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SUMMARY

In recent years the knowledge of cardlovascular sounds has
been increased by the use of electronic techniques for their detection
and analysis, A variety of methods are now available for the
detection of these sounds but there is no standard method by which
the results of different workers can be compared,

The properties of a phonocardiographic system depend to a
large extent on the nature of the transducer used to pick-up the
sounde, If this transducer makes contact with the body surface then
the mechanical parameters of the underlying tissue must be taken into
account when its performance is measured. In order to avoid this it
is necessary to use a transducer which does not make contact with
the body surfece and which therefore has a performance independent
of the tissue parameters,

The capacltance proximity transducer provides an almost
ideal method for the detection of vibrations of the body surface
without contact, It can be constructed in such a way that the
electrical reactance of the transducer is proportional to the spacing
between it and the body surface. It is therefore necessary to
measure the changes in this reactance by some suitable circuit in
order to obtain an electrical output which is a function of the
vibration, It 1s essential that the signal processing method chosen
produces an output which is proportional to the reactance variatioms,
otherwise the output waveform will not be linearly related to the
input displacement. This has apparently been overlooked by other

workers/



workers with consequent loss of accuracy, sensitivity and signal to
noise ratio,

A new bridge method with feedback is described by which an
output can be obtained which is closely proportional to the changes
in transducer reactance, even when the change approaches 100% of
the nominal reactance. The development of a sultable oscillator and
detector for this circuit is also described,

A second linear method using an operational amplifier was
also examined and modifications are described by which some of the
advantages of the bridge technique can be retained, This method 1is
expected to have an error v 1-27% for 100} deviations from the nominal
transducer reactance.

The use of the capacitance proximity transducer for the
detection and recording of a variety of cardiovascular sounds is
described and some records obtained by both bridge and operational

amplifier techniques are presented.



CHAPTER 1

INTRODUCTION.

1.1, History of Phonocardiography

It has been known since ancient times that the heart
produces sounds which occur at more or less regular intervals and
that associated with these sounds there 1is a pressure pulse which
can be felt in various parts of the body. The full significance
of these phenomena was not explained until the year 1628 when
Harvey published his 'De Motu Cordis' in which he showed that heart
sounds were related to the mechanicel activity of the heart and the
circulation of the blocd. Since that time auscultation of the heart
sounds and palpation of the pulse have formed an essential part of
clinical examination,

At first, observation of the heart sounds was made by
plecing the ear in direct contact with the patient so that the
physician could both hear and feel the beating heart. This meant
that the lower frequency components of the vibrations produced by the
heart (which could not be heard but were felt because of their
greater intensity) were not excluded from the examination. The
first significant change in this method of observation came in 1816
when Laénnec (1819) introduced the use of the stethoscope. The
original purpose of this invention was more out of consideration for
feminine modesty than as an aid to ausculatory perception although
it did facilitate observation of more obese patients, However

although/



-2-

glthough the practice of auscultation was made more acceptable to
patient and physician, the loss of direct contact meant that eonly
the audible vibrations were detected, It is probable that some of
the low frequencies could be transmitted along the rigid monaursl
stethoscopes but the flexible tubing used in the modern biraural
stethoscope prevents the transmission of palpable vibrations., In
addition the character of the audible sounds is altered by their
passage through the stethoscope since this consists of rigid
structures and air passages of specific dimensions, The character
of the observed sound may also be modified by the pressure of
application, the size of the end piece, the use of a diaphragm and
the £fit of the stethoscope to the ear, Some of these factors can be
used to good purpose since they may enable emphasis of sounds in a
particular frequency band which are of special interest, The
resulting situation is very unsatisfactory since the performance of
different makes of stethoscope may vary widely and there is no
standardization,

Notwithstanding these difficulties the stethoscope has
proved a very convenient instrument and almost all the major types
of heart sounds were recognised in the century or so following
La€nnec's discovery. [Explanations for these sounds were obtained
by correlaticn with autopsy findings, Some of these explanations
were later found to be incorrect due to lack of accurate physiological
knowledge but most are still acceptable today.

