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ABSTRACT

This thesis describes a system. which hgs been developed
to continuously monitor the pulse wave velocity in the main
systemic arteries in man, without surgical intervention.

The production of the pulse wave and its mode of propagation
are discussed and the possible applications of a device of
this nature.

Pulse wave velocity is surveyed in terms of its analytical
relationshiﬁ to blood pressure, its clinical information and
the measurement techniques used by previous experimenters.

The problem, as considered, is stated and a system based
or. a novel nmeasuring technique is developed to enable a high
resolution to be obtained. The pulse wave velocity is defined
as the speed of propagation of the wave peak between two points
on the artery, a short distance apart. The wave is monitored
by transducers which are designed with a fluid sac to avoid
mounting and centering difficulties,

The system. functions by first controlling signal amplitude
from. the transducers to give a constanit output, exponential
amplification is then. used to selectively amplify the peak value.
From. this signal the peak is defined by differentiation. The
veloclty is obtained By measuring the deiay, and then computing
it from this using am analogue system.

A Simulator is described which produces a signal, which has

a waveform similar to that of the pulse wave,
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The simulator provides two channels with a variable time delay
between them,

The design of the constituent parts of both systems is

discussed in some detail.
" The report concludes by giving suggested modifications

to the systems described, and also indicates fields in which

future work should proceed,
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SECTION 1

Introduction and Sunmary of Earlier VWorks

Before one can attempt to measure the velocity of the
phenomenenknown as the arterial pulse wave, one must consider
the physioclogical 'mechanism' which produces this wave.

In additipn one must justify that the measurement of this
parameter will be of some wvalue.

Considering the latter point first, it is common, in
an engineering environment, to express the 'performance'’ or
'reactions! of a device, circuit or system as a set of
parameters. For example one can specify the performénce of
ag.amplifier circuit in terms of its bandwidth, gain, and
input and output impedances..

Howeﬁer in dealing with a physiological system, the full
data is generally complex and not easily measurable. Thus
medical science has been built up on those parameters which

lend themselves hbbet'ag measured with comparative ease. Blood
Pressure cam be included in this category, since its measurement
can easlly be effected with the aid of an occluding bandage
or cuff, and a simple manometer. Blood pressure can be used,
in conjunction with other information, to diagnose. various
illnesses and deficiencies occurring in the body. But ;s it
necessarily the most useful parameter to measure? Would a
knoﬁledge of the "pulse wave'velocity" be a more useful factor

in. determining the state of the arterial system? Questions
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such as these do not as yet appear to have am answer, so

only time and further work can.gi;é it. However, the parameter
known: as "Pulse Wave Velccity" may bBe of value, either alone
or in conjunction with blood pressure, provided that it cam

be measured easily and accurately.

Before extending this argument, or considering any previous
work in the field, an understanding of the circulatory system.
and the production of the pulse wave is required.

The circulation is divided into the three categories:-

i) Pulmonary ii) Systemic diii) Portal.
. The pulmonary circulztion is for the reoxygenation.of the

blood, which is pumped to the lunmgs via the pulmonary artery

from the right veﬁtriclg_pf the heart, The venous return from

the lungs is fed into the left antrium via.the pulmonafyxﬁeins,
this is the complete pulmomary circulation.

The systemic and portal circulatiops are both derived from
the left ventricle, and are the circulation of the blood round
the body. The systemic circulation feeds the body tissues,
whereas the portal circulation feeds the digestive system and
Yiver. Both are derived from the Aorta and the venous return

is via the Venae Cavae into the right antrium.
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Heart action is conirolled by 2 small bunch of nerves
and muscles located in the right %ﬁtrium, to which the venous
return from the body comes. The nerve cells act s a pacemaker
for the heart and are called the sino-aﬁtrgl node. They also
give rise to the electrical signal known as the g}ectro-
cardiograph. The normal rate of excitation is approximately
72 beats per minute, in an adult. Each period of contraction
is followed by a period éf rest of approx imately the same
duration,

The contracting periecd is known as the systole and the
rest perlod as the diastole, each being approximately 400 msec
long. The complete action is referred to as the cardiac cycle.
The systole is subdivided into two parts, the atrial systole
and the ventricular systole. The atrial systole is of a short
duration and consists of a contraction wave sweeping over both
atria and forcing the blood there into the wventricles, through
the tricuspid and mitral valves. The veniricular systole
commences as soon as the pressure in the ventria exceeds that
in the atria. The valves shut and blood is forced into the
aorta and pulmonary artery. The process ends when the pressures
in the ventria are equal to those in the aorta and pulmonary
artery.

The rest period or diastole now commences and blood pours
into the ventria from the atria, and also into the atria from

their own sources. This again continues until equal pressures

are produced. The pacemaker then fires again and the . -
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cardiac cycle is repeated.

~ The 'pulse' is created by thé alteration in tension of the
walls of the arteries due to blood being pumped through them
in. spasmodic bursts, Ité propagation over the arterial system
thus takes the form of a pressure wave, which travels along
the arterial walls. bbviously like any other wave propagation,
the pulse wave becomes: attenuated, delayed and distorted by
reflections.

To complete the defimitions, the peak pressure reached
during systole is referred to as the Systolic pressure and the
value maintained during diastole is the diastolic pressure.

The systolic pressure is produced by the pumping action of the
heart, whereas the diastolic level is maintained by the
contraction of the arteries, which is observed aé the pulse
wave.

In this work, the measurement of the pulse wave velocity
will only be considered with reference to the principal systemic
arteries; since these can be located easily and the pulse wave
can be monitored with suitably designed transducers, through
the relatively thin layers of surface tissue. Thus no surgical
intervention, which could interfere with the physiologicall
processes 1s necessary. The 'transducer pickups' and their
design and performance are to be discussed in detail in Section. 5.

A survey of previous work in. the field follows.
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Basically the ‘WerkK can be divided into three categeries:

1} Analytical relationships between pulse wave velocity

and blcod pressure.

2) The clinical aspects of pulse wave velocity.

3) Methods of measuring pulse wave velocity and blood

pressure.

Considering the category 1) it appears that the first
consi@eration.was by Moens in 1878, when he stated that the
pulse wave velecity, v, could b? expressed as:-

v = F [E e

2F

Vihere E = Young's Modulus
r = Internal Radius of the tube
8,= Wall thickness
F = Constant found &« 0,8 in man.
p = Density of Blood ¥ 1.055

The expression as it stands has too many unknown factors
and thus it was shown by Bramwell and Hill (1), that we can
express the termF@L“]in terms of a volume modulus as 1 XV .

E e, v %
This simplifies the expression to the one given below:-
P.W.V, = v = 3,57/(% Increase in Volume per mm Hg increase
in pressure)%
The above expression was accepted as approximatg, but usable
by most authors until much later when King, (12), takes into

account chénging wall thickness and other factors and expresses
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the pulse wave velocity as,
3 3
i i [/ . 2
v? = B_[%.E’.l'_g){ﬂ;ﬂs-..([‘_c: 1}+3(E:)z
4( Fe A T r‘

eofg/aro-

Ful sinh> ot (( sinh® u’ - (u')ag

Where A

B

and u' is defined by:-

/
coth u" = l-'*' &

In these relaticonships ‘6 is an age dependant canstant,
characterising the elastomeric wall, which is the ratio of
circumference of the tube to the maximal length of the molecular
chain, The 'o! suffix refers to the dimensions considered

when the pressure is.zero, and ' symbols refer to the values
wﬁén therpressﬁfe is P . He. defined mearn blood pressure as

" the mean vdlue of the systolic and diastolic vallues., The

above re;gtionship gives increased velocity with increase in

the pressure or age asfound in practice..

In his report he plots sets of curves given by the above
expression, of pulse wave velocity to pressure and age, After
this period certain texts have chapters devoted to the sﬁbject.
(19), (26), (30). 1In the most recent of. these the author is
Hardung (30), whose treatment of the subject is thorough,, but
too long to condense into this report. He, like King, derives
the Moens expression and extends the work to take into éccount

factors not previously considered.
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The true analytical relationship between pulse wave
velocity and blood pressure is complex, and thus many of the
early workers ignecred this relationship and concentrated on
a more clinical study.

Bramwell .and Hill (2), studied the relationship of PWV
to age on excised arteries and ﬁound that the velocity increased
with age. Bramwell, Downing and Hill (3), noted that an S
shaped curve was obtained for PWV with respect to pressure,
wvhich was fairly linear over the normal range of blood pressures,.
Also that the shape of this curve was related to age. Bramwell,
ﬁcDowall and McSwiney (4), studied the effect of varying
pressure on the PWV in living subjects by applying a
syphygmomanometer bandage around the patient's arm, and varying
“the pressure in this manner. The PW& was measured,, directly ..
as a time delay. The results, they obtained, suggested a
iinear relationship with pressure. This work.was verified by
Hemingway, McSwiney and Allison. (7).

Hickson and McSwiney, again working with living subjects
measured the pulse wave velocity over approximately 50 cm. of
brachial artery,,by»difect time measuremenf, and compared
their results with the blood pressure.

The previous investigators accepted the modified Mogns
equation relating PWV . to blood pressure and found that in |

certaln circumstances it could be applied..
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A good summary paﬁer of work up to thils stage is that
by Hallock (8), who lists the findings of most of the previous
authors,

Dow anq Hamilton‘appear to be some of the earliest workers
to attempt to verify Moens modified equation, amd in their
studies of PWIV in dogs,‘found that the velocity varied with
the distance from the aorta. They were however, able to account
for the variations im terms of the change in elasticity of the
arteries concerned. They also méde.a comparison. between diastolic
pressure and PWV, |

Porjé's {11), is a later report (1946) which summarizes
ealier papers in some detail. He, experimentally, has taken
-a sample_of 58 healthy pgrsonglagd examined their pulse waves
with the aid of Fourier Analysis. Thé sysfeﬁJhe ﬁééd was that
of a piezo=electric pulse microprhone coupled o an ECG
amplifier/recorder. He takes his studies into some detail but
a brief summary of his conclusioﬁs is given. The waveform
itself is almost ocompletely defined by the fundamental, second -
and third harmonies, of which the fundamental is the strongest.
It consists of both initial and reflected components, and the
reflected wave consists basically of the fundamental frequency.
The higher harmonics present are transmitted, virtually without
refdections, and the velocity of all components increases with
the age of the artery. For interest, he also studied a number
of pathological cases. In. several cases he noted various

differences in the waveforms. These included a more dominant

fundamental component.
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The reflected1pves were increased, and the second harmonic was
also reflected; The overall wave velocliy was incpeased.

This report is of some value in that he gives {ypical
pulse curves and also details of his pulse microphone, including
a frequency response. He also appears to have been the first
to analyse his waveforms by Fourier analysis.

However after this point little interest appears to be
shown. in PWV as a clinical parameter until Weltmann (21)
produced what appearsto be one of the first continuous pulse
wave velocity monitoring devicesT In his report he includes
the action of the pulse wave under certain conditions, of stress
etc. PWV meésurement as a replacement for blood pressure is
considered unsuitable at the moment by Webb Associates, (28),(31),
due to the inaccuracies in the measuring systems, and hence
this is sufficient licence for this work to be started,

The measurement of pulse wave velocity is a relatively
simple process which consists of merely timing a pulse along a
known length of artery. From these figures omne can then easily
compute the velocity. The early researchers, in general, used
Bot wire sphygmographs in conjunction with Einthoven galvanometers.
The recordings were compared zmndithe delay computed. However
to obtain reasonable results large delays were required and hence
the measurement of the arterial path became another problenm.
Porjé (11) used a similar method with his pulse microphone pickups.

However for continuous recordings Weltmann, (and Sullivan), (21),(29),
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and Salisbury and Wickham (27), appear to be the sole
contributors to the field.

In the field of automatic blood pressure recording
significantly more work appearsto have been done, Gilson (10),
Noble (13), Landsman (14), Green. (16), Cooper and Richardson (22),
Webb Associates (28),(31), ITT Federal Laboratories (33),
Thompson (34), Van: Bergen (35). The above is merely a selection
0f the references which are available. The basic technique
is-that.described by Gilson (10), and uses an occluding cuff.
However Van Bergen {35) estimates that this kind of measurement
is subject to errors of 25%, or more. Thus production of a
device which can measure pulse wave velocity, automatically,
to a highéf accuracy, could well have some useful applications.

Reviewing the measurement techniques adopted previously
shows that Weltmann (2l1), computes the pulse wave velocity,
by measuring the daiay between the ECG..and the pulse recorded
at some peripheral artery. He defines this as:-

PV = L/I*
Where L = Arterial length between the aortic arch and the
peripheral pﬁlse transducer.

I* = Time interval between. pulse expulsion. from the heart
and pulse arrival at the peripheral transducer.

I* = 1 - 40 msec.

Where I Actual time period measured which he states is that

intervening between detection of the.'R' wave of the ECG -complex
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and detection. of the leading edge of the arteral pulse,
| To present this information in terms of a velocity,

he utilises tﬁe time intervai to produce a proportionate
analogue voltage, which is fed into an analogue, division
circuit , with another analogue voltage representing the length
of artery 'L'. The solution is then fed to a suitable recording
device.

Consideration of his apbroach shows that tpe computation
of the velocity from the time measurement is best achieved
with an. anlogue circuit, since this produces sufficiently
accurate results (1%)'with'the minimum of comﬁonents. However
as to the actual quantities used, there is some doubt as to
whether hié figures for PWV are entirely relevént to the case
being considered here. The actual length of artery .camr only.
e estimated, and in addition the dimensions and ;onstants for
the artery are continually changing along its length. Thus,
even if one accepts that the method of measurenent is justified,
‘the valué obtained for the PWV can only be a 'mean' figure.

