selection of the
“gize of the memory Rlocks it'is getessary to digress from the
cgrrqpt digzussion o= tal& about -the cassétte recorder
subsystem. As previously menfidned, the shared memory
jnter-processor communication scheme was - considered mainly
because 'it is nece;sary to buff}f the dawa anyway. This
arises because. -the cassette re}order servo. drives the
Eassette at a constant\read/uvi}e speed of 15_ip§. Since the
cassette recording density is 1600 bpi, the maximum transfer
rate to the cassette is 24 kbauds (i.e. 1500 16-b%t‘words per
second).. Thus, in order to be able to use the cassette &p_
maximum density, independantiy of the sampiing rates, it is

necessary to buffer the incoming data from the A/D module and

transfer it to the cassette at maximum speed, stoping the

cassette drive between the data block dumps.

Given that the start/stop time of the cassette drive is

30 ms and that the cassette capacity is C words we can relate

the s}ze of the RAM blocis, séy X 16-bit words, to the

fraction of the total cassette capacity that we want ﬁo use,

say Y %. For each block dumps we lose the equivalent of 60

ms of cassette space for start and stop, which is equivalent

to 90 words (i.e. 1500.x 0.06). The total number of words
t

e %



-

that will be stored on a cassette is therefore C - (90C/X).
We Eherefdre have € - (90G/X) = YC/100,0r X=90/(1-Y/100).
Therefore, if we wish to “use 90‘ X of the total casSetté
capacity the RAM block size is 900 words. Two blocks of 2K «x
8 RAM's wére theréfofé chosen as the buffer area.- The MOSTEK
4118's were found to have sufficient bandwidth (120 ns) and
feature a. latch function which permits the latching of the
address for time multiplexed buses. v :
A
The bus switches consists of eight 8286 bidirectional
‘bus drﬁvers with tri-state outputs. The master processor,
controls the output data of the drivers. Immediately after
switching.the RAM blocks; SUPCSR {master CPU) requests the
services of the slave processor by sending it an interrrupt

through an I/0 line. The nature of\ the services (or pro-

4

cessing requirements) is coded: tnto the first word of each

memory block and is called the request status word {RSW).

The slave processor returns a processing status word (PSW) in
the second word of the memory block. The PSW is monitored by
SUPCSR which verifies *“the proper operation of the slave

activities and takes action if regquired,

7.4 THE ADC MODULE

The data acquisition wunit consists of an B8-channel

analog multiplexer, a sample and hold amplifier (SHA), -a

o
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12-bit analog to digital coverter (ADC) and an 8253 progrimm;
able interval timer (PIT). The PIT is organized as three
independént ‘counters which can be programmed b& a micro-
processor as divide-by-N counters. Ong timer is used s a
rate generatér for the SHA. Another timer Qupp1ies the
digital cassette transfer rate. The end-of-conversion (STS)
signal of the-ADC is used to interrupt the master proc;ssor.
At that'point‘SUPCSR takes over and fetches the 12-bit result -
thrﬁugh an 1/0 port. The total acquisition time, including
haraware. and software de]éys is approximately 147 us per
sample which corresponds'to a maximum overall sampling rate

of 6800 samples per second.

At the beginning of a gession the user 1is asked to
specifjfhow many analog channels are to be sampled as Qell as

the required sampling rate. SUPCSR then calculates th
required count and lqads it into one of the programmabL:t:T‘\’
clock counters through an I/0. A nominal clock countfng rate

of 1.5 MHz 1is taken from the master processoé's c]ocf
(through a divide-by-two counter). The count required for

the cassetté transfer rate is also automaticai]y loaded into

a second counter.

The analog multih1exer is an Analog Devices AD7501. The-
address for selecting one of eight input analog channels is

supplied by a 4-bit [/0 port on the master processor. At



system initialization, all components of the A/D module are
disabled, When the wuser has specified all parameters
required for a recording/processing session and is ready to.
start the process, he presses the -start acquisition buttan.
This starts up the counters on tLe PIT. The clock output of
the first counter then goe; through a monostable muyltivi-
brator which supplies’ a 400 ns negative pulse for the
start-conversion signal on the ADC. 'Upon completion of the
first A/D conversion, the ADC'SQEF}\sign$1 generates an 800
ns positive pulse (again through a monostable multivibrator)
which is used to interupt the master processor on RST 6.5.
SUPCSR tﬁen enables the analog multiplexer with the first
channel selected. The STS signal from the ADC is also used
as a sample and hold signal to the SHA.
. .