The great disadvantage of this type of subjective
observation is that no permanent and continuous record of the heart

sounds could be made; the advantage of such a record being that it
can/
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can be used to establish the time relationship which exists between
the various sounds and events of the cardiac cycle. First attempts
at recording of time sequences were very crude, Chauveau and
Faivre 4in 1856 used a method in which the observer marked the
Kymograph manually as he listened to the heart, In 1867 Potain
attempted to make direct recordings without a human intermediary
using purely mechanical methods but was unsuccessful due to the
very small amplitude of the signals, The first successful
continuous recordings were made by Huerthle in 1893 using a microphone,
inductorium and frog nerve-muscle preparation. In the following
year Einthoven and Geluk (1884) made the first true
phonocardiographic recordings using the Lippman capillary
electrometer, Direct mechanical recording was first achieved by
Frank in 1904 using a mirror system to obtain optical magnification
of the deflections of a membrane produced by the heart sounds,
This method was so successful that the Frank segment capsule became
the standard recording technique for almost forty years. The
overall frequency response of the method was not good and it was
found necessary to use low frequency accoustical filtration to avoid
overloading the system, A further improvement in purely electrical
methods came in 1907 when Einthoven described the use of the string
galvanometer for heart sound recording.

The next major advance in the history of phonocardiography
came as a result of the invention of the thermionic triode valve by

De Forrest in 1908. By about 1920 suitable amplifiers of electrical

signals/



signals had been developed in connection with radio. These enabled
the amplification of faint murmurs so that they could be reproduced
by means of d'Arsonval type galvanometers. Later the use of the
cathode ray tube in place of the galvancmeter made possible direct
observation and recording of the full spectral range of heart sounds,
Further improvements in electronic technique have meant that over
the last twenty five years the mechanical methods of recording have
been entirely superceded,

At the present time electronic amplifiers and recording
instruments are available which are capable of handling the full
range of frequencies and amplitudes which are encountered in heart
sound recording. The noise level of the amplifiers is such that it
is no longer necessary to exclude the low frequency component of the
heart sounds in order to reproduce the weaker high frequency
components. This means that selective filtering of the sounds in
order to identify particular components can take place after initial
amplification. The conly part of the phonocardiograph which is still
unsatisfactory is the microphone or transducer which is used to
detect the heart sounds,

The first attempts at electrical phonocardiography were
made with the carbon granule type of microphone commonly used in
telephones, This was superceded by the crystal microphone which
has a higher sensitivity and a more reliable performance, A variety
of other types of microphone have also been used for the detection
of heart sounds but the majority of those used up to the present

time/
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time have not been developed specifically for the purpose. For this
reason it is necessary to consider very carefully the method of
application of the microphone to the body surface and the resulting
performance of the microphone, In particular the frequency response
of a microphone intended for free~field work may change radically
when applied to the precordium so that calibration under actual
conditions is necessary, Unless this is done the frequency
characteristics of the phonocardiograph will depend largely on the
type of microphone used and it is no longer possible to compare the
results obtained by different workers. In spite of the difficulties
of calibration and standardization a considerable amount of
information is now available on the nature of adult heart sounds,

The electrical methods of phonocardiography have alsc been
applied to the study of cardiovascular sounds other than those
detected in the precordial area, O0f particular interest in
clinical diagnosis are the Foetal Heart Sounds and the Korotkoff
Sounds, Foetal heart sounds, which were first observed by
auscultation in 1650, provide one of the few available indications
of foetal 1life and well being. The Korotkoff sounds occur as the
result of partial occlusion of an artery by applying external
pressure and are an essential part of the established method of

external blood pressure measurement described by Korotkoff in 1905,



1.2, Neture of Cardiovascular Sounds

Cardiovascular sounds arise from the beating action of the
heart and the resultant pulsatile flow of blood through the
arterio=-venous system, Since the heart and blood vessels are
entirely surrounded by body tissues and bony structures any
vibrations originating from them are transmitted to the body surface,
The resultant periodic complex wave of displacement of the surface
represents a summation of the mechanical action occuring within the
body near the point of observation,