The object of this work is to measure the velocity over
a shorter piece of artery, and so correspondingly the time
measured will be proportionately shorter, and hence must be
measured more accurately.

One can assume a typical figure of 5 n#mc for PWV (Porjé) (11),
and a period of 800 msec, thus in one pulse periocd the pulse will
travel, 4 m, which is some considerable distance. A typical

length of artery which we can measure to a suitable accuracy
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(2%) would be 10 cm, from which a delay of 20 msec would be
obtained. This is extremely small when compared with its

800 msec period, and thus the real crux of the measurement
ptoblem appears. Also one must bear in mind that one'cannpt
rely upon the waveform to be propagated without changing its
shape, nor upon. its amplitude remaining constant over a period
of time. Thus, despite these difficulties a suitable solution.
has to be_fognd.

Salisbury and Wickmann (27)yihave designed a system which
overcomes these troubles by superimposing a sharp edge on
the trailing edge of the pulse wave, and thentdetecfing this
edge at a known distance away, with a suitable pick-up. Tye
edge 1s superimposed on the pulse waveform by a small
preumatic- device mounted above the artery. The delay time
is taken as that from when the pulse is injected to its detection
after propagation.

Th;s method offers a solution to the measurement of the
small delay involved, but in doing so interferes with the
physiological system. And thus until proven,cotherwise, it must
be assumed that this will affect the velocity of propagation,.
Hepce one cannoct at present take the results as reliable, and
s0 the problem still remains of how to measure a time, of the corder
of 20 msec, as a delay to an ill-defined waveform of period

800 msec, to an accuracy of say 1%
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SECTICHN. 2

The Proposed Syétem

In the previous section the problem has been stated
and previous work in the field has been surveyed. From this
the couclﬁsion:is that the crux of the probleﬁlis to measure
& delay of the order of 20 msec in an ill-shapen waveform of
800 msec period. The waveform,_which pPresents itself as a
pressure wave in the arterial walls, must also be monitored
with suitably desigﬁed transducers..

Thus the first comsideration is that of a suitable transducer
to convert this préssure wave into an electrical signal. Such
a device is described by Davies et al (32), in a recent paper.
They indicate that faithful :ecordings of the pulse wave can be
obtained with a device of the kind they are using. The
transducer to be used here, is of a similar design to that used
by Davies, and its development will be discussed in Section 5.
It was consldered that the scope of this project was already
sufficient and the development of the transducer would be
undertaken: as a separate exefcise. To enable the system to
be developed without a transducer it was decided to make a -
'Simulator', which would produce an electrical signal similar to
that delivered by the transducers. The detailed requirements
and design of this Sirmulator are discussed in Section. 3.

The method of measurement of pulse wave velocity here will
be to monitor the delay over a known length of artery, and from

this compute the velocity'at which the wave is travelling.
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Thus fpr ease of description it will help to divide the
wori into various sub-sections.

The transducer will require some form.of pre-amplifier
to isolate it from the main. system. The pre-amplifier design
is governed by the characteristics of the tramsducer and will
be considered in Section 5, with the transducer.

In addition a gain-controlled stage will be regquired to
enable the signal obtained from the transducer to be of a
constant output amplitude, and independent of the operating
conditions.

Following these initial stages, the main system can be
considered. The first function requirea is to measure the time
delay between the two waveforms. This delay must also be
presented in. a suitable form to drive the division system
which follows it. An analogue system can achieve the accuracy
required (1%), with the minimum of expense, Here, as with
previous authors, the delay is translated into an analogue
votbtage by the delay measuring system. Thﬁs, the division
system. also becomes an anmdlogue device, The two inputs to the
division system are the time delay and the arterial length used.
The arterial length can be supplied from a previously calibrated
voltage source. ‘

Affer obtaining the output from the division system, that
is, the pulse wave velocity, it must be displayed in a suitable

manner.,
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‘The salient features of the system are now discussed.

Section 2.1

Gain Control

The various methods of gain control, and the system
selected are giscussed in Section 4. The purpose of this
stage is to énable a constanﬁ output signal to be provided from
the transducers, This appar;tus is intended for general
application and the design of the system should allow for a
maximum variation of the inpﬁt gignal,

A Galn control system,, can, . in genéral, be made to
respond to either the mean or peak values, of the input signal.
Here, for reasons that will become obvious, a system has been

selected that responds to the peak value,

Section 2.2

Delay Measurement

Assuming that the signals supplied by.the min control
amplifiers differ only in phase, and are of a constant amplitude,
then. 2 number of measuring techmigues are availabie.

A possible method would be to define a point on each
waveform by its dc level, and then use a level sensitive detector,
such as a Schmitt trigger ci;cuit, to produce a pulse
edge at this instant in time. However, the resolution
obtainable in this way is low, since the edges of the signal

are extremely slow,
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A technique based on the Lissajou figures, could be used
to measure the phase difference of the fundamental components
of the two signals. Th; frequency of this component may,
however, change by a factor of 3 in a healthy subject and active
‘filters would be required. This is a problem that could ‘be-.-
solved, but still remains the problem of the high resclution
required.. ‘

Hére a novel approach has been. considered,, and a suitable
system. built round it. If one assumes that the length of
artery is small and of a uniform ﬁature, theﬁ,apart from the
phase shift Fhe signal at eithé} end will be the same. This
being so the phase Shiftfcould-be defined as the delay between
the two peak values. -(A typical pulse waveform 1is shown in
- fig. 2.2.1.). The_peaﬁ value is a significant point which;qpcprs
in all pulse waves, and thus, this definition would be valid
for all cases. ‘ ' e

To measure the delay between the two pulse peaks the signal
is 'processed' by amplifying it exponentially. That is with

an. amplifier with a characteristic of the form:-

vV, = A exp(BVi)

This kind of amplification selectively amplifieé the peak
value of the signal and in doing so 'sharpens' it. The effect
on the waveform is shown in fig. 2.2.2. and obviously as many

stages as required can be used. There is, however, the
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requirement that the agc stage goes 'hand in hand'! with
this amblification.sincé too large or small an.input signal
"will result in. an overloaded or zero output.

FExponential amplification does not remove any information
from the signal since the original can be reconstituted by
logaritﬁmic rg—amplification. Thus, providing the gain control
is effective, then. this system will perform. the task required.

- In order to define the time at which the peak occurs, the signal
is differentiated as shown in fig. 2.2.3. and gives a fast
negative going edge c;incident.with'the peak. This edge is
used to trigger a pulse generator and produce a pulse of finite
leng}élnfﬁgv;éa&ing édgéjbf which define§ the time at which
thé”%ggk,éccursl

.To measure thé.delay,tﬁis pulse is applied to é gating
circuit together with. the signal from the second channél;
The'oufput of the gate ié a pulse, the length of which is the
measured delay. This system is shown in fig. 2.2.4.

A It is necessary to present the output in analogué form,
which will reguire that the pulse is integrated. As continuous’
operation is required, a time period, and trigger signal, with
which to reset the integrator are required. This perioa is

produced by delaying the front edge of each of the pulses by

the same amount. This delay period can
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then be used to reset the integrator. To perform this
function the system as shown in fig. 2.2.5., is used.
The original pulses are both fed into PG3 as shovmn. This
generator produces a short delay pulse from each leading
edge, these delay pulses are then routed back to thelr original
channels by the logic shown. From the rear edge of these
-delay pulses further pulse generators are triggered to give
the original signals in their delayed forms. The integrator
feggF'Qrivg‘is the channel 1 delay pulse,as shown. Waveforms
relating to‘this figure, and to fig. 2.2.6, are shown in
fig. 2.2.7. Bowever, these waveforms may not apply directly
to_tpe real system since they are all assumed positive. The
real system is discussed in Section 2.2.1.

The integrator is shown in fig. 2.2.6, and in addition
to translating the pulse into an analogue signal, it serves
as an analogue storage element for the systenm, !

Section 2.2.1

The Actual Delay Measuring System

The actual system uséd for the delay measurement is shouwn
in fig. 2.2.8, and the waveforms related to this system are
shown in fig. 2.2.9, The input to both channels is required
to be positive since simple exponential amplifiers have been
used and they will only function for a single polarity input.

A three stage exponential amplifier is used to give

the required definition to the system, The amplifier response
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cam be found in Section 4.

The differentiator consists of a single stage performing
the differentiation, ac coupled to a voltage amplifying stage
which is needed to give sufficient output to drive the pulse
generator following it.

The pulse generator produces a 2msec pulse which is a
positive going pulse,between negative and earth., An additional
input capacitor is provided to this stage to enable the system
to be run without using the exponeniial stages if required.
The pulse wave simulator will have a facility provided so that
it can:élso driveﬁhe system at this point, if required.

From these outputs a 0.2 msec pulse is generated by PG3,

for each pulse. Diodes have had to be included on the inputs

to PG3 to avoid feedback. From this pulse ganerator the inverse
output is taken, that is a negative going pulse between earth
and negative, This signal is then fed into gates 1 and 2, as
shown. For the channel 1 'delay pulse*, it is necessary to gate
this signal with the previous channel 2 output in its normal
form, since this signal Will‘inhibit<the gate when a channel
2 output is present. Thus for the cﬁannel 2 output the gating
is with the inverse original channel 2 signal. From these
'delay pulses', a pulse is produced from the rear edges by
pulse generators 4 & 5, of 200 msec duration.

These pulses are then combined in gate3to give a pulse,
the duration of which is the required delay. This is achleved

by gating the inverse channel 1 signal and the normal channel 2
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signal. The inverse channel 1 signal inhibits the gate
until the pulse is present, the channel two signal cboses
the gate on the front edge of the pulse. Thus the gate output
signal is of the required duration., This signal consists of
a negative going pulse between peositive and earth. This
is then. fed via a zener diode voltage shifting network into
an emitter follower to provide a suitable low source impedance
for the integrator.

The output is fed into the integrator via a silicon diode.
The purpose of this diode is to avoid the necessity of setting
the quiescent state of the output pulse to earth potential,
since only that portion of the output negative with respect to

earth will bhe transmitted. This facility is particularly

importaﬁt since the integrator also stores the delay as an
analogue voltage, and st ight discrepancies of tThe quiescent
levels would cause the output to either continue rising slightly
or to féll glightly, over the storage periocd. Using a diode,
prevents this by ensuring that the diode is cut-off in the
quiescent state; thus giving only its leakage current as an
error input. For silicon. devices the leakage is extremely small.
The integrator itself has been. 'patched' to a gain of 20,
as will be discussed later in this Section. The integrating
capacitors are of a polystyrene type, which are suitable for this
application, due to their low leakage characteristics.

Silicon. transistors, which have low leakage characteristics,

are used in the reset circuit, The drive to the reset gate
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is fed via an emitter follower, to avoid locading the gate
from which: the signal is derived.

Section 2.3

Analogue Division

Analogue division cam be accomplished 5y a number of
standard techniques, However, in this case a single quadrant
system will be sufficient., With this in mind a pessible
appraoach using logarithmic and exponential amplifiers was
consideféd, similar to the system‘descfibed by Cowell et al (48).
This was rejected since the accuracy is soclely dependent upon
the manner in. which the functions are generated. The simple
approach using the non-linear characteristics of a junction
diode has the disadvantage that the expression is dependent
on temperature, (see Appendix C), and hence fluctuations in the
temperature would affect the accuracy in. a random manner.

A second disadvantage is the large number of operational
amplifiers that the system requires..

The system adopted,, uses a pulse width technique, and the
accuracy is dependent on the linearity of an integrator., The
basic system is shown in fig. 2.3.1, and ?he related waveforms
in fig. 2.3.2, " . : Again all the waveforms are assumed
positive.

The operation is as follows; an analogue voltage Ea, is
fed into an integrater with an overall gain of A, After time

period T, the integrator output will be given by, V

o = Ea A.T.
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When this integrator output exceeds a value of Vo = vﬁEF’

which is set by the Schmitt trigger circuit, this circuit
changes its state, as shown in fig. 2.3.2, and in doing so
inhibits the gate, which had been previously opened at the
initiation of the integratiog, by the master generator,
Thus for this condition ome obtains:-

Vo = Vpep = EA.T.

Thus T = VREF/AE

2

To complete the éycle the master generator resets the
integrator, via the resetiing gate, and the reset integrator
output resets the Schmitt. trigger circuit. The master gererator
then inhibits the integrator‘s operation until the start of
the next cycle. The process is then repeated at a high
repetition ;ate.

The signal from the gate is used té switch am analogue

gate on for period T, as shown. The dc¢ component of the

analogue gate output is given by:-

Vdc = El T = El VREF =k E]__.
t -t Ea A E2
Where K = VﬁEF
At

The dc component of this signal can be obtained by passing
the signal through a low-pass filter as shown, As cam be seen

this dc voltage is directly proportional to the quotient (El/EZ)’

also the constant of proportionality is known = (vﬁEF/At)
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Thus an analogue division‘has'been performed, without -
using non-linear characteristics,gupon which the accuracy
is dependant. |

The accuracy here 1is dependanp upon. linear operation of
the integrator, stability of the reference voltage set by thé
Schmitt trigger circuit, and compensation: for the saturation
voltage of the énalogue switch.