7.5 DIGITAL CASSETTE RECORDER SUBSYSTEM

We have already discussed several aspects of the dig%ta]
cassette recorder in_detail in the previous sections. In
this section we will consider cassette handling aSpects¥ As
mentioned gar]ier the slave processor is responsible for
transfering data to the digital cassette. The slave
processor starts transfering a data block when SUPCSR informs
it to do so. However, before data can be transfered to the

digital cassette, the slave processor has to start the
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servo/data writing circuits. These controls are performed

through two 1/0 ports.

The transfer rate .is supplied by a clock which
interrupts the slave processor on RST 7.5. The interrupt
service routine sfmp]y puts the next bit to be transfered on
the S00 (serial output). That bit is then transfered to the
cassette on the next clock pulse. In between each'interrupt
_the application software- performs the required data pro-
cessing as well as supervising the tramsfering status, that
is it makes sure that the processing rate is faster thdn
transfering rate, keeps track of the next word and bit to be
transfered and stops transfering data at the end of the
blocks. At the end of a block dump the cassette drive is

stopped and the servo/data writing circuits are disabled.

In addition to the above cassette handling operations
the slave processor is also responsible for rewinding and
reading the ddta. This 1is requ%red to either perform
off-line processing or to send the data to a PDP-11 micro-
computer. Mechanisms for transfering data to the PDP-11 were

considered for the following reasons:

1. For more complex off-line processing,.
c 2. For computation of inter-patient statistics.

3. To archive recordings on disk or magnetic tape.



The_data transfer is interrupt driven and-coordinated by the
PDP-11 which directs the CSR to transfer the data thraugh I/Q

ports.

7.6- THE HARDWARE MULTIPLIER

The necessity for a hardware multiplier was clear after
the CSR simulation (Chapter 6). A typizal hard@aré‘hu1ti-
plier such as the Monolithic Memdry 67558 performs an 8 x 8
bit multiplication in 100 ns. :The factor Jlimiting ‘the
multiplication speed is therefore the.time required to ocutput
and input .the arguments ;nd result, For a 16 x 16 bit

multiplication we have the following equation:

Xo-15 Yo-15 = (Xgo7 Yo7 + 2 T(Xou7 Ygoys). +
. ‘ (7.1)
Xg_15 Yo-7 )1+ 2 (Xg_15 Ygo1s)

Thus we must perform four 8 x 8 bit mu]fig]ication; If 1/0
ports are used to transfer data to/from the multiplier eight’
output.and gight input operﬁtions are required. With an 8085
micropracessor this represents‘abdut 53 ps without including
léverhead for addition and getting eperands .from the memory.
For & 2nd order filter this implies 5 mu}tip]ications x 53 us
=" 267 us per sample, At a 1000 Hz sampling rate this means
that the CPU would spend -about 27% of its time for filtering,

which is unacceptable for the CSR.



Master [privaté communicationj described a method in
which) external idinstruction exgcution hardware, ‘such as a
mu]tiplier,. is connected in such\4a way -that it is trénsparent
to' the programmer. _ This method permits to reduce th;
.relative time spent for filtering to around"iOX. - MWith
Master's method an instruction of the 8085 is detected by
h;rdware whicﬁ "activates the hardware mu1ti;1ier. In our
case the instruction dedicated as a‘"md1f1p1y instructioh" is
MOV H,M. Here the multiplicand and multiplier are stored in
registered H and L. During the .opcode fetch cycle of ,the MOV
H,M instruction, the special hardware detects the  opcode.
The external circuit-then disables the RD signal to the rest
of the CSR and enables the multiplier. On the next clock
cycle the H and L cﬁﬁtents are sent on the address bus which
is connected to the inpuf of the multiplier, The result
appears on the data bus 100 ns later and is picked up and
Joaded into the H register by the CPU. For a 16 x 16 bit
multiplication this requires 18 ps. This method is therefore
very efficient since there is an increase of almost 300 % in
épeed‘ovef the I/0 method. However, there is the expense of
losing the original fﬁnction of the &edicated Jnstructién,
MOV H, M.