The heart itself is an elastic walled container which is
periodically filled with fluid and each successive contraction of
the walls sets it and its contents into vibration, The frequencies
contained within the spectrum of these vibrations are a function of
the mass of fluid and of the elasticity of the walls,both of which
are known to vary during the heart cycle, Analysis of the spectral
distribution of heart sounds by Williams and Dodge (1926), Mannheimer
(1940), McKusick, Webb, Humphries and Reid (1955), Yoshimura (1960)
and many others has shown that the intensity of the component
frequencies detected at the chest wall falls off rapidly as the
frequency rises. This can be explained in part by the fact that
for a given sound pressure the amplitude of a sinusoidal wave
falls off at a rate proportional to the square of the frequency.

The observed rate of fall of intensity with frequency at the body
surface 1s greater than this so that some further attenuation of the
higher frequencies must occur during transmission through the body

tissue, Intracardiac and Esophageal phonocardiography have shown

that/
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that heart sounds detected near thelr origin do in fact have
components with a larger amplitude at higher frequencies,

The total spectrum of adult heart sounds has been found to
extend from below 1 Hz to at least 2,000 Hz. It can be seen from
Fig. 1.1, that, due to the characteristics of the ear and the
fall-off of intensity of the heart sounds, only a part of this
spectrum is normally audible, Consequently the division of these
sounds into audible and non-audible bands is imposed by the
limitations of human hearing rather than by any characteristics of
the vibrations themselves. There is no reason however why all the
clinically useful information should be confined to the audible band,
Nevertheless it has often been the case that phonocardiographic
systems have been designed to represent the sounds as heard by the
ear and the quality of record produced has been judged on the same
basis, Since the ear can sélect only part of the spectrum it seems
undesirable that the phonocardiograph should be restricted to this
particular response characteristic,

A more satisfactory detectlion system would be one having a
level frequency response throughout the whole spectrum, This could
then be linked to a suiltable processing system in order to produce
any required emphasis or de-emphasis of parts of the spectrum.

This method would have obvious advantages for recording
cardiovascular sounds other than those from the precordium since
these will not necessarily have the same distribution of intensity
with frequency.

In/



In particular the non~linear transmission properties of
body tissue will have a2 much greater effect on the nature of foetal
heart sounds, which originate at a considerable distance from the
point of observation, than on Korotkoff sounds, which can be

observed very close to thelr origin.
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1,3. §Stendardization of Phonocardiography

An international committee wes formed in 1950 at the First
World Congress of Cardiology to consider the question of
standardization in phonocardiography., A second meeting was held in
1953 at a meeting of La Société Frangaise de Cardiologie and a series
of recommendations were drawn up’which were published by Kleyn,
Leathem, Maasz, Lian and Minot in 1955, The most significant of
these recommendations from the instrumental point of view was that the
basic phonocardiographic tracing was required to follow the
sensitivity curve of the human ear and that vibrations outside the
range 15=-800 Hz were to be excluded from the recordings, it was
also recommended that if selective tracings of high, and low parts
of the audible spectrum were included in the recording not more than
two of these should be presented simultaneously for clarity,

A third meeting of this committee took place in Stockholm
in 1956 at the time of the Second European Congress of Cardiology.
Seven maln proposals were made at this meeting and these were
reported by Mannheimer in 1957, Since these proposals provide a
basis for the standardization of instrumentation it is necessary to
consider them in detail,

1. "A phonocardiograph is an apparatus for recording
mechanical vibrations originating from the heart
and adjacent vessels,

2. In order to get a record of the auscultative findings
in accordance with the sensitivity of the human ear,

means should be provided for recording according to

the/



3.