Section 2,3.1°

The Analogue Division System

The system used for the analogue division is shown:
in fig, 2.3.3. As can be seen. the system remains as before
apart from the addition of several ‘'emitter follower' stages..
_The input E2 is from the delay measuring integrator
and is a positive voltage. The inversion in the integrator
produces a negative ramp. This ramp feeds into a Schmitt
trigger circuit which consists of two npn transistors,
The reference level of this circuit is set to approximately
-4 volts, and when the ramp exceeds this level, in a negative
sense, the device.changes its state, The ocutput is a negative
going pulse edge from +10 volts to earth. ' This edge is used
to close an npn gate, as shown, which was previoﬁsly'opened
by the master generator, This generator is an astable pulse
generator using two pnp transistors and operating between
+10 volts and earth. The mark:space ratio is approximately

6:1 with an overall prf of 7 kc/sec.
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The large mark:space ratio is used for two reasons.

i) Only a short period is required in which to discharge
the integrator.

ii) The accuracy of the system is directly related to
this ratio.

The master generator also drives the integrator reset
circuit,_consisting of two pnp germanium transistors. The
integrator has been 'patched®' to a gain of approximately 50,000.
This high gain is ;equired for. the system to function correctly
at the high repetition fregquency.

The npn. gate is followed by a similar gate, used as an
analogue switch, to which the E1 input, representing the
arterial length, is taken. The switched analogue output is then
fed into a low pass RC filter with a 3dB cut-off frequency at
approximately 5 ¢/sec.. The output then appears as a dc¢ voltage
and is fed via a high input impedance emitter follower, to the
output voltmeter. This circuit has variable bkiasing, to enable
the output level to be set as required.

The waveforms relating to this system are shown in fig. 2.3.4.

The resultis of tests performed on the system are given in
Section 6.

Section 2.4

Display facilitieg

With apparatus of this kind it is normal to display the

results in analogue form on a roll of paper tape. In this case

the display facilities are simple and consist of a moving
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coil volt meter, mounted on the front of the apparatus which
gives a direct reading of the divider output signal. To avoid
loading the filter am: emitter follower, with a variable bias
facility is included as a buffer stage,

The voltmeter has two ranges so that the PWV can be read
on a 0=-10 m/sec or 0=50 m/sec scale. -

A facility is provided for the addition of an external
1OOPA recording ammeter,

The calibration of the device, is described in the following
section,

A circuit diagram is included in. Appendix A.

Section. 2.5

System; Standardisation and Calibration.

7In:srdéf that the'indiﬁidual unifs'ﬁiii-funétion correctly
when. combined they must be compatible. The range of transducer
output signals must be determined, and the required range of
operation of the.device in terms of arterial length and velochty
must also be considered.

_ The change in. transducer output affects only the requirementg
of the gain control system and will be discussed in Section. 4.

The st;andard pulse wave velocity appears to be of the order
of 5.m/sec,, the ®lay can be measured in the range 10 msec to
100 msec, At 'standard' velocity this would give distances of
5 em to 50 cm, arterial length, which would seem acceptable

dimensions.
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Let the gain. of the Delay Measuring Integrator be, 4,
and that of the Division Integrator, G. The input pulse to
the delay measuring amplifier is approximately 5 Qolts. Thus
for a time period of length t, the odtput from the delay

measuring integrator will be; Vo = DAL volts.

With the division integgrator, the minimum input voltage
required is set by the timing period, the gain and the Schmitt
reference level. In the complete integrating period the
integrator output should be equal to vﬁEF’ when the Input
voltage is a minimum. This time period is approximately 120 psec
(with.ZOrnsec off).

Thl?s VIN(il“IiI-l;) =V

REF/G 120.10"6 volts.

The minimum: output from the delay measuring integrator
is given by:-

VO(Min) = 5A.1o'2 volts.

The maximum output from this integrator must not exceed

8 volts, otherwise the amplifier will saturate; thus
V_(Max) = 8 = 54.1071 volts..

The gain A is thus 16, in the actual circuit the gain is
nominally 20, using preferred values.
This then gives a minimum output of
Vo(Min) = 1 volt.

Now VREF X I volts, and hence G = 33,000,
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In an attemgt to improve on the 10 msec figure.. stated
earlier, the actual gain, on preferred values, has been set to
50,000..

The final task requires choosing suitablie multipliers for
the output meter. These were found experimentally and the values
are given in Appendix A.

The calibration of the sjstem.requires that the component
parts are functioning correctly and that the simulator has
been. standardised, Standardisation of the simulator infers
that the position of the 50 msec delay is Known accurately on
the scale..

The 'Set L' arterial length control consists of a 10 turn
heliceal. potentiometer, the total output of which represents
50 cm.; the full scale reading is 100, this must be divided by
2 to obtain the arterial length in cm.

To calibrate the computer fhe unshaped simulator outputs
are fed into the computer at the trigger points provided in
the delay measuring system. The delay should bs set to 50 msec,
and the input to the delay-measuring. integrator examined.

This output should be set to a steady d.c. value by means of
the 'Set Zero' control on the 'Set L' wvoltage generator.

This sets the zero level of the dc¢ wltage from the 'Set L!
control to VCE(SAT) to compensate for the saturation voltage of

the switching transistor.
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With the meter on the X1 range, tpe variable biasing of
the emitier follower, which drives the meter, is used to set
the Zero peosition. This compensates for the offset voltage
produced by the preceding circuits.

Set the 'Set L* scale to 25 cm (50 div), and with a
50 msec.delay,,sét the me ter to read 5 m/sec on the X1 range
using the appropriate multiplier; then to 5 m/sec on. the X5
range by adjusting the series multiplier.

This completes the calibration and the device is now
ready for use. The above procedure has assumed that the
integrators are functiomning correctly and that the amplifiers

are balanced. The balancing procedure for the amplifiers is

given in Appendix A.



]

Fig. 30_10

Typical Arterial Pulsé Wave

_i Time



- 36 -

SECTION 3

The Pulse Wave Simulator

As stated in section 2, a refinement that can be used
for the development and testing of the system, is that of a
-signal source simulator. The body is not an ideal source
of signals for the development of the 'electronics', since the
shape, rate, and amplitude of the signal depend upon the
conditions under which the body is functioning.

The simulator will be required to give an electrical
signal, which represents the transducer output under typical
conditions; but is sufficiently flexible, in its design, to
enable the waveform to be modified if required.

The degree to which the simulated signal compares with
the real éne can be found by performing a harmonic analysis
on each. of the waveforms, and then. comparing the results. '
The results from such harmonic analyses can be found in Section 6.

The basic shape of the arterial pulse wave is well
established and equipment is now available on the sonsumer
market to display pulse waves., A typical pulse wave is shown
in. fig. 3.1, and obviously there are many ways in which a
wavefo;onf this nature could be simulated. However, in addition
to the requirements mentioned above, there are certain specific
requirements here. Theseare that two outputs are required,
cne delayed by a variable amount from the other, The two

channels should produce similar, or dissimilar, signals as

required by the real system. The output amplitude should be
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variable from zZero, and independent on both channels. Alsc
the signal should come from a low impedance source so that
any kind of transducer ocutput impedance cam be simulated.
For example for a piezo-electric transducer the signal would
be fed via a capacitor, of the same value as the device.

A brief survey of the methods of simulation of such a
signal, bearing these points in mind should justify the use of

the final system.

Both mechanical and electriical techniques are available,
in this instance, due to the low frequency nature of the
signal. A possible mechanical method would be to cut a cam
to the required profile, and thi; coupled to a motor could be
used to drive the wiper of a potentiometer, thus giving the
required signal output. This technique does not lend itself
to a second channel, delayed by a variable gquantity, or to
a variably shaped waveform. It could be used to give a variable
frequency signal, by altering the motor speed, But, the
worst case frequency, that is the lowest frequency required
would be sufficient, to test the system.

O0f the electrical methods of simulation, the simplest,
in theory, would be to sum the various harmonic components
of the signal. Variable shape could be obtained by altering
the amplitude and or the phase of these components. However
to produce a second waveform, with a wvariable delay would be

extremely difficult to achieve,
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A simple, yet practical solution is to produce the
waveform by shaping one or more square waves, and then adding
them together. Obviously, the technique has limitations in:
that continuous curves are forced to be exponentials. However
cdreful consideration of the typical pulse wave as shown in.
fig. 3.1.. ; shows that the wave consists, or could be considered
to consist, of two parts, A and B in the diagram, each of which
is similar in shape, there being a difference in phase and
amplitude, Fig. 3.2 gives the double exponential shape produced
when a step input is fed into an RC network as shown in fig. 3.3.
This double exponential curve could be used to simulate part A
of the pulse wave, and a similar, but delayed and attenuated
signal, could be used to simulate part B.

The output could be produced by adding the signals
algebraically, or by switching the output from one waveform
to the other. The latter technique has been adopted since the
two parts are then completely independent of each other. The
circuit used to perform this switching is described in
Section 4.6, and it is sufficient to say here that the 'Analogue
Gate' requires switching signals, from low impedance sources,,
of both polarities. The analogue input is required tc be of
a small amplitude, less than 500mV, and appear from a source
with a quiescent dc¢ level that is negative by approximately

1 volt with respect to earth.
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The simulator is timed by a master astable pulse
generator, which is set to standard heart rate, and provides
the step from which part A of the waveféorm.is generated.
In addition 1t triggers a delay generator from which a slave
pulse generator is driven, This slave generator provides
the signal from which part B of the waveform is produced.
Note that the delay (A/B) generator cannot be used to produce
part B of the waveform directly, since it has been found desirable
to 'overlap' the waveform at both ends.. The output from tﬁe
méster and slave generators are then fed into shaping circuits
as discussed ﬁreviously. Reference should be made to fig. 3.6,
whe?e the waveforms for the ommplete system, as shown in fig. 3.4,
are given, The master éenerator output is given }n,its normal
and inverted forms, as waveform A and B, and the shaped signal
is produced from the B waveform and is shown as waveform C.
The delay A/B generator produces waveform E, and from this the
slave generator is triggered. The shaped outpﬁt used to generate
part B, of the waveform is shown on waveform G.

To make these shaped waveforms compatible with the input
requirements of the Analogue Gate, requires that thel are
attenuated_and bhsedlto approximately =-1volt, This is achieved
by using the emitter follower circuit as shown in fig. 3.7,
the diodes Dl and Da_accept only the negative going signal from
the shaping circuit and ¢lamp the quiescent dec level to earth.

The signal is attenuated by the divider formed by the series
resistor and the input impedance of the emitter follower stage.
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The dc conditions are set up by the bias applied to the
emitter follower.,

For the B part of the waveform, a variable amplitude is
obtained by replacing the emitterresistor by a potentiometer,
and taking the output from the wiper.

The output is taken from the Analogue Gate by using a

high input impedance emitter follower, to avoid loading the
gate. This is then fed into a second emitter follower to give
a low output impedance. A variableamplitude output is obtained
as above, The first emitter follower has a large capacitor
across the emitter resistor, which acts as a low pass filter
and prevents any discontinuities in the waveform appearing on
the output.. .

The switching signals for the analogue gate are shown.-as
waveforms L and M in fig. 3.6. These are derived from the
two sides of a pulse generator which is driven by the master
" generator via a delay stage as shown. To provide a low output
impedance this generator has 68051l collector loads.

Thig gives the basic single channel system, the location
of the various variable controls are shown.on the system diagram.
The period TE is a variable, controlled by the delay A/B
generator, The shaping circuits have both their resistive
components variable to enable the signal shape to be controlled
(See Appendix D). The periods Tk and TL are both variable so

that any desired proportion of A to B can be selected.

The overall amplitude, and the amplitude of the B part of
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the waveform are variable, and to facilitate balancing of
the two parts of the waveform the Analogue gate incorporates
a differential level shifping control.

For a second channélr which is delayed from the first
by a variable quantity, it is only necessary to duplicate the
original system and replace the astable master gererator by
a monostable master generator. This generator is then driven
from the master generator via a variable delay stage.. Thus
a continucusly variable delay is achieved, and the tvo output
waveforms can be made similar, or dissimilar as required,. by
using the variable controls.

The system diagram for the second channel is shown. in
fig. 3.5, and in general the related waveforms are similar to
those for Channel 1,those waveforms which are different, are
given in fig. 3.8.

The Simulater prevides the facilities which are listed
below:=
{1) Both simulated outputs are available from a low
impedance source and short circuit protection is
provided,
{2) WVaveform 1A is provided as a‘scope\trigger signal.
(3) Waveforms lA and 2A are provided as 'unshaped'

outputs, which can be used to drive the simulator

via the inputs provided after the exponential amplifiers,

for c¢alibration purposes. Also these waveforms can.

be used as %tart’and.%top’signals to a counter to

enable the delay to be measured accurately for



standardisation.

The simulator construction incorporates 1iis own power
supplies and uses plug-in boards. The amplitude controls
for both channels and the delay control are mounted on the
front panel. All the other variable controls use skeleton
potentiometers and are mounted on the rear edge of the plug~in
boards. Full circuit diagrams, photographs and wiring details
of the Simulator are given in Appendix B.

Copies of the waveforms produced by the simulator can
be found in Section 6.

This simulator has been constructed using pnp transistors
operatingbetween earth and -10 volts, and thus a negative
going output is provided, The exponential amplifiers are
however designed to operate from a positivé going signal. Thus
to invert the output a special phase correcting amplifier has
been. designed and 1t is described in Section 4, with the—

design of the various other components in this system.
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SECTION L

Design Considerations and Procedures

Introduction

In the following sub-sections of this section,, the
design of the various circuits discussed in the thesis,, is
given,.

In all cases the circuits have been designed to operate
from either + or - 10 volt rails, or both., The power supplies
are described in sub-section 11.