3

In this chapter we have presented a description of the

CSR digital system. The detailed circuit.diagrams a;e shown

in Appendix A.
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CONCLUSIONS

A micreprocessor based system for the analysis of
arterié] phlsé pressure signals obtaingd from 5 microwave
pulse recopder’(MPR) was designed. This system, referred to
as the - cardiovascular signal recorder i(CSR) was Jntended
primarily as a research tool for clinically measuring
characteristics of the arterial pulse- pressure wave as

obtained with the MPR device.

A review of current literature revealed that the pu1sé.
wave velocity (PWV) a;dl the pulse transit times (PTT)
obtained from arterial pulse waves correlated with several
hemodynamic ;an& cardiovascular parameters such as arterial
transmural pressure, arterial system anatomy and hechanica]
properties such as arterial wall eNasticity and endocrine
disorders. Litg#ature also indicated that arterial pulse
waves were obtainéd either invasively using intra-vascular
pressure transducers or non-invasively uéing ultrasound
transducers to measure arterjal wall displacements.  Both
these techniques were shown to have limitations. Invasive

transducers are surgically ¥nserted %n arteries which limit

their use to cases where the invasion of fhe blood vessels
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is justified by the condition of the®patiemt: Ultrasound
transducers have limited range'in biological tissyes and ‘are
‘tyerefore 1imitgd to the measurement of peripheral arteries.
The MPR was found to be .capable of moaitoringﬂ non-
inva§ive1y,. artefial wall motion. Because of’ the high
pene;ration.depth of microwave energy in .biological tissues,
deeply -situated arkeries such as the aorta and iliac

" arteries, can be monitored.

The CSR was Hesigned around a microprocessor based
system because of the many benefiés inc]udiﬁg reduced system
volume hence portability, reduced power consumption, smaller
number of interconnects hence increased re]iabifity, and
system programmability resulting in a sfmp]ified design and
flexibility. Relevant digital processing techniques and
hardwar;,avéilable for bui]ding microprocessor based systems
were evaluated; A.prototypd‘simul@tion CSR system was then
implemented using'abmicrocsmgﬂter development system,

o~ *

The measurement ;echniqge used to obtajn the PWY and PTY
involved detecting the R-wave location in thé Electro-
cardiogram and the ‘peak MPR signgl. Since only one MPR
device was available, mégsuring the PWV required measuring
the PTTs at two locations along an artery segment and taking
the difference of the two. An uncertainty analysis suggested

that it wag possible to reduce the uncertainty oo the PTT
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I

measu}ement to under 1.2‘msec-and consequgntly'that of the
PWV méasurement to 15% by resampling the ECG and MPR signals
originally samp1ed at 500 éamp]es/sec. It was;a1sohassumed
that meaningful physio]ogiSal variabilizy %T PHVQ was iarger.
than 15%. '/_/J -

The simulation CSR system consisted pf an MDS800 micro- -
computer development system, a 16-channel analog mu1tiﬁ1exer,
a 12 bit‘ana1og #0 digital converter, a storage scope and two
floppy digk drives. Signal process?ng algorithms for gata
filtering, ECG R-wave and peak MPR signal détéction were
imp]ementéd and coded to r;n on the MDS800's 8080 .micro—
processor, Since the 8080 microprocessor is relatively <low,
the processing algorithms could not handle real-time beat to
beat PTT measurements. It was therzfore determined that the
CSR system would be based on a iyaﬂ 8085 micrqproceésor
system along with a hardware multiplier to perféfm filtering
and data resampling. Since the 8085's instnuctioﬁ set is a
superset of that of the 8080's it would be easy to implement
the procesﬁing algorithms on the 8085 processors,

Experimental results obtained with the simulation sttem
showed that the uncertainty on the PTT ﬁeasurements were much
larger thﬁn predicted. Further analysis on a PDP 11

minicomputer revealed that the non-linear behaviour of the
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i
MEE device distorted the actual arterial wall displacement
informgtion to S degree proportional to the MPR antenna to
arterial waIi‘ distance, thus resulting in false peak
detection. = It was ﬁypothesized.that thé arterial wall t6
antenna diétance could change fractionally during a measﬁre-
ment session causing the MPR device to operate in an highly
non-linear region of its transfer curve. This c:u1d be
caused by-patiqu-body motign, muscle aétivity in fhe area of
the monitored artery or by MPR device movement caused by

_inadequate fiftﬁg of the device to the patients body. A
scheme was qevisea to overcome that problem by throwing out
pu}ses with measured PTTs .gross1y different from a
dynamically updated running average. When implementing this
scheme‘.the experimental wuncertainties were considerably
reduced. The remaining observed discrepancy between
experimental and theoretical uncertainties can be attributed
to a number of factors including arterial pulse wave
reflgctions in the arterial tree resulting in distorted
arterial wa{i disp]acemenis and actual real variations due to

hemodynamics changes.