4,

the Fletcher O-isophon, 1.e, the sensitivity of
the apparatus should increase 14 db per octave,
by increasing frequency, from 15 to 600 cps (Hz).
Maximum allowed error is £ 6 db, In the range
600 = 800 cps (Hz), the sensitivity may fall 6 dB,
This characteristic is called auditory,

In order to obtain further information from the
frequency spectrum of the phonocardiogram, means
may be provided for one or several additional
frequency channels,

The channels employed should be named with
the frequency at which the slope of the increase of
sensitivity, by increasing frequency, is 15 db
per octave, The frequency which approximately is
that at which the oscillations are recorded with
the largest amplitude is called the nominal frequency
of the channel,

The slope of the sensitivity curve should be
outlined clearly in the description of the apparatus,
For further analysis it may be of value if more
frequency channels are provided, whereupon an
interval of about 1 octave between standard
frequencies is suitable,

The sensitivity should bear reference to the
displacement of the unloaded chest wall, and

the/
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the transmission from the thorax wall to the
microphone should be taken into account,

6. Because of the transient nature of the heart
sounds, it is important that transients
originating from the filters be kept as small
as possible, If a square electric potential
is applied between the input terminals of the
phonocardiograph, the developed transient should
be decreased to 10 per cent of the initial
deflection within 2 cycles.

7. The phonocar&iograph may be provided with a
device for determination of the constancy of

sensitivity from microphone to graph.”

(from Mannheimer. 1957).

The conmittee were not unanimously in favour of all these
points as it is on record that one of the participants was "not of
the opinion that means should be made to get a record of the
auscultative findings in accordance with the sensitivity of the
humen ear,"”

A further meeting dealing with the technical problems of
phonocardiography was held during the Third World Congress of
Cardiology in Brussels in 1958. At this meeting it was agreed that
it would be premature to define the frequency characteristics to be
used in the construction of phonocardiographs, Some points were
made which clarify and extend the definitions agreed at the Stockholm

meeting. These are quoted in full in view of their importance for

instrumental/
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instrumental development,

1. "It is necessary to use some type of filter to
obtain relevant and clinically significant
phonocardiographic tracing.

2, If the frequency response given by microphone,
amplifiers and recording units is linear (a highly
desirable feature of any apparatus) the most
important variable is represented by the filter or
set of filters, The frequency response of all
these parts, including filters, should be such as
to give the desired response for each frequency.

3. It would be desirable for each researcher to
indicate in his publications the frequency

characteristics of his filters in a uniform mamner."
(from Kleyn et al, 1959),

A method of specifying the characteristics of both high
pass and band pass filters was recommended but this was later
modified as it was found that the original description was not
adequate, The selection of the frequencies used was left to the
individual researcher,

Further meetings dealing with nomenclatuyre and
standardization were held in Mexico City in 1962 at the Fourth World
Congress of Cardiology, at Kyoto in 1964 during the III Asian=
Pacific Congress of Cardlology and in Prague in 1964 at the Fourth
European Congress of Cardiology. No further recommendations were
made at these meetings.as regards the standardization of

instrumentation.
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l.4. Aims of the Investigation

In spite of the recommendations of the various committees
on standardization a review of recent literature shows that little
progress has been made towards the design and production of
satisfactory phonocardiographic equipment.

A method for detecting the unloaded displacement of the
body surface by means of a capacitance proximity transducer has been
described by Groom and Sihvonen (1957), The system as originally
described was unsatisfactory as the sensitivity varied with the
amplitude, Yoshitpshi, Mechii, Sekiguchl, Mishina, Ohta, Watanabe,
Shinohara, Hanaoka, Kohashi, Shimizu, Ohno and Shimizu (1965) have
described a servo-method by which the capacitance proximity transducer
can be maintained at a constant distance from the body surface and
thus obtain constant sensitivity, However the frequency response of
their apparatus was only linear over the range 30 - 1,000 Hz so
that it is not suitable for wide band phonocardiography. They also
made a comparison between the performance of the proximity microphone
and a varlety of other types of microphone which showed considerable
differences in response at low frequencies, Other workers have
concentrated largely on the calibration of existing types of
microphone and the description of different filter systems for
cardiographic analysis,

In almost every case the properties of the resulting
phonocardiograph have depended to a large extent on the properties of
the transducer and the requirement that the overall response should

match/
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match that of the human ear, This means that the transducer must

be calibrated under the normal conditions of operation and the

response of the signal processing circuit adjusted by means of

suitable filters, The resulting amplitude/frequency distribution

is such that no single calibrating signal is adequate, It is clear

that there is still a need for some form of instrumentation which

can detect cardiovascular sounds in a2 known manner without the need

for elaborate calibration procedures, Such an equipment could

then serve as a standard for all other types of phonocardiograph

currently in use and as a means of obtaining additional information

on heart sounds which could be used in the design of future

phonocardiographs,

A basic specification of such an equipment can be drawn up

from the standardization recommendations.