In.certain.cases; for example gates,,pulse:generators etc,
a pnp circuit: is used in one instance, and an npn circuit is
used in.anqther. The design here considers only the npn
‘case,. since the pnp circuit can be obtained by inQerting the
polarity of any diodes in the circuit, and replacing the +10

volt rail by the -10,, and vice versa,

Section L,L

Operational Amplifier Design

For a dc amplifier to perform successfully as an
operational device its performance must conform to the specifi-
cation shown below:-

1. Very large internal voltage gain.

2. High input impedance,

3. Low output impedance.

L., Both input and output should have quiescent dc. levels

at earth potential..
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5. The dc operating points and gain. should be stable
with temperature,
6. The amplifier should have a bandwidth suitable to the
application intended.

Experience shows that the above requirements are conflicting
in nature, and that the final design must, as always, be a
compromise.

The temperature semsitivity can be reduced to a mini?um
by using all silicon semiconductors. Obviously the circuit
will require more than one stage of amplification and some form
of dc coupling, between. the stages, will be required.

The circuit given im fig. 4.1.1. gives a possible form
of coupling, that will enable the zeroinput/output condition
to he satisfied,, but the undecoupled emitter resistor, and
‘the resistive divider chain limit the gain. These components
can be replaced by zgner diodes\as in fig. 4.2.2. which wilil
give the required level shifting, without the degeneration,
given by their rqsisfive counterparts. Another modification is
to replace the second transistor by its complement, that is
pnp for npw, as shovn in fig. 4.1.3., this eliminates the
resistor RB.

However: the circuit now relies on the dc shift produced

by the zener diodes for its operation. This voltage is

temperature sensitive, and leads to poor temperature stability,.
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in a circuit where discrete circuit components are used.
This would not necessarily be the case in an. integrated
circuit (57).

Thus an alternative approach must be adopted and there
are two basic methods available, These being a chopper
stabilised amplifier and a differential amplifier.,

In the chopper stabilised amplifier {47), (58) the
input signal is modulated, by using a chopping device, and
the chopped signal is then amplified in an ac coupled amplifier.
The amplified carrier signal is then demodulated to give the
output. In this way an extremely large gain can be achieved
with excellent temperature stability.

However in this work it was decided to use a differential
amplifier (55), (56) since the gain with two differential
stages can easily be made in excess of 1,000, which is .
considered to be large empough for this applicatioﬁ;

The basic circuit diagram of a two stage differential
amplifier is shown in fig. 4.1.4., and to achieve the zero
input/zero output condition a pnp stage is followed directly
by an npn stage, as in the manner of the single ended
amplifier in fig. 4.l.3. The input is applied across the bases,
and in true differential applications, the ocutput is taken

from the collectors of VI3 and VT.
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If the differential pair are similar, both electrically
and thermaily, drift due to temperature variation will be
equal on. both sides and will not affect the relative states
of the transistors. Also the drift produced by the pup péir
will tend to be compensated for by the drift of the npn.ﬁair.<

In practice the transistors can be made similar thermally
by ciamping them in the same heat sink, but they must be
matched, or compensated, to achieve similaf electrical operation.
The. compensation nérmalhy takes the form of a small potentiometer
inserted in series with the transistor emitters, as shown in
fig. 4.1.5. This enables the two trgnsistors'to be balanced,
provided that they are matched for gain. The fesistance-iﬁserted
also produces a .small degree of feedback,. which both staﬁiliseé
the gain and increases the input impedance..

It can be shownm to be desirable, (52) to make the @il
resistor as large as possible, since this wiil then approximate
to a constant current source; which is the optimum. As a rule
of thumb, it cam he said, that for stability, R3 should be
greater than,, or eﬁual to Rl (or R2)° This is not always
possible, due to the limitatioms set by the voltage rails, and
in these cases, the tail resistor can be replaced by a transistor
acting as a constant current source,, as shown in fig. 4.1.6.

For comstant current operation the transistor must be biased

into its linear region. and supplied with a constant base current.

This will produce a constant collector current set by the gain

of the transistor. The biasing is produced by R. 2nd potentiometer

3
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RVa, as shown,

Variation of the setiing of RV2 will alter the base and
collector currents, and can. thus be used to set the dc operating
conditions for VIl and VTZ2.

A two stage differential amplifier with the refinements
considered is shown in fig, 4.1.7., but as yet it does not
conform to the specifications required for an operational
device, Since the operational amplifier is basically single-
ended,, true differential operation cannot be applied. One
of the input bases must be grounded and this is done via a
suitable resistdr. This gives a single ended input, with
respect to earth, and an input impedance of approxmately the
grounding resistqr. The_qmplifier is required to . be inverting
and_thusithis determines the output that is taken.

High input and low output impedances are provided by
emitter followers at both ends of the basic circuit. The
input circuit has variable biasing to enable the zero input
condition toc be set. The zZero output is set, as described
earlier, by the variable biasing in the constant current driver
circuit.

The final circuit for the operational amplifier is shown
in fig. 4.1.8., and a list of component values is given in
fig. 4.1.9. The amplifier was designed to have a standing

dc current in VT2 and VT3 of + mA, with a collector-emitter
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voltage of 6 volts. The standing current in VT4 and VTS
is 1 mA with a collector-emitter voltage of 8 volts.
The .measured performance of the amplifier is given below:-
Voltage Gain » 1,000
Input Impedance > 600 kJt
Output Impedance < 500JL

Bandwidth > 400 kc/sec
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Section 4.2

Integrator Resetting Gate Design

In the previous section a dc amplifier suitable for
operational applicatibns has been developed., However, for
the applications intended,this amplifier will be operating
aé an integrator, which requires resetting to its dnitial
conditions electrically. The method usually applied on
analogue computers is to use electromechanical relays for
resetting, but the analogue division system'operates the
integrator at a high repetition. frequency, and conventional
relays could not operate fast enough. A reed-relay would be
a possibility, but another solution which appears to give
satisfactory results has been used.
The injtial condition required by both integrators
is. zero, that is a fully discharged capacitor. This simplifies
the problem in that no initial charge has to be set on the
capacitor. Consider the configuration as shown in fig. 4.2.1,
with the transistors biased off the arrangement is a simple
integrator, since the transistors will appear as a large,
ideally infinite, impedance across the capacitor., If silicon
transistors are used the leakage current will be very small.
When the tramsistors are turned on, the capacitor will
discharge since both ends are tied to earth via a low impedance,
The time taken to discharge the capacitor is determined by
the base current provided. Consider the circuit in fig. 4.2.2.,

this is the method used to provide the switching signal Vi,



since the integrator is an inverting device a positive
ocutput indicates a negative input and thus the derived reset
pulse appears as a positive going pulse beiween. -10and earth,.
and qhus requires level shifting which is achieved by the
Zener diode,

If the source impedance of this pulse is RS,_then as far
as the transistors are concerned the signal appears to be
a pulse of approximate amplitude VZ from a source impedance of
. Rl and RS in parallel.

Thus the total base current 2IB will be given approximately
by:-

2lg = Vg - VBEZ//ﬁl;iRs * Ry/2
If this current flows for a time, t, then the charge removed
from the capacitor by the resultant collector current will be
approximately

Q=I.h

g Bpg ¢

But the initial charge on the capacitor is given by Q = CVc

Thus equating these two figures gives:-
t=CV .
c
Ighre
or t.= 2¢ Vv, [R_1IR, + R /2]
(Vg - Vgg) By

A knowhedge of the maximum voltage to which the capacitor

will chiarge, its value, and the other circuit parameters cam then

be used to predict the discharge time for a given base resistor,
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However the wvalue taken. for hFE must be investigated, since
at the end of this discharge this must fall from its normal
value due to the transistor characteristics.

.In practice the values have been found empirically, but
the results fit reasonably with the ahove theory.

For example for the analogue divider system, typical
values are:-

C = 0,01 mFd

(R 1R,
Ve = VBE
Vc__-{' 8 volts

+ RB/Z) £ 3K

2 5 volts

ThUSassuming an hFE of 50 gives a discharge time of

approximately 2, usec, which is of the order of the discharge
times obtained experimentally.
The component values in the actual circuits can. be found

by reference to the full circuit diagrams for the computer,

given in Appendix A.
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Section 4.3

Simple Operational Amplifier Design

In certain applications it is necessary to perform an
analogue function, to a minimal accuracy, over a limited range
of input conditions. The use of the operational amplifier
as described inASeétion 4,1, would be expensive and unnecessary.
In this case # simple one transistor inverting amplifier has
been. designed to perform the functioq.

The basic circuit is shown in Fig.. 4.3.1 and is extremely
simple in design. The base resistor RB’ provides the dec.
biasing and also the required feedback. The nominal values
of R

and RC’ as showm. give a typical amplifier performance as

B

shown, below: -
Voltage Gain 150
Input Impedance 1Kl
Qutput' Impedance 10KL
Quiescent dc¢ output + 3 volts
Quiescent dc. input +0.5 volts
When. patched as an operational amplifier as shown in fig g.;.a,

the theoreticall tranfer function becomes:-

Yo (p) = Bp
v, &(9)

However if a simple wltage amplifier is required, the gain

" is set by making Z(?) purely resistive or zero.
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Section 4.3%.1

The Exponential Amplifier

In the exponential amplifier, the impedance 2 (p)
is that of a forward biased silicon junction diode., The
diode has an exponential characteristic which is given,
theoretiéally by: -

I= Io(expqu/nkT)—l) (See Appendix C)

In practice silicon diedes obey this law over a limited operating
range. However, if a small area junction device, such as
the Mullard SX630, is used then the law is obeyed over an
increased operating range.

The dc¢ resistance of the device is given. by:-

Ry = V/I =V I_(exp{aV/mkD)-1)

Hence the theoretical tranéfer function for the exponential
amplifier becomes: -

Vb/vl = Rﬁ/RD = RBIO(exp(qu/nkT)-l) Vl

Hence V_ = RBIO(exp(qVI/hkT)-l) or V = A(exp(BVl)-l)

Where A = R Io and B = gq/nkT

B

The diode manufacturer's quote typical. figures for IO and
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a__ as 10710 and 23 respectively. Also that the device will
nkT

obey the theoreticel law over an input voltage range of 0.2 to
0.7 volts. Thus this automatically limits the range over whidch

the amplifier can function.

BY1 pecomes approximately

With Vl = 0.2 volts, the guantity e
100, Thus to accuracy better than 1% the -1 in the original

expression cam be ignored, thus giving a transfer function of:-

_ BV
V, = 4 &P
Where A = 10°° and B = 23

In practice it has been found that three stages of
exponential amplification are required to give the desired
accuracy.

EQ achieve this two npn stages are interposed by a pnp
stage. The coupling between stages is via a 100K potentiometer
yhich serves to attenuate the signal to the required amplitude
and also provide the required dc level on the output. The

complete circuit of the three stage ambplifier is shown in fig 4.3.3.
| Typical input/output characteristics for a single stage
and a 3 stage amplifier are shown in fig. 4.3.4. In addition
the theoretical tramnsfer characteristic for the single stage is
included. The curves have been drawn with a static de¢

output of zero, -~ only for the purposes of comparison.
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Section L,.3.2

The Differentiator

If the input impedance Z(P) is a capacitor, of value C,
then the function the amplifier performs is that of
differentiation. The theorgtical transfer function will

become: -

RB = PC RB

T/

vhere P 1is the Laplacian operator. Hence differentiation.

v
o(p) =
Vi v

with a gain set t9 c RB'
However when a typical analogue signal is differentiated
in this manner it invariably becomes 'moisy' and the circuit
tends to be unstable. This is because there is a linear
relationship between gain and frequency in a differentiator,
as shown in fig 4.3.5. ?hus any high frequency noise present
will be amplified many times and this has an adverse effect on
the signal to noise ragio for the signal.
However if the function is modified, by the inclusion of
a lag in.tﬁe system, as shown in fig. 4.3.5, the gain above
the breakpoint frequency is constant, and then any high frequency
noise present will be amplified, but not to the same degree
as in the pure differentiator. .
The signal to noise ratio of the signal is affected but

not..as hadly as préviously. The lag can easily be introduced

by placing a capacitor CB in parallel with the resistor RB, as
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shown. in fig. 4.3%.6. This arrangement has a theoretical

transfer function of:-
UNANS D = pCRp/(1 + PCRL).

The breakpoint frequency, fl, is given by

£, = l/&ﬂ;CBRB

In the actual system it has been found that the 'high
frequency! noise is at 100 ¢/s, and is thus froﬁ the power
supplies, To remove this adequately a suitable cut-off
frequency has been found toc be 70 c¢/s, which, as a preferred

value, makes C 0.022 mFd.

B =
For efficient differentiation a maximum.value of input
capacitor, C, was found to be 0.047 mFd. This, however, did not
give sufficient gain for the output signal to drive the trigger
circuit directly, and thus a voltage amp;ifier was added. This

amplifier is of the same design as the basic operational
anplifier, and is ac coupled to the cutput of the differentiation
stage,.

The final circuit of the differentiator stage is shown in

fig. 4.3.7.



Fig. 4L.4.1

L]

Basic Astahble Pulse Generator .