Nevertheless, the simu]gtion CSR system demonstrated the
feasibility of the CSR system. It showed that the resampling
process'to increase peak detection accuracy whs not required
since observed uncertainties were larger than theoretically

achievable without the resampling. From the simulation it

ERETN |

o



was therefore possible to specify the CSR design goals and
parameters. Thlicomplete CSR system was then designed and
spécified to achieve those requirements. It was however

’ - -—.\-— -
beyond the scope of this thesis to implement the CSR system.

This would constitute an interesting undergraduate §¥oject.' \\
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B.0O NWOTES ON CSR SYSTEM SOFTWARE DESINN

In this thesis the complete hardware design was specified.
Appendix A contains all detailed circuit diagrams. Appendix C
contains the data sheets of all hardware used for the CSR system.

The CSR system software detailed dgesign should follow the

following guidelines.

B.1 DATA ACQUISITION MODULE /

e -

<

The CSR is designed to handle ﬁb to five input analog channels.
NDigital gontrol of the ADS01 analog multiplexer (MUX) is achieved

through four hits of I/0 port 234 of the master processor. The

bit functions of port 23H are shown in figure B.1.

P3 p2 pl p0 Analog channel
, selected
1 0 0 0 1
1 0 0 1 2
i 0 1 0 3 ,
1 N 1 1 4 ¢
1 1 0 0 5
0 X X b4

Q nd ne
Figure B.1 Master processor I/0 port 23H bit functions

'.'

i

-
\
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The MUY address is generated by software, the number of input
. analog channels to sample being user selectable fram 2 to 5. >

.t

The MUX address should be changed immediately after the A/D is
read by the master processor, /
Nata acqui;ition is initiated when the start button is pressed
(Figure A.l, D5). At this point the 8253 real time clock is
enabled which in turn generates the proper negétive pulses,
through the 74123 monostable multivibratoi, which initiates the
A/D convexsion on the ADS574 analog converter (R/C signal). The
AN574s  "erd of conversion" sighal (STS signal) is used both for
the hold signal on the ADSR2 sample and hold amplifier (SHA), and
for interupting the master processor on RST6.5 when the A/D-
conversion cycle ends as indicated.by a low going STS signal.<At
this point the master processor reads the 12 bits on thé ADS74
through & bits on I/0 port 00H and 4 bits on I/0 port O0lH.

¢
The RST6.5 interrupt handling routine on the master processqr

requires about 30 instructions for performing the following

functions:
- A/D output buffer control
- read A/D 12 bits

- shared memory management
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" - = analog multiplexer channei saletion ¥

e
At an averagé 3.2 usec per instruction this requires about 100
usec. At’/the maximum CSR data acquisition rate of 1500
samp&es/sécit leaves about 567 usec/sample to the processor for

processing.

B.2 PROGRAMMABLE REAL TIME CLOCK

The R253 programmable clock is used for generating -the A/D
sampling rate (through counter 0), and for the serial I/0 timing

for cassette recorder transfers (through counter 1) on the slave

Processor.

Thé reference clock signals used for both counters is derived
from the 8085 processor clock signal which is divided by 2
through the 7473_JK flip-flop (i.e. reference rate of 1.5 MHZ).

The real time clock'output rates muat therefore be determined by
the master processor before data acquisition is initiated. This
Aepends on the number of analog channels to be sampled and the

sampling rate of each (note that the maximum aggregate rate of
<

the CSR is 1506 samples per second).

For example if two channels aresbeing sampled at S00 Hz each then

’
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counter 0 count is 1.5 MHz / 0.001 MHz = 1500." Since the serial

I1/0 rate to the cassette recorder is 24 KHz then counter 1 count

*
is 1.5 MHz / 0.024 MHzZ = 63.