(a)

(b)

(d)

(e)

The/

The transducer must detect the displacement of
the body surface without loading it in any way,
The signal processing method used to convert
diap;acanent at the transducer into an electrical
signal must be independent of the frequency and
amplitude of the displacement.

Any amplifiers used to increase the magnitude of
the electrical signal must also be independent

of the frequency and amplitude of the signal,

The system must be designed so that it can be
calibrated independently of the conditions of use,
The final output must be available in a form suitable

for display, recording or immediate further analysis,



The question of suitable filters for use in phonocardiographic
studies has not been included in the above specification. This 1s
because standardization may only be possible once a better
understanding of heart sounds has been obtained. It is better
therefore not to prejudice the issue by specifying filter
characteristics at too early a stage in the development., In any
case filters can always be added after the basic detection system to
suit the needs of the individual worker,

One fact must however be considered in connection with the
form of the final output from the detection circuit. The
amplitude of component frequencies of the vibrations of the body
surface generated by the heart varies by a factor of a million over
the frequency range 1 - 1,000 Hz. The dynamic range of the
electrical signal which can be displayed or recorded is generally
limited to less than 100 : 1 due to the lack of resolution of the
trace or the noise level of the equipment. Linear methods of
display or recording camnot therefore retain the high frequency
components in any detail. If these components are to be indicated
in a display or recovered from a recording some form of pre~emphasis
is necessary to ensure that the signal amplitude at the required
frequency is adequately above the noise level of the apparatus,

It has therefore been the aim of this investigation to study
further the properties of the capacitance proximity transducer as a
means of detecting cardiovascular sounds without loading the body

surface; to devise a method of detecting the variations which occur

_ N



in the transducer so that an output can be obtained which is
proportional to the amplitude of the displacement irrespective of
the rate of change of displacement; and to produce an output
which has a sufficiently low noise level for selective amplification

of any frequency in the cardiovascular sound spectrum to be possible,
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FIG,2.1. AMECHANICAL CIRCUIT FOR HUMAN TISSUE

it ; <— Q= CV

FIG. 2.2 ELECTRICAL ANALOGUE OF MECHANICAL CIRCUIT




CHAPTER 2
TRANSDUCERS

2.1 Mechanical Properties of Tissue in Relation to
Transducer Performance.

The motion of the body surface arising due to vibrations
within the cardiovascular system is a complex function of the mass,
stiffness and viscous damping of the tissues between the vibration
source and the point of observation. Since the vibration source
cannot be replaced by a standard source there is no means of
measuring the transmission characteristics of the tissue. It is
necessary therefore to regard the body surface motion as the
physiological variable which is to be measured, Since this
measurement is made by a transducer which is applied to the body
surface it 1s necessary to know the mechanical impedance of the
surface at the point of application. This enables the performance
of a given type of transducer to be predicted.

Determinations of the mechanical impedance of the body
surface have been made by Bérdny (1942), Franke (1951 a,b), von
Gilerke et al (1952), Takagl et al. (1963) and others. Their results
give values for the mass, stiffness and viscous damping components
of the complex driving point impedance observed at various points on
the body surface, The frequency at which this impedance appears real
(i.e. mechanical resonance) was also determined,

The measured body surface impedance can be represented

disgramatically as shown in Fig. 2.1. where

Mt/



Mt is the effective mass of tissue in motion
St is the stiffness of the tissue
xt is the viscous damping of the tissue.

The equation of motion of this system is given by

Mt:'t" . B + 8, X

where F is the applied force
x 1s the resultant surface displacement.
This can be reduced to a simple differential equation by dividing

through by X.