-

OovTPYT I
\
. ) ' l TiME
- e s e ]
T
! ; a l T ]
Ous Pyt |
2 l

Pig. Lo4.2

Qutputs from above Circuit



Noy

Modified

Fig. Le4a>

Astable Pulse Generator

RARTH



- 57 -

Section 4.4

Astable and Monostable Pulse Generator Design

In both the computer and the simulator astable and
monostable pulse generators are used. The circuitry is
conventional , and of the collector/base coupled configuration,
with RC timing citrcuits. Thebssic astable circuit is shown
in fig. 4.4.1, either output is available and their polarities
are siown. in fig.. 4.4.2. )

The timing intervals T. and T

are given by T. X 0.7 Cl

1l 2 1
Rpy and T, % 0.7 C,Ry,. In a circuit o this type the

capacitors discharge through the baseresistors, and in doing

so time the generator. They recharge through the collector
"resistors, and thus if the cjrcuit is designed--for low-frequency -
operation with large capacitors,, as with the simulator, the

edges of the output waveform. are distinctly rounded in. nature.

To prevent'this occurrence a separate charging path‘for the
capacitor is provided, as shown in. fig. Lholy,3. This resistor

is coupled to the collector via a diode. Normally the diode

is forward biased amd the c¢ircuit is equivalent to that in

fig. 4.4.1. Howeyer the difficulty is normally experienced

when the transistor in question switches off. In this case the.
collector voltage rises quickly to the rail, and reverse biases
the diode, thus isolating the collector from the timing capacitor.

The capacitor then charges through the resistor provided.

When the rail voltage is reached the diode is again
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forward hiased. Thus the capacitive loading of the collector
is reduced to that of the stray capacities and the reverse'
capacity of the.diode.

The time constant ClRa must permit the capacitor Cl to
fully recharge in. the time period TZ” It cam be considered

fully charged after a time period 3T, thus

3 ClR2 % 0.7 CERBZ

and 3 GZRl » 0.7 clBBl :

In the monostable circuit,, one of the timing capacitors
is replaced by a resistor chain as shovm. in fig. 4.4.4. This

gives a stable state in. which VT2 is off and VI, is on and

1

saturated. To produce an cutput pulse the circuit is triggered

via a capacitor on the base of VI., with a negative going edge..

1l

This switches V‘I‘l off, and through the direct coupling to VTE’
switches VT2 on and drives it into saturation. This condition

is maintained while capacitor C, discharges and the circuit

1
returns to its initial state after a time period, Tl ¥ 0.7 ClRBl
To ensﬁre the trigger signal,, is absent after this time
interval, the input time constant CZRBl"is made considerably

shorter than the required pulse length.
In general, C, i g 01/10m is taken as an. empirical law,, but
' CZ is not made larger than 0.1 mFd..

The circuit modificationbsharpen the edge of the waveform

as shown in fig. 4.4.3 for the astable circuit, is also used on

the monostable circuit, as shown in fig. 4.4.5.
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The main objective of the design is to ensure that the
e se biasing provides sufficient base current to hold the
transistor saturated,, and in the case of the monostable it
" holds the second transistor off,. as required,
| For the astable generator the maximum base current is given
byi=

IB.= 10 - VBE(ON)
RB

For a maximum collector current of 15 mA, and a minimum hpp = 50,
the base current required is 1/3 mA. This gives a maximum. value
for RB = 27kSL.

The nominal collector load used is 1.5kl , which takes a
cﬁrrent of émA, when the transistor is saturated., Thus 9mA of
current is available to drive externmal circuits. The c#@écitér
values cén'be calculated to give the required pulse lengths from

the previous expressions,.
In. the monostable circuit the 'bias chain' comprising

RCI’:Rx"R ,. must ensure that the base of VT

y > ls biased that

VBE'S OV, vhen VTl is on, and that it can. supply the required
base current to saturate VT2 in. the quasi-stéble state.

Fig. 4.4.6, gives the bias chain' in. the off state for VTa.
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Nodal Analysis gives:-

VCE(SAT) -VBE(OFF) I'R., = eeme- (1)

X

Vpe(OFF)  +10 (I' + I g )Ry  ----- (2)

Fig. 4.4.7 gives the bias chain in the on state for VTZ'

Nodal Analysis gives:-

10—VBE(ON) = (I + IB)Rx + (I + Ig + Icso)Rci ——— {3)

VBE(ON) + 10 = IRy ----- (4)

A possible solution is found to be:-

RCl = 1.5k% Rx = 3.9k Ry = 15kn.

Thus the final circuits for the astable and monostable
pubkse generators are shown in figs. 4.4.8 and 4.4.9.

In certain cases a variable delay or pulse length is
required. Tb achieve this either, or both base resistors RB,
are replaced by a fixed resistor in series with a variable,

By suitable arrangement of the capacitor and resistor values

the required range of pulse widths can be covered.
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Section 4,5

Gate Design

The gate circuits used here are generally referred to
as Diode Transistor log%c, The basic circuit is shown in
fig. 4.5.1. The logical function performed is that of NAND
or NOR, depending upon the polarity assigned to the 'I' input
level. If we assume that the 'I' input is an earth level,
then the function becomes NOR.

The design requires tﬁe consideration of the dc¢ coanditions
applicable to both states, and the ac switching performance,
quever, since there is no requirement for particularly fast
switchipg the ac design can be omitted.

The two sets of dc conditigns under cconsideration are:-

l. A positive input, the diodes are biased off and

the transistor is on and saturated. The output is
therefore VCE(SAT) above earth, from the low impedance
source of a bottomed transistor.

2. An earth input, the diodes are switched on and

transistor is biased off., The output then becomes
the positive voltage rail as seep.through the collector
resistor. |

In case 1, the relevant circuit is shown in fig. 4.5.2.
The diodes are cut off and it is only necessary to supply
sufficient base current to bottom the transistor.

Nodal Analysis gives:
10 -V
( y)

(1 + IB)(Rl + RZ) ------ (1)

IR, © emamam (2)

(Vy + 10)
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In the second case, the relevant circuit is shown in
fig. 4.5.%. The input on the diode will be VcE(SAT) and thus
the potential at point X will be givenm by:=-

Vig = Vgg(SAT) + v

'Where VD is the forward vdltage of the diode.
" Nodal Analysis gives:-

(Vx' = V'y) =I'R,  =me—e- (3)
<v5, +10) = (I' + ICBO)R3 ------ (4)

For the constants, as usual in this type of design, worst case figures
are used, These can be summarised as below:-

Vep(SAT) £ 0.5 volt

VD L 0.5 volt (Germanium)

VBE(ONOT‘Z 0.7 volt VBE(ON) = 1.0 volt say

Vgp(OFF) £ 0 volt Vpp(OFF) = -1.0 volt say.

For case 1.

Vy.; VBE(ON) = 1,0 volts,

Assuming that the maximum collector current is to be 25 mA,
then. for a worst @se hFE of 50, the maximum base current
= ¥mA. Also on the grounds of stability it is desirable to make

the current in the blas chain large, in @mparison to the base

current. Here we shall assume that the chain current, I = 3 1

B
Then from (1), 9 = 2 (Rl+ RE)
from (2), 11 = 3/2 Ry
R3 =22 = 7.34 KA

3



For case 2.

Vx' VCE(SAT) + V

D 1.0 volts.

v
Yy

From (3) 2 =1I'R

n

VBE(OFF) = =1,0 volt.

2
Since the transistor is a silicon device the leakage
]
current ICB&’ although present is sufficiently insignificant

to ignore,,

Thus from {4) 9 =1I"R

3.
Thus 2 = R,
? R
3
Hence R2 = §R3 = 1.63KA

and since (Rl + RZ) = 4.5 KJL

Thus R, = 2.87 K S
The preferred values selected were:-
Rl. = 2, 7K5L; RZ = 1.5K3L; R-3 = 8,2 K&

The collector load resistor can have any suitable value down
to 4005, without causing a circuit malfunction. Nominally the
load for logic operation is 1.8KR, this leaves approximately
20mA of current drive available,

The drive required by this gate is given by ID =10 - V',

Rl
IDZ 3.5mA.

This gives the gate a Fan-Out of 5, that is it will drivse

5 similar gates.
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The final gate circuit is shown in fig. 4.5.4.

This type of gate can also be used as an analogue switch
or chopper. The collector_resistor is then returned to the
signal which is to be chopped, and not the positive réil! as
shown in fig. 4.5.5.

Norma%ly with chopper circuits, the offset voltage is small,
due to the small input voltage and currents. However in this
case the offset, V,o(SAT), will be of a similar value to a
saturating switch, since large signal levels are being handled,
This can be compensated for, as will be discussed where this
circuit finds its applicatipns. The source impedance of the

chopped signal is equal to that of the original signal in series

with the collector resistor Rc.
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Section 4.6

Analogue Gate, for Pulse Wave Simulator
The gate required in the simulator is a little more

complex than its title would suggest since it is required

to give an analogue output which can be switched to either
of two analogue inputs. The basic gate configuration is
shown. in fig. 4.6.1, a switching signal and its inverse, aré
fed from low impedance sources to the points S and 5 as shown,
The switching signal is of approximate amplitude 10 volts amd
is switched between -10 volts and earth., Considering the
operation. of the gate, the o nstant curfgnt generator gives
a current 2I, which will split eq_ually bememdlodes D and D4’
prov1ded that the re51stors R and RB are equal. Thls being _

so hoth D, and D, will be forward biased, and will form a

= L
low impedance path to an ac signal. The input signals at A
and B are required to be small in amplitude and modulated onto
a negative input level less than 10 volts, This being 8o
consider the condition with S at -10 volts and 8 at earth.
The diode Dl will be f?rward biasgd, but Dg will be reversed
biased.

Thus the ac¢ component on. the A input will be transmitted

to point X, amd since D2 is also fowpward biased, the output

will also follow the signal at A. Reversal of the polarity
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of S and E, would result in the input signal at B being
transmitted to the output. Thus the basic objective has
been achieved,

I1f Dl and D4 are similar diocdes and the steady d¢ current
through them is made equal, then the wvolt-drop from A to X will
be equal and opposite tq that from X to the output. Hence there
will be novoffset voltage betwéeq input and cutput.

The constant current generator can either be produced
Ey a large resistor connected to a large positive voltage,:or
a transistor operating as such. The latter methods has been
adopted here, the current is given by:-

I, = (Vg - VBE)/R'E
Where Vz is the Zzener voltage and RE the emitter vesistance as
sﬁown in fig. 4.6.2.

Another modificatioh,which is of value here, is to place
a potentiometer into the circuit, between the cﬁrrent source
and the diodes, as shown in fig. 4.6.2. The current division
Wii} not be affected provided that RP is small compared with
RA and RB. This potentiometer.will enable a variable offset
volfage ;f elither polarity to be generated. The maximum offset
being IRP. This can then be used as a differential level control
between the two input signals, and avoids the necessity of using
matched components,

The final circuit diagram, with component values is shown

in 4.6.2.
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Section 4,7.

Schmitt Trigzger Design

The Schmitt. trigger is a level sensitive switch, which
changes state if the input should fall below, or rise above
a set reference voltage. The circuit consists of an emitter
coupled amplifier, with direct feedback from one collector to
the other base. The basic c¢ircuit is shown in fig. 4.7.1, and
is triggered by a negative input voltage..

The first transistor is blased on by RB’ and the direct
coupling formed by Rx and Ry,_holds the second transistor off.
Application of a negative inpuit voltage greater than the reference
level, turns VTl off and in_doing,so switches V'I'2 on,

The circuit is designed.such that the voltage swing on
the output collector is compatible with that in the conventional
logic described earlier.

In designing the circuit it is assumed that the nominal
collector cﬁrrent on. either side, when on, is 2mA, This defines
the collector load resistors , since for compatibility of the
cutput swing with normal logic, requires the collector loads to
be 5kf, or preferred value of 4.7kR. This does assume that the
bias chain Rx’ Ry does not significantly load the first gollector.

The reference voltage level is set by the dmitter resistor, RE:

and is required to be approximately -4.5 volts. Fig. 4.7.2, gives
the circuit in its normal state and from this it is possible

to calculate the reference voltage level.
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Analysis gives:=-
Vl = IERE+VBE-VD-10.

A typical value for VD would bhe .0.5 volts, and the transistor
would start to switch with VBEM 0.5 volts. This gives a
preferred value of 2.7kl lto resistor Rp.

The resistor Rx .and Ry must be chosen so as to ensure
VI2 is off whem V‘I'll is on, and vice~versa. Suitable values
have been found to be R, = 10kfland R, = 27k R.

The resistor RB is required to supply sufficient base
drive to hold transistor VTl on, in the c¢ircuit's normal

statdé., The value used here is 15k fl. The final circuit of the

Schmitt trigger is shown in fig. L4.7.3.
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Section. 4.8

Automatic Gain Conirol Design

As discussed in Section 2,, the system requires that the
pul se~wave input, be of a given magnitude,, irrespective of
the frequency and amplitude of the signal output from. the
transducer preamplifier. In addition, the gain control device
must operate ‘using the peak vallue of the signal,as the
controlling signal,

There are Eeveral methods,, by wﬁich gain. control cam be
applied, (41), (42),(q5),_(44),;howevef_the most efficient is
to use the non-}inear impedance of a junction diode. In the
Junction diode the ac impedance is a function. . of the standing
dc¢ current. (See Appendix C).

To take full advantage of the transistor action the diode
.Vused is the base-emitter digde of the tramsistor stage producing
the gain control. A typical AGC stage, with Cortrol-on. the dc
base current is shown. in fig. 4.8.1. The dc base current is
controllied by applying a contrecl voltage to resistor RB’ as shown,.

The experimental results relating thg stage gain to the
appliea AGC voltage are shown.in fig. 4.8.2. and as can. be seen
the gain is a function of this voltage.