The real time clock counts are programed through the master
L

Processor I/O' port 83H with the control word format shown in
]

Figure B.2.

P?7 6 p5 p4d pP3 p2 pl po

Port 83H
control word scl sc0 rll rl0 m2 ml m0 bed

scl  scf Function /

0 0 select counter 0

0 1 select counter 1

1 0 select counter 2

1 1 illegal
rll rlo Function

0 0 counter latching operation

n 1 read/load count less significant byte
1 0 read/lead count most significant byte
1 1 illegal

m2 ml mo Function

- £

1 1 1 set mode 3 (only mode used in CSR)

X X X not used

bed = 0 for binary 16 bit count

Figure B.2 Master processor [/0 port 83H bit functions
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B.3 BUS MULTIPLEXER
f ]

The master processor is responsible for assigning the two.ZK RAM
blocks to itse}f (for filling with input sampled data) or to the
slave processor (for -du$ping output data to the cassetée
recoider). Refering to diagram A.2 (Bus Multiplexer) the two RAM
\blocks consist of pairs of 4118 static RAM chips; where Bl16 and
B17 are assigned to blocg 1 and B18 and B19 to block 2. The
master processor controls mamory block-processor designation by
setting the 8286 bidirectional bus drivers tri-state outputs
through bits 0 and 1 of I/0 port 21H as shown in Figure B.3.
Note that the transmit direction of B8, B9, Bl2 and Bl3 are
always in the same B to Amode. The transmit direction of B10,

‘Bll, B14, R15 need te be controlled according to whether memory

read or write is occuring. This is however controlled in

hardware.

p2 pl Block 1 Block 2
- designation designation

¢ 0 master slave

0 0 slave master

Figure B,3 Master processor 1/0 port 21H bit functions
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B.4 CASSETPFE DRIVE INTERFACE -

3

The cassette drive subsystem .control is the responsability of the
slave processor under the direction of the master processor. The
slave processor r;\ust per‘:form the following tasks: tape rewinding
to cassette load point from anywhere on the tape; fast
forwarding; reading and writing blocks of data; padding write
data with start, stop and parity bits and mmoving these bits from .
write data; and cassette track selection. This control is
achievecl through port 01H (for drive control signals) and port

024 (for drive status signals). The functions of these ports is

shown in fitjures B.4, B.5 and B.6.

Bit Drive Function

no. signal :

po ™S 40 usec pulses {indicates tape holes)
pl RDY 0 = tape ready

p2 Fp 1 = write protected

p3 DATAGAP 0 = no data tranamitted for 2 msec
P4 . TACH tach pulses (speed of motor)

PS5 X not used

) X not used

p7 X not used

Figure B.4 Slave processor I/0 port 02H bit functions
{input status signals from cassette drive)



Bit
no.

po

pl

Drive
signal

ITR
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&Function
0 = move tape
1 = stop tape
0 = forward tape motion
1 = backward tape motion
0 = fast mode
1 = slow mode (read/write)
0 = activate write current
1 = disable phase encoding
1 = enable phase encoding
0 = track 1 enabled
1 = track 2 enabled
not used

Figure B.5 Slave processor 1/0 port 0lH bit functions
(output control signals from cassette drive)

p7

e R B R e |

Figure B.

o6 pS p4 p3 p2

® XK XK M X
oo—HoO
D

-

DH =20

1 0 rewind tape
0 0 forward fast
0 0 write data

0 0 read data

0 1 stop tape

/ Cassette drive control functions through slave
processor I/0 port 01H
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B.5 PROCESSORS MEMORY MAPS
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Figures B.7 and B.8 shows the memory maps for the master and

slave processors respectively.

0000-07FF
1000-17FF
1800-1FFF -
2000-20FF
2800-28FF
3000-33FF
3800-3BFF

.

SDK8S monitor ROM

CSR program memory (2716 EPROM)

SDK85 keyboard/display controller area
basic SDK85 RBM area

CSR data memory (SDK85 expansion RAM)
CSR buffer memory (block 1)

CSR buffer memory (block 2)

»

Figure B.7 Master processor memory map

<

0000-07FF
1000-13FF
2000-23FF

”

Figure B.8 Slave

N\

CSR program memory (2716 EPROM)
CSR mmffer memory (block 1)
CSR buffer memory (block 2)

Processor memory map

J -