5C.+K:':+Sx=1’.

1.‘. ut t t

In order to study the properties of the mechanical system
more fully it is convenient to use an electrical analogue
(Glson 1958)., This has the advantage that it can be set up on an
analogue computer and the individual parameters can be varied at will,
Using the method of 'direct' analogy the mechanical system described
appears in the form of a series resonant electrical circuit as shown
in Fig. 2.2, Where

L is an inductance proportional to the tissue mass M

C is a capacitance inversely proportional to the

stiffness S
R is a resistsnce proportional to the viscous damping Kt'

t

The energy equation of this equivalent circuit is given by

. &8s lz - L
Lggq + Rgq + qq = Eq

Cc

where E is the applied voltage
q is the displaced charge,

Dividing through by q gives a similar differential equation to that

of/
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of the mechanical system

1.9, L8 4+ R§d +q =» B,
C

In these two equations & one=to=one correspondence exists between
charge and displacement, and force and voltage, The detection of
motion of the body surface is thus equivalent to the detection of
the charge on the capacitor in the electrical analogue,

Since Q =CV

the charge on the capacitor can be determined by measuring the
potential difference set up between its plates, In order to do
this a voltmeter with a high input impedance is required so that

the charge is not disturbed by the oﬁéervation. For the measurement
of mechanical displacement this implies that the mass, stiffness and
resistance of the detector must be wvery low,

The resonant frequency of the electrical circuit is given by

F = 1

2N o/ Lc

and so the resonant frequency of the mechanical system will be given

by

21 M

It can be seen from this that changes in the effective mass or
stiffness of the vibrating tissue will produce a change in the
natural resonance of the system, There is no means by which the
mass or stiffness of the tissue can be reduced so that the mass and

stiffness of the system will both be increased by the presence of a/



FIG. 2.3, 7RANSDUCER HMHELD ON PRECQRDIUM
BY MEANS OF A _BELT
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a transducer, Unless the impedance of the transducer is matched to
the impedance of the body surface at the point of observation then
the frequency response of the system will be altered., However

it is known that the impedance measured at different points on the
body of a given subject and at the same points on different subjects
can vary over a wide range. It is thus impossible to construct

a transducer which would give an unaltered response for all parts
of the body and for all subjects, unless it does not add any mass,
stiffness or viscous damping to the system,

It can also be seen from this discussion that the normal
method for holding phonocardiographic microphones in contact with
the body by means of a rubber belt (see Fig. 2.3) will alter the
frequency characteristics of the detected vibratioms, Since the
belt cannot be applied with a consistent tension the resonant
frequency of the system may vary over a wide range., This may well
be the explanation of the inconsistent results which are sometimes
obtained by this method, The arrangement is complicated further
because the body does not have a rigld boundary so that the
stiffness of the tissue between the microphone and the effective
tissue mass must be taken into account, This situation is shown
diagrammatically in Fig. 2.4 and the analogous electrical circuit
in rig. 2.5. When the microphone rests on the surface of the body,
without the use of a belt, the mechanical and electrical circuits

can be simplified since the stiffness of the belt becomes zero.,
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2,2, The Ideal Displacement Transducer

(1) Requirements for an Ideal Transducer

The basic requirement for an ideal transducer is that its
electrical ocutput should be a faithful representation of the
physiological variable over the full range of amplitudes and
frequencies to be observed. This implies that;:-

(a) The vibrations are not modified in any way by the

the presence of the transducer.,

(b) The transducer and signal processing system are not
overloaded by large amplitude vibratioms,

(c) The output amplitude and phase are independent of the
frequency of the vibration.

(d) The total internal noise level of the transducer and
signal processing system is adequately below the
smallest signal to be detected,

None of the transducers which are currently in common use

meet any of these conditions satisfactorily so that a compromise
is often necessary. Typical examples of these transducers are
shown in Fig. 2.6. (a - d).