Over a limited operating range this characteristic. can be
specified as:-

Ay = a - b Vg
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Now consider the system as shown in fig. 4.8.3, the
AGC stage is followed by an amplifier of gain G, so that the
output is now given by:-

V = A G.V
v

0 1

This output signal is now '"processed' in such a manner
as to give a dc level given by kVo, which is fed back as the

AGC voltage. This gives:-

-

Vo

1l

(a - kab) G.Vi

() - (%)

If the gain G is large, then 1/G-> 0, and the output

Thus 'VO =

Vb becomes EE__ which is constant and completely independant
of the input #oltage. Thus the principle of the gain control
system has been established. Obviocusly the output is only
constant to ani order of magnitude; to obtain suitable values
for the constants an error quantity, E, is defined as:-
E = *BVB ;:ELBVB
A Y

Thus differentiating the original expression with respect ' -
to Vi gives:-

E & 1
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However, bk s» _1

GVl-

Thus E o a_ v
2°x°V, %6

But the nominal output of the system is given by[ra , and thus
' bk ]

the expression for E can be rewritten as:-

vy

E o [vor_l_ = a2
e b a @ aG
Where A is the 'steady state¥ gain of the AGC system.

Now relating the aliove to the physical system, the steady
state gain will be givenr by the nominal output signal divided by
the minimum input signal.

‘ A = Vo/V, (MIN)
The differential quantities hVi and AVO, will be given by the
maximum range of operable conditions 3K both input and output.

That iE:DVi = Vi(MAX) - Vl(MIN), and DVO is the permissable
range of ﬁhe input voltage to the exponential amplifier, and Vb
is the mean value of this range .

The range .of output signals from the transdicers preamplifier
ﬁas been. estimated as 0,2 to 20nmV; and the nominal input for

the exponential amplifier is 1.1l5 volts with a tolerance of * 10mV,

for a stable signal.
Thus in terms of the symbols used here, Vi(MIN) = 0.2 mV;

Vi(MAX) = 20mV; Vy = 1.15 volts; DV, = 20mV

6

These flgures require that the gain G, is approximately 10
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which is an easily obtailnable figure.

This method of gain control depends upon the change in
the dc biasing of a transistor, for its functioning and this
requires that the s}gnal is ac coupled to the gain control stage.
However with the low frequency nature of the pulse wave this
would result in coupling time constants o{ the order of 2 secs.
This would produce am excessive settling time to an input
disturbgpce and prevent the system from functioning properly.

To overcome tﬁis the pulse wave is amplitude modulated onto
a suitable carrier frequency, and for ease of design this is chosen to
be 470kc/sec, that is the IF trans formers from a domestic radio
receiver can be used in a conventioﬁaI IF strip to give the
required gain.

This assumes that plezo-electric transducers are being used
and the signal is initially free from a carrier. If a carrier
modulated type of transducer is used then the carrier frequency
will have to be modified to suit the transducer.

The proposed system is shown in fig. 4.8.4, the carrier
oscillator has two outputs provided so that only one oscillator
is required for the two channels. The oscillator and modulator
are shown in fig. 4.8.5, whichisan LC tuned oscillator driving a
diode bridge modulator. The IF amplifier used was - modified
such. that the preamplifier was used merely as a filler, by removing

the decoupling capacitor from the emitter of the first transistor.

Also the AGC loop was modified as shown in fig. 4.8.6.
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This system, although found operable experimentaily,
was not fully tested since its final form requires an accurate
knowledge of the signal from the transdicer preampiifier, but

the theoreticai treatment given earliler is quite rigorous,
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Section. 4.9.

Emitter Follower Design. (Including 'Set L' Analogue
Voltage-Control)

In certain cases a power driver stage is required to
distribute a signal within the system. The signal should not
be attenuated or shifted from its de¢ level, but come from a low
impedance source,. In general an. emitter follower is used for
this purpose, since it is an amplifier with a voltage gaim of
unity and a current gain defined by the tranéistor used. The
circuit can be considered as an impedance converter and cam be
used to provide a high input impedance, in addition to providing
a low output impedance.

The basic circuit and method of biasing is shown in

fig. 4.9.1, although in certain circumstances R or,,RA and R

B B -
cam: be omitted.

The output signal will be offset by the transistor VBE’

and the signal handling capacity is limited to the voltage
rails to which the circuit is connected, and the méximum ratings
of the transistor.

The input impedance is givem approximately, by the parallel

impedance of RA"RB and hFERh; the output impedance is dependent

on the source impedance of the signal, but must be less than

RE’ in all cases.
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If the source impedance is low enough to provide the dc
biasing for the transistor without the inclusion of both RA
and RB, it is normal then to omit fhem.

In the Simulator al-iia‘lx_,t’k impedance emitter follower i$
used to buffer the shaping circuits from the analogue gate
which follows them. In addition it attenuates the signal
to a suitable amplitude for the gate to handle and sets the
correct dc biasing for the gate on.its output. The attenua-
tion.is produced by‘placing a resistor in series with-the input
as shown in.fig.'4.9.2.

Another special application of an emitter follower is the
device used totake the dc¢ level, which is the divider output,
from the RC filter producing it., The emitter follower is
provided with variable biasing, and thus can be used to set
initia; conditions of chargg.on the capacitor to compensaﬁe
for offse£ voltages.

Yet another specialised application is the method in. which

; - |
a variable dc voltaée is produced, from a low impedance source to
correspond to the arterial length., The basic circuit for this
is shown in fig. 4.9.3.

The c¢ircuit is basically a h;gh gain emitter follower
circuit, prodyced by connecting two transistors as a Darlington
pair. The input to this circuit is provided by the base.chain

as shown. The output will nominally be equal to VP -V -V

BE2 BE1®
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The bhase-emitter voltages of the tio transistor are stabilised
by drawing current from them to the -X0Ov rail as shown,

The 10k potentiometer is a precision 10 turn helical pot, and
thus it provides an accurate potential diéider, chain,
provided that the current taken by thg base of VT2 is small.

The 500Stand lktrimmers enable the calibration of the
device to be carriediout., At ,the zero end, the SOON trimmer
enables the offset on the transistor chopper to be compensated
for, and thé 1k trimmer provides for amplitude calibration.

The results of a test mlating the output voltage to the
potentiometer reading is shown graphically in fig. 4.%9.4, and as
can be seen, the relationship is linear, with an offset produced

by the 50051 trimmer.
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Section L,10

DC FPhase Correcting Amplifier

The simulator provides a negative going output signal,
below earth, and this amplifier is used to invert and amplify
it slightly so that the signal can be used as intendnd.

The circuit diagram is shown in fig. 4.10.1, and is
basically a long tailed pair, which is current driven. The
inverted output signal is taken from a potential divider chainm,

as shown, so that the quiescent dc level can be set to earth.
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Section 4.11.

The Power Unit

As stated in the intrcduction to this section, all the
equipment has been designed to operate from either + or =10
volts or both. Thus the power unit must supply + and -10 volts,
with sufficient power to drive the system. The overall current
rating on either voltage rail is considered to be less than
+ amp.

The unit is manufactured from two identical supplies each
nominally 10 volts, the output of which is floating with respect
to earth. These supplies are ésigned to give a full load current
..0of ¥ amp, and consist of a low voltage transformer, followed
by a bridge rectifier and RC smoothing to give the raw dc
supplies. The regulation is achieved by using a series
stabilizer, which uses.a zener diode as areference element.

The circuit is fitted with a potentiometer in the feedback
loop to enable the outputAto be set accurately to 10 volts.

The complete circuit for th? power unit is shovwn in
fig. L4e.ll.l.

The typical supply performance has been measured experimen-

tally and the results are shown below:-

Nominal Output Voltage 10 wvolts
Full Load Current 0.5 amps
DC Regulation—at Full Load 1%

_AC Ripple at Full Load S mV pk/pk
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SECTION 5

The Transducer and its Preamplifier

As stated earlier, the actual transducer used has
been designed by Dr. J.M, Ivison, but nevertheless a general
discussion on its requirements will nct be out of order.

The paper by Eckenrode and Kirshner (15), is a general
one which describes the types of transducer which are available
for measuring pressure transients, Various other:references
relate to the measurement of blood pressurg directly,but are
of interest in demonstrating how crude the sclence is at
present. The paper by bavies et al (32), describes a device
on which the design has been based. Thompson, (34} is
experimenting with small transducersfor measuring blood pressure
.directly in an. artery, but the type of transducer, could have
applications in monitoring the pulse wave as well,

The transducer must be sensitive enough to monitor the
pulse waves, which at a pressure point are in the order of 2 psi,
and be small enough tc e positioned accurately.

The electrical and mechanical characteristics should give
a flat frequency response from 1-20 ¢/sec, and ﬁrovide a suitable
method of mounting the transducer to a patient without causing
discomfort; also the static contact pressure should not be too
large since this could intefere with the physiclogical mechanisnm.

XL
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Stiff metal diaphragms mounted above arterieg can lead
to trouble with the centring which results in an unequal
stress distribution. To overcome this Davies et al, have used
a fluid sac as shown in fig, 5.1. The force is then transmitted
uni formly through the fluid to the diaphragm, and thus avoids
the centring necessity. In addition they provide the facility
of offsetting the static pressures set up in the diaphragms,
as shown.

Section 5.1

Transducer Design

The transducer used here is a plezo-electric type and
thus will only respond to.achange in pressure. This avoids
offsetting th? static. pressures. set up 1in operation, provided
they, are not. too large. The ac#ual construction is shown
in fig. 5.1l.1. The aluminium alloy case (1) takes the PTFE
housing (2) and support (3) for the piezo-electric ceramic
disc (4)}. In front of the disc is an oil-filled space (5),

" sealed by membrane (6), which is heldin position by a clamping
ring (7). (8) is a PTFE spacer to provide the oil-filled
space betwgen the disc and the membrane,.

The cavity behind the disc is filled with oil-filled plastic
foam. to damp out reflection from the rear of the casing.(9) is
a coaxial ouput socket and (10) is a screw by which the device
can be filled with oil.

The frequency repponse of the device has been found by

mounting it on. a mechanical vibrator..
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These results are given in fig. 5.2.6. as a combined frequency
response of the transducer with its preamplifier.

The device is mounted with its membrane above the required
artery. As yet, the actual method of mounting has not been
investigated..

Section 5.2

Transducer Pre-amplifier Design

With a piezo-electric transducer the signal is generated
as a change in charge on a capacifor. Thus this has an.gquivalent
¢ircuit of a voltage generator in series with the device
capacitance, the latter is generally quite small (& 1700 pf)
and special input requirements are needed to avoid distortiom
at low frequencies.. |

If the output is fed into an amplifier, the input impedance
of which is represented by the resistor R2 in parallel with a

capacitor CE’ as shown in fig, 5.2.1, then in terms of the

Laplacian. operator, the stage gain can be written as:-
v,/ (p) = Z(p)AZ(p)+1/pC,)

Where Z(p) = (Ra.l/pca)/(Ra + 1/pc2)

1.0,V /Y, (P) = DGR, /(1 + BR(C) + Cp)).
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Initially consider the system with 02 = 0. If an input

step of magnitude B is applied, the output b= comes:-

V(B) = BOR/L+ poRy)

i.e. Vo(t)

B exp (-t/ClBZ)-

Thus the input step has been differentiated, and the

discharge time constant is given by ClRa,,as shown. in fig. 5.2.2.

When.c2 is not zero, the output is given by:-
v, (t) = BCyexp(-t/(C, + C,)R,)
(Cl + ca)

Thus the signal has been attenuated by a factor Cl/CCl + 02)’
but the discharge time constant has been increased to
(C,. + C,)R,.

The criteria which dictates whelther or not the signdal is
distorted is this coupling time constant , which Porje cansiders
should be 2 to 3 seconds.

A practical method of producing a suitable input impedance
is to patch an operational amplifier as a 'charge' amplifier
as shown in fig. 5.2.3. To determine the input time cnstant
the amplifier can be replaced by its equivalent circuift as shown
in fig. 5.2.4,. where RinfRo and A are the amplifier parameters.
The final output Vs,_on,the application of the step input will
be given by:-

-ABC. exp(-t/R

( )
v.(t) = CAEG c + C(1 + )]

INCTL

C_4 +
L * c(l + A}
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cl 1 » and a coupling time
cl/A + C J

j"::‘con.st'.za.n'l: of RIN [Cl+C(1+Ai].

Which is a gain. of = [

If A is large 1/A -+ 0, and the gain bhecomes -C, with an

2
R C
infinite time constant.

C -'. In practice the amplifier used is shown in fig. 5.2.5,

and consists of a bootsirapped field effect transistor

-iﬂ’ acting as a source follower, followed by a high gain :
transistor amplifier. The feedback. was applied via the 330 pF
A céﬁacitor as shown,
Experimental results of the gain and phase relationships

" of the ampiilfier with frequency are shown in fig. 542464 -
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SECTION 6

Conclusions

‘This section concludes the work in this report. The
performance of the system as described will be discussed and
also apy modificatioms which are now necessary will be included.
Correspondingly the section will be divided into three parts,

namely the computer, the simulator, and future work.

Section 6.1

The Computer

The computer itself consists of five main units:-
the transducers and their preamplifiers; the gain control
system; the delay measuring system; the division system and
the output display facilities. It has?beenidesigned so that
any one of the five units may be replaced by anothef unit,
which performs the same task as the original , in any manner
avalable,, without preventing the overall system from functioning,
This is because the transfer signal from one unit to the next
is either an analogue signal representing the pulse wave or
an analogue voltage.,.