In the previous section it has been shown that any
transducer which makes contact with the body will modify the
vibration in some way. It can also be shown that ony transducer
which has moving parts must have a natural mechanical resonant
frequency of its own, Consequently, even if contact with the body
is reduced to a minimum,(e.g. the air transmission microphone in
Fig. 2.6(a))the internal resonance may well modify the properties of

the/
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the transducer. It becomes clear that the only satisfactory method
of detecting the motion of a moving surface without moving parts or
contact with the surface is to use a '"proximity transducer'. This
type of device is well known in industrial applications but most

of the types used are unsuitable since they depend on properties not
possessed by human tissue e.g. use of ferromagnetic materials,
However two types exlst which could make use of the fact that body
tissue is conducting, These are the Eddy Current and Cepacitance
Proximity Transducers.

(ii) The Eddy Current Proximity Transducer

The basic form of this transducer is shown in Fig. 2.7.
A radio frequency current flowing in the coil sets up circular and
coaxial eddy currents in the conducting medium, The magnetic fleld
produced by the eddy currents opposes that of the coil reducing its
effective inductance. The change of inductance is a function of
the spacing between the coll and the surface of the conductor but
the method is not suitable because this is not a linear relationship.
In order to achieve satisfactory operation of the device it is
necessary to use a low carriler frequency since the stray capacitance
between coil and conductor may otherwise alter the effective
inductance of ihe coil, The choice of a low carrier frequency may
affect the response of the system at the high frequency end of the
vibration spectrum which is another disadvantage of the method.
(Further details of the method and its applications are given by
Lion (1959) ).

(111)/
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(iii) The Capacitance Proximity Transducer

The basic form of this transducer is shown in Fig. 2.8,
The operation of this device depends on the fact that an electrical
capacitance exists between two conducting objects, The magnitude
of this capacitance is a function of the distance between the
objects so that if a suitable electrode is placed near a vibrating
surface its vibrations can be detected. The use of such an
arrangement for the measurement of small displacements was first
described by Whiddington (1920}, The method is well understood
both electrically and mechanically, and industrial instruments
operating on this principle are manufactured by Flelden Electronics
Ltd. (c 1947) and Wayne Kerr Laboratories Ltd. ( 1958), The
principle has also been epplied to the study of cardiovascular sounds
and other biological movements by Cembala (1949), Groom et al (1957),

- Chlebus (1962)

Makela et al (1959),/Fischler et al (1964) and Yoshitoshi et al
(1965). None of the methods described by these workers is capable
of giving an output which is linear with displacement of the body
surface over the range of amplitudes and frequencies required.
However it will be shown in Section 2,3 that, under suitable
conditions,the reactence of a capacitor which consists of a plane
electrode parallel to a plamne conducting surface is proportional to
the spacing between the electrode and the surface.

(iv) Advantgggs and Limitations of the cggacitance-uethod
The advantages which have been claimed for the

capacitance method may be summarized as follows,
(a) The detecting electrode does not make contact

with the body surface so that it does not



(b)

(c)

(d)

(e)

(£)

(g)

The form of transducer so far described has some limitations

not modify the vibratlons in any way.

There are no moving parts so that the
frequency response is not limited by the
mechanical resonance of the transducer,

The detecting electrode is totally insensitive
to airborne ambient noize (a major source

of interference in heart sound recording.)

The device is only sensitive to motion of the
area of the surface directly beneath the
electrode., It is therefore ideally suilted to
the study of the origin and transmission of
cardiovascular soﬁnda.

With a suitable signal processing circuit the
transducer can have a very high sensitivity.

Since there are no moving parts within the

transducer it can have a wide amplitude tolerance.

The mechanical construction required is simple

so that a very rugged device can be made.

although the effects of these can be minimized by suitable

observational techniques.

(a)

The motion detected by the transducer is the total
motion relative to its position, Consequently,
if a fixed mounting is used for the detection of

heart sounds, respiration and other body movements

may/



(b)

(e)

(d)

may be detected. The effects of these
movements can be reduced by the use of alternative
types of mounting although these may affect the
response to low frequency components of the heart
sounds.

Although airborne noise does not affect the
transducer directly it may set up vibrations in
the tissue which will be detected by the
transducer. This can be avoided by making
observations in & soundproof or quiet room.