For example, the delay measuring system receives an analogue
signal of the pulse waves and translates this into an analogue
voltage equivalent to the delay. The manner in which this task
is performed, is immaterial to the rest of the computer provided

that the accuracy is similar. The mechanical construction -

completes this theme, in that, each unit is self contained on.
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1-3 plug-in boards and thus if modifications to the system
are intended, then they can be carried out by making a new
plug-in board and mérely exchanging it for the present one..

The completed system has been run successfully, using the
simulator as a signal source, but withoht the gain control
amplifiers. The 0peration_in,thié fo:m.was reasonably stable,.
although_from.time to time it did tend to 'miss a beat', but
this was due to the absence of the gain contirol system. Tests
have been: performed on the delay measuring sxstem and also the
analogue divider system.

For the delay measurement, the variable delay facility
on. the Simulator was calibrated using an oscilloscope., A
.graph relating the delay to the syst?m output is shown In
fig. 6.1.1., and as can. be seen. it is a ;éasoﬁably lineaf fuﬁcﬁion,
as expected., Obvicusly, the function will not be purely linear
due to the variable integrating time obtained by testing the
system in. this way. Compensation should actually be made for
this factor. HNo attempt has been made to tie the accuracy down
at present, since the measurement technique could have errors
of + Y. Fo¥ an accurate set of results fthe delay period must
be measured on a digital fregquency meter, and compensation for
this period must be allowed for in the steady state dc output.

Two curves for the analogue division. system appear in
fig. 6.1.2,. and they are not linear, as required. This is to be

expected since the integrator in. the system is patched to a gain
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of 50,000 but the specification of the open loop gain is
only greater than 1,0C0. Thus‘the integrator obeys an
exponential law, as indicatéd by the results, The large
gain required, is due to the high repetition frequency,

7 kc/sec, necessary for the correct operation of a systém
of this kind.

The solution is to use a commercial operational amplifier
with an open loop gain of greater than,,5.106, for a 1% accuracy.
If this is intended it would be reasonable to replace also the
operational amplifier in the delay measuring system.

The display system is a voltmeter and thus apart from
possible zZero errors, its operation is linear as demonstrated
by -fig. 4.9.4.,-in Sectiom 4. A typicalk voltitage output signal
is shown in fig. 6.l.3, and as can be seen a small 'blip!
occurs vhen the integrator in the delay measuring system is
set to earth. The meter siows this clearly,,due to the low
frequency nature of the signal..

The transducer has been described briefly, but in sufficient
detail to-show that a plezo-electric device is not suited to
measurements at low repetition frequencies., It has the advantage
of responding only to transient pressure, but a special

preamplifier is required,

The ideal type of transducer is one in which the output
appears as the modulation on a carrier signal. In this form

the low frequency signal can be handled easily.
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Also the ‘noise immunity' can. be improved by using a
preampiifier with a differential input, Common mode noise,
which is always present where a transducer is in contact
with the body surface, can then be rejécted.

A suitable transducer element is manufactured by
Associated Electrical Engineering Ltd. type no. P.4O. It
ié a variable reluctance device and is physically extremely

small.

Section. 6,2

The Simulator

The Simulato£ h;é been adequétely“descriﬁéa in
Sec¢ioﬁ 3, and its design has produced a versatile signal
éenerator.. Typical output waveforms are given in fig. 6.2.1,
and some actual pulse wave recordings, supplied by H.S. Wolff
(M.R.C.), are given in fig. 6.2.2, for comparison purposes.
As can be see the simulated signals have a fair resemblance

to their real counterparis..

In an attempt to test this more scientifically, certain
real pulse waves Were traced onto a piece of clear perspex.

This was then mounted against the tube of an oscilloscope
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displaying the simulated waveforms. With the aid of the
variables provided, the tw waveforms were matched, to a first
order approximation. An Ultra Violet recording of the simulated
signal was made and a Fourier analysis of the two waveforms was
performed, (See Appendix E),

The results of such analyses appear in. fig. 6.2.35. as can
be seen the harmohic content of the real amd simuiated waveforms
agree well; thus indicating that the simulated pulse waves
have a similar harmonic content to the real signals.

In addition inspection of the figures show that the wave
contains fundamental,, second and third harmonics, of which
the fundamental is the predominant oscillation., Also the second
and third harmonics are of decreasing magnitudes. These
cbﬂcluéibgé.éreﬁaisb'givéﬁfby'Porié'(11);'and he extends this
by stating that the wave is composed,, almost exclusively, of
the fundamental,second and third harmonics,

Section 6.3.

. Future Work

Dealing first with possible modi fications to the present
system, In the delay measuring system, the production of the
integrator input signal is shown. in. fig. 6.3.l. the short
pulses from gates 1 and 2 are usea to trigger pulse generadors

2 and 3, from their rear edges, The outputs of these pulse
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gensrators are then passed into gate 3, used to generate
the integrator input pulse.

This system has the physical limitation in that a delay,
greater than. (200 msec) the generator pulse length, cannot
be measured, and alse it is a mther clumsy method to use.
The modified system, shown in fig. 6.3.2, replaces both pulse
genergtors and gate 3, by a bistable composed of two gates
connected back to back as showne. The rear edges of the pulses
are now used to set, and reset the bistable, thus performing
the desired task.

Additional modifications are the use of higher gain
operational amplifiers as discussed previousily.

Because §f the!msk‘the system is required to perfornm,.
a rather unique method of deiay measurement has been: used,
The definition of a s&stem.of this kind is limited, theoretically,
to the regulation aclieved by the gain control stages., This
regulation is also found to be a direct function.of the open
loop gain of the age system, and thus increased loop gain will
give better regulation and a greater definition would then. be
possible. But there must be a practical limitation to the
definition available, possible temperature fluctuations, and thus
other methods of delay measurement should still be considered
in parallel with the present technique.

A method that offers certain possibilities is that of a

null-detector kind.. Consider the system shown in fig. 6.3.3.

A delayed version of the first channel signal is fed into a
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null. detector with that from the second channel. From this
detector an error signal is derived, and fed back: to the delay
stage. Provided the null-condition is maintained the delay
can. be read directly, f:om the delay stage.

This system has a useful addition in that a longer length
of artery can. be considered. One need no longer assume that
the transfer function is unity; for a true transfer function
can be included in the first channel to compensate for that
,inherant in the second.

" The null detector will be some form of a differential
gnplifier, and the variable delay stage could he manufactured
in several ways. Two techniques used in analogue computing
are the use of a magnetic recording lcop coupled to a variable
speed moter, or the use of a rotating bank of capacitors.. That
is two armatures with capacitors connected across them as
shown in fig. 6.3.4. The signal is applied via the brushes
at x-x,, and the delayed output is taken from the brushes at ¥-Y,
Again the device is coupled to a variable speed motor, to which
the control is applied. An interesting point to note, in
this case, is that the motor speed will be directly proportional
to the pulse wave velocity, and thus a tachometer could be used
to display the output.

A purely eleétricau.system performing the same function.
would be extremely complex in nature. However the difficulties
in the above system would arise in the actual way in which the

null detector functioned.
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Other useful information. could be generated by
the computer. Heart rate is a function easily obtainable,
it could be generated by using a diode pump with the input
derived from the pulses on either channel. Alsc an. audio
monitor could be attached if required.

Finally when the transducers and gain control system
are functioning, correctly,, the computer should bhe used to
record the PW¥V's of variocus subjects and the results cbtained

should be compared with those of previous authors.
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SECTION 7
APPENDICES

Appendix A

Computer Comstruction & Circuit Diagrams’

The computer (and simulator) construction is in a
modular form using plug—in.boards;' The chassis and boards
are standard Lektrokit components. The boards are fitted with
a 10 way plug and the mating sockeis are mounted in the chassis.
This comstruction can be clearly seen. in the photographs of
the simulator and its plug-boards shown in fig. A.l. Note
in particular the communal heat sink used with the operational
amplifier, to obtain better thermal stability.

The hoard layout in the computer box, as viewed from the
underside, is shown. in fig. A.é. The circuit diagrams of the
various boards are given in figures numbered A3 to 48, and a
list of their tabulated pin connections appears at the end of
this section..

The circuit diagram for the operational amplifier is given
in fig.A.9, and the setting up procedure for the amplifier is
as follows, Set the input approximately to earth using VR1. Then
with VR2, balance the transistors in the first pair, by setting
an equaldc level on both transistor collectors. Now with VR3,
balance the transistors in the second pair in a similar manner,
and set the output épproximately to earth with VR4, Finally

set the earth imput and output accurately uding VRl and VR4.
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The 'Set L' analogue voltage generator is shown in
fig. A.10, and the output meter and its associated multiplier
resistors is shown in fig. A.1lL.
Boards numbered l‘and 2, relating to the Agec system
were not finalised and hence no data is given for these.
All boards have pin 1 to +10 volts, pin 2 to =10 wvolts and
pin 3 connected to earth.
Board No. 3.
L Smoothing Capacitor Connection, +10v supply..
7] Smoothing Capacitor Connection, -10v supply.
7 ) 25v ac input to + 10v supply
8 )
9 ) 25 v acinput to «10v supply.
)
Board No. &4

L Channel 1. Input.

5 Channel 2., Input
6 Channel 2. Trigger point.
7 Channel 1.  Output
8 Channel 2. Output
9 Channel 1l. Trigger point.
10 Channel 2. Inverse output.
Board No. 5

L Channel 1. Input

5 Channel 2. Input

6. Channel 2, Iaverse input



9
10

Board No. 6.
7
9

10

Board No. 7.

L

-9y -

Integrator reset output.

Output to Integrator Input.

Integrator Output
Input to reset circuit.

Input to Integrator.

Input to Integrator
Integrator summing junction point.
Integrator output.

Input to Reset Circuit.

fSet L' Analogue voltage input.
Input to Schmitt Trigger.
Analogue Output.

Integrator reset output.
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Tigs'Asl.

Computer Comstruction,
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Fige A.l. (cont'd)

Computer Constructiomn,



g R
®
Board No. Function
1 )
) Age System and phase correcting amplifiers

2 )

3 Power Supplies

L Delay Measurement, The exponential
amplifiers, differentiators, and trigger
circuits,

5 Delay Measurement. Various circuits
to produce the Integrator reset amnd input
signals..

6 Delay Measurement. Integrator and
reset gate,

7 Analogue Division. Integrator and reset
gate,

8 Analogue Division, The Schmitt trigger,

master generator, filter amd various gates.,

Fig, A,2.

Computer Rack Schedule
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Appendix B

Simulator Construction _and

Circuit Diagrams

The simulator construction is of a similar modular
form to that of the computer, and is shown in the photographs
in fig. B,1. The majority of the variables are skeleton
rotentiometers, which are mounted on the rear of the boards,
Three variables, namely, the delay between the two channels
and the amplitude controls for each channel are mounted on
the front panel.

The ®Board layout is shown in fig. B.Z2, as viewed from the
rear. The circuit diagrams of the various boards are given
in figures B3 to B5, and their various pin connections are listed
at the end of this section. Note that the power supply board
is identical to thatused in the computer, and its circuit can

be found in Appendix A, also the boards qumbered 2 and 4 are
identical.
All boards have pin 1 +10 wvolts, pin 2 =10 volts and pin
3 earth.
Board No. 1
Shaped output (ID)
Switch drive  (IL)

A
5
6 Switch drive (IM)
7 HMaster ocutput (IA)
8

Oscilloscope trigger/Unshaped output channel 1 (14)
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Board No., 2
b Trigger Input (14)
5 Shaped Input (1D)
6 Connection to output amplitude potentiometer.
7 .Switch drive input (IL)
g Switch drive input (IM)
Board No. 3
I Trigger Input (14)
5 Shaped Output (2D)
6 Master output  (24)
7 Switch drive (2v)
8  Switch drive (2M)
9 Connection to delay 1/2 potentiometer,
10 Unshaped output, éhannel 2., (24).
Board No. 4
L Trigger Input (24)
5 Shaped Input (2D)
6. Connection to output amplitude potentiometer,
7 Switch. drive input (2L)
8 Switch drive input (2M).
Output Socket Connections
Unshaped output channel 2 (2A)
Oscilloscope Trigger output. (14)
Channel 1. Output (10)

1

2

3

L Unshaped output chanmel 1.  (1A)
5 Channel 2.. Output, - (20)
6

Earth
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Fig. .B;l.

Simulator Constructione.
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B.l, (cont'd)

Fig.

Simulator Construction.



- 169 -

J-‘ —‘.—
© ®
Board No. . Function
1  €hannel 1, Mastér generator, switch delay

generator, switch generator and shaping
circuit for part A.

2 " Channel 1. Delay A/B generator, slave
generator, shaping circuit for Part B
Analogue gate and output drive circuit,

3 Channel 2. As for channel 1 board No. 1 with

the addition of the delay 1/2 generator.

L Channel 2. As for channel 1, board No, 2.
5 Power Supplies
Fig. B.Z2.

Simulator Rack Schedule
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Appendix C
Current/Vol tage Relationship for a

Semiconductor Diode
From the physical considerations of a semiconductor
junction diode, it has been shown that the forward characteristic
of the diode can be written asi«
I = Io[e%g-l] ------- (1)
VWihere Io is the reverse saturation current, and the other
symbols have their normally accepted meanings.

Differentation of equation 1 gives:-

\'
S SR SO - SR S — (2)
avV T kT 1T

This is an expression for the ac admittance of the dicde,

and expressing it more conventionally as an impedance gives:-

Z ac = QE = kKT = meecee- (3)
Y ql

This equation is idealised and does not take into account
the resistivity of the semiconducting material, but it can be
shown in practice to apply to normal junction diodes provideﬁ
that the expression (kT) is replaced by (nkT), where p is
approximately. l for germanium and approximately 2 for silicon
devices, (51).

Thus the modified impedance term becomes,

Z acd 2'352
ol (4)
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Appendix D

The Shaping Network for the Simulator

As stated in Section 3, the baslc shaping element in.
the Simulator comsists of the RC/filter shown in If.‘ig.' D.1.
The input is supplied from a source o.f resigténce RS and the
network is terminated with a load resistor RJL,-.!as shown. in
fig. D.2.

The transfer function,aterms- o-f—the---Lapil;ajciam"operafor D

can bhe written as:-

v .

74p) = PRy ,
1 (p€,R, /k)(1 + kpC,R,) +.[("1. + pClR.S)/L]‘[l + ch;a(nl + Raa .
Where k. = RL/(RE + RL)

and L=

RL/(Rl +R, + R.L)

If the assumption that R,»Rp>Re, is made then K& L and

p C(Ry +R)-pCZRa

i

Which gives:-

kC1R
—g(p),. 4 2
Vl-' 8 [1+kaZR2]1+pC
Let. clRl = 4.‘1‘11_ and CZRZ =

e e - R . oo . e

Then V, o ";kal
(p) T @ +p RT(T + pT)

Then the response produced by a step input of magnitude B is
given byi-

V.(t) = kBN [e-t/'l‘l e - t/kTZ]
(Ty,=kTp)
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which is an analytic expression for the shaped wave form.
For design purposes the position of the peak value is required,

this is found by the usual methods and gives:=-

n
t = kT,T, logef Ty
T, =kT, KT

1

[N
Also consider the waveform when t«< t, and assuming that.

T, > kT

1 2’

Then e~ /71 & 1; since t & O.
Hence the waveform is given by:-

_ L7 -t/xT
V, = kBT [ 1 -e 2
2 .

H

Tl-_kT
n
Now when. t.% ¢,

t.
e KI2 & 0: since £t »» 1. 7 )
' kTa ,,"“ i

and the output becomes:-

-t/T
v = kBTl e 1

o

Tl-._kTZ

This gives the neéessary design information, and its
application is ;shown in fig. D.3. It can be clearly seen,which are
the important factors for each part of the waveform.

The actual shaping networK: used has ._thne various values

liged bhelow:-

Cl = 1mFd R, = IMATrimmer (SOOkfmean)
C2 = 0.1mFd. RL = 3Z00KSL .
Rl = 100K Trimmer (50Kmean) RS< 1+5 KQ.
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The assumption that R2 »» R o> RS is more or less

1
justified, and the various circuit constantis became:~

Tl = Somsec; T, = 50 msec; k = %/8

n
This gives a value of t. as33 msec, which is a typical figure,

™
for to
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. Appendix E

Fouriér Analysis

Any periodic waveform can be analysed,. with the aid of
fourier analysis into its constituent components..

For a function which bhas a period, T,

iees £ (t+ ) = f£(t)
it can be written as:-
-
£(t) = %a, + £ la cos|2mt] + b, sin|2%nt
- n=} ' T ‘ " T

Where: -

a, = 2 ST f(t) cos [annt] dt; n = 0 —= e

' T J T
B = 2 ST £(t) sin [gggg], dt |
' T 3 T

These expressions are uéeful vhere an analytic exprestion
for the function exists, but in this @mse a numerical approx%mation
is used.
The graphical representation of the waveform is divided
into 12 equal-intervals, sudh that ordinates are taken at t=0,
. t/12, ..., 11T/12 '

Let 2wt = ©
T

Then replacing the integral in the above expressions by

k

~and £(t) =. £

a direct summation gives:=-
L)

ang_%,[ 2 fk cos n 01{] art

k=0 \
| ]
and b a 2 f, sin n ©,_] QT.
toa [:ﬁéo k k]
Here QDT = T/12
Thus 2.0T = 1
T 6



Fig. E.1

Division of Pulse Waveform. into Ordinétes
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The values for n.OK are all multiples of 300, and hence

‘the coefficients are all 04 + % or 3 f3/2

Considering the first 3 harmonics only gives that:-
W

Tt S fic
a = % L 010 *“'3[(f1.* e B (f5+f?)] * [<fa“f1c? "(fu""fa)T
a, :"1'67 (et = (£ +f9) %&[(flﬂt‘ +f +fll) (245,02 o)]]
b, = g (f1+f2+f7+f8) - (f +f5+f10+fll)]
3 = % [(f * +f85 - (fa”fe*flo’]
by = Z_I_é[(fl+f5+f9) - (f3+f7+fl:i]

For comparison purposeé the ordinates have ﬁeen deliberately
chosen such that.the:beai.value is,fa,.és.shownwinﬁiig. E.l,
alsp all the readings have been scaled such.¢ﬁét f2 is equal
to 100 units for each: wawform. The Zero has been taken as the

tangent to the waveform as shown.



L.

- 119 -

SECTION 8

References and Bibliography

Bramwell, J.C. and Hill, A.V., "The Velocity of the

Pulse Wave in Man". Proc. Roy. Soc. London, 93:298, 1922.

Bramwell, J.C. and Hill, A.V., "Velocity of Transmissicn
of the Pulse Wave". Lancet, 202:891, 1922.

Bramwell, J.C., Downing, A.C., and Hill, A.V.,

"The Effect of the Blood Pressure on the Extensibjlity
of the Human Artery". Eéggg, 10:289, 1923,

Bramwell, J.C., McDowall, R.J.S., and McSwiney, B.A.,
"Ygriation of Arterial Elastiecity with Blood Pressure in

Man". ' Proc. Roy. Soc. London, 94:450, 1623,

Hickson, S.K. and McSwiney, B.A., "The Effect of Variation
in Blood Pressure on Pulse Wave Velocity in the Brachial
Artery in Man'. J.Phxsiol;, 59:217, 1924,

Hickson, S.K. and McSwiney; B.A., "Effect of Respiration

on Pulse VWave Velocity'". Proc. Physiol. Soc., 59: V, 1924,

Hemingway, A., McSwiney, B.A. and Allison, P.R.,

"The Extensibility of Human Arteries", Quart. J. Med.,

21:489, 1928.
Hallock, D., "Arterial Elasticity in Man in Relation to
Age as Evaluated by Pulse Wave Velocity Methods".

Arch, Int. Med., 54:770, 1934




9.

10..

1l.

1z,

13.

ll-l»-

15.

16.

17.

- 120 -

Dow, P., Hamilton, W.F., "An Experimental Study of the
Velocity of the Pulse Wave Propagated throughtithe Aorta',
Amer, J. Physiol. 125:60-65, 1939.

Gibson, W.E. "An automatic blood pressure recorder',

Electronics, 15:54-56, 1942.

Porje, I.G., "Studies of the Arterial Pulse Wave Particularly

in the Aorta'. Acta. Physiol. Scaﬁd.; 13, Suppl.42,

1-68 > 1946.
King, A.L., "Circulatory System:: Arterial Pulse Vave

Velocity", Medical Physics., Vol. Il. Gen. Ed. Otto Glasser,

The Year Book Publishers, Chicago, 1950.

Noble, F,W,, Electrical Methods of Blcod Pressure Recording.

Charles, C, Thomas, Springfield, Illinois, 1953,
Landsman, R.M., "An Apparatus for the Measurement of
Systolic and Diastalic pressures'. Rev, Sci., Instr.
25:71, 1954,

Eckenrode, R.T., and Kirshner, H.A., '"Measurement of

Pressure Transients", Rev, Sci, Instr., 25:33, 1954,

Green. J.H, "A blood pressure follower for centinuous
recording in man®. J. Physiocl. 130:37, 1955,
Womersley, J.R., "Oscillatory Flow in Arteries: Effect

of Radial Variation in Viscosity on Rate of Flow".

J. Physiol. 127:38, 1955.



18.
19-

20.

2l.

22,

23.

2h.

25.

26.

27.

- 121 -

Mal.colm,, J.E.; Blood Pressure Sounds and Their Meaning.

Heinemann Medical Books Ltd.., London, 1957.

Lawton, R.W., Tissue Flasticity, Ed. J.W. Remington,

Am. Physiological Soc., Washington, D.C., 1957.

Jensen, R.E, '"The Relationship between Pressure and Flow
in the Circulafory System". Thesis for Ph,D..,

Dept. of Physiology, Univ. of California, Los Angeles, 1957.
Weltman, G. "The Confinuous Measurement of Pulse Wave
Velocity". Thesis for M.S., Dept. of Physiology,

Univ. of California, Lds Angeles, 1959,

Cooper, T. and Richardson, A.W, "Electro-magnetic

Flow Meters", I,R.E. Tranmsactions on Medical Electronics

ME-6 ;4. 207, 1959.
Dowd, G.F., and Crevier, M., "A Simple Capacity Transducer
for Measuring Blood Pressure in a Small Experimental

Animal™, Canadian Journal of Biochemistry; 38:989, 1960.

Hyman, C. and Knapp, F.M., YA Simple, Inexpensive

Pressure Transducer'", J. App. Physiol. 15;726, 1960.

McDonald, D.A. '"Blood Pressure and Flow-Measuring
Technicques with Particular Reference to Waveform Analysis'.
1960. (Source Uncertain).

McDonald, D.A. Blood Flow in Arteries. Edward Arnold

3

(Publishers) Ltd. London, 1960.

Salisbury, P.F., and Wichmann, T., "A New Method for the

Indirect Measurement of Blood Pressure'. Presented at

the ISA Conference, Los Angeles, 1961.



- 122 -

28, Webb Associates, "A Survey and Evaluation of Methods

of Measuring Blood Pressure for Immediate Space Flight

Programs', Report to NABA, 1961,

29, Sullivan, G.H., and Weltman, G. ‘"Measurement of Arterial
Pulse Wave Velocity". Proc. San Diego Symposium for
Biomedi¢al . Engineering, 1962.

20. Hardung, V. "Propagation of Pulse Waves in Visco-elastic

Tubings'". Handbook of Physioclogy: Section 2: Circulation:

Vol.. 1. Am. Physiclogical Society, Washington, D.C., 1962,

31. Webb Associates, ''Continuous Arterial Pressure

Measurement for Manned Space Flight". Final Report to

NASA, 1963.
32. Davies, M, Gilmore, B, and Freis, E., "Improved Transducer
for External Recording of Arterial Pulse Waves".

I.E.E.E, Trans. Bio-Medical Electronics, 173, Oct. 1963.

33. ITT Federal Laboratories. "Cuffless, Indirect Blood
Pressure Measuring System'. Technical Rroposal to NASA,
1964.

3. Thompson, N.,D. ‘'Blood Pressure Transducers",

Medical Electronics News. Mapch, 1964. ;

35. Van. Bergen, "Comparison of direct and indirect methods

of measuring blood pressure™. Circulation 10:481, 1954.



Lz,

h5.
L.
45.
L6,
L7 .

1—}8.

- 123 =

Chow, A.P., and Stern, A.P., "Automatic Gain Control

of Transistor Amplifiers". Proc. I.R.E. £43:1119, 1955.

Hurtig, C.R., "Constant Resistance AGC Attenuator

for Transistor Amplifiers". IRE Trans. Circuit Theory.

CT-2, 191, 1955.
Ettinger, G.M., "A Voltage Controlled Attenuator',

Electronic Engineering. 27:458, 1955.

Hurley, R.B. "Designing Transistor Circuits - Ahtomatic

Gain Control™.  Electronic Equipment. 5:22, 1957.

Hurley, R.B. "Junction Transistor Electrondics"

John Wiley Imc. New York. 1958.

Simpson, J. and Richards, R. "Junction Transistors"
Oxford Unive. Press. 1962.

Lyden, A. "Single and Matched Pair Transistor Choppers".
Electronic Engineering. Vol. 37. UNo. 445, 186, 1965.
Cowell, T,K., Gordon, M, and Reynolds, J.A.,

"LOPAD, A Logarithmic On-Line Processing System for

Analogue Data. Electronic Engimeering. Vol. 37.

No. 445, 146, 1965,



51.

52.

23

54,

55.

56.

57.

58.

59.

60.

- 124 -

Kendall, J.T. and Yates, W,A, '"Introduction to

Silicon Semiconductor Devices". Texas Instruments Ltd.
Report No. 1, Vol. 1. 1958.

Griffin, D.J. "Low-Drift DC Amplifiers", Texas

Instruments Ltd., Report No. 5, Vol, 1. 1960.

"Very High Input Impedance Amplifiers"™, Texas

Instruments Ltd. Note No. 6.

Beneteau, P.J., and Blaser, L., '"Wideband High Input

Impedance Amplifier", Fairchild Semiconductors,

Report No, AR-12, 1961,
Beneteau, P.J., '"The Design of High-Stability DC

Amplifiers", Fairchild Semic nductors, Report No. AR-11,

Middlebrook, R.D. .and Taylor, A.D., '"Differential
Amplifier with Regulator Achieves High Stability, Low

drift"., Fairchild Semiconductors, Report No. AR-41, 1961.

Hilbiber, D.F.. "A New D.C. Tramnsistor Differential

Amplifier", Fairchild Semiconductors, Report No. AR-92,

1961,
"Silicon Transistors in DC Amplifiers". Ferranti

Electronics Department. Prov, Report No. 1006,

"Field Effect Transistors and Applications'"., Ferranti

Electronics Department. Note No. 22. 1964,

"Metal-Oxide-Semiconductor Transistor". Mullard Ltd. 1965,