The output obtained will be distorted at large
emplitudes due to the signal processing methods
used, This distortion is usually avoided by
ensuring that the amplitude of vibration is always
small compared with the spacing between the
electrode and the body surface. It can however
be eliminated completely by the use of a sultable
signal processing method,

The transducer is susceptible to electrostatic
hum pick-up at very large spacings. The choice
of a linear detecting method means that spacings
which are large compared with the vibration
amplitude are no longer required so that hum

pick=up becomes much less significant.



2.3, Design of & Practical Capacitance Proximity Transducer

(1) Reactance of a Parallel Plate Capacitor
The transducer described in Section 2.2 is in the form of

a capacitor consisting of two parallel plates one of which is the
body surface, Provided the spacing between the other electrode

and the body surface 1s very small compared with the dimensions of
the electrode then the effective capacitance of the transducer is

given by

2
Cp = €€ 4y L Farads

d

where r is the radius of the detecting electrode in metres,

d is the spacing between the electrode and body
surface in metres
and €r is the dielectric constant of the air,
If the electrode area and dielectric are not changed then
the capacitance is inversely proportional to the spacing.

The reactance of a capaciior 1s given by

where w is the angular frequency applied to the capacitor,
It can be seen that 1f the reactance of the transducer capacitance

is measured at a constant frequency it is proportional to the

spacing.

i.e- X = ! . d

(11)/
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(ii) Egg Effects

The expression derived above does not take into account
the distortion of the electrical field which occurs at the edge
of detecting electrode, The error this produces under the
conditions specified is very small but it may be necessary to
operate the transducer under conditions in which it is not
negligible, A formula for the total capacitance of a circular-
plate capacitor including the edge effect is given by Lion (1959).
This must be modified since the transducer has only one circular
plate and the other which is the body surface can be regarded as

infinite (see Fig, 2.9). The resulting equation is of the form

Ce = ot {%.z + 20[tn 800 + 14 ﬂ%ﬂ]}

where g ig the thickness of the detecting electrode,
A table of the correction factors )f (E_ ) for various values of (f_ is
given in the book by Lion (1959) andzglao in a paper by ?oldvarid
and Lion (1964).

It can be shown that if the radius of the detecting
electrode is more than 400 times the distance of the electrode from
the body surface, the increased capacitance of the transducer due
to the edge effect will be less than 1%. If the ratio between
the electrode and the distance is v 100, the thickness of the

electrode being equal to the spacing, then the error rises to v 6%,
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(iii) Use of a Guard Ring_to Reduce the Edge Effects

The effects of the fringing capacitance at the edge of the
transducer electrode can be reduced considerably by the use of a
guard ring (see Fig. 2.10)., The guard ring surrounds the detecting
electrode but is separated from it by a very smal}l gap. If this
ring is energized at the same potential as the detecting electrode
then the disturbance of the field lines at the gap will be very small,
The fringing effects now appear at the edge of the guard ring and
if this is ﬁide enough the field lines will be normal to the
detecting electrode, The source of potential for the guard ring
must be arranged so that the capacitance of the ring does not affect
the measuring circuit, It is found that such an arrangement is not
poseible with some types of measuring circuit, One condition which
is necessary for the guard ring method is that the total surface
presented to the transducer must be at least as large as the combined
area of electrode and guard ring.

Details are given by Wayne Kerr (c 1959) for the
construction of transducers other than those supplied with their
instruments., The formulae given for these transducers are claimed
to glve an accuracy of 2% for a separation between the transducer
and the body surface less than a specified value,

If the gap between the detecting electrode and the guard

ring 1s very small then the radius of the electrode is given by

r = [{a,.b)

where d, is the maximum spacing between transducer

and body surface

and/
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and b is a constant having the dimensions of length.
(b = § when dm and r are measured in inches).
The minimum outside radius of the guard ring is then

given by

so that the guard ring is at least three times wider than the
maximum spacing between the electrode and the body surface,

Values are also given for the thickness of insulation
between the electrode and guard ring, which vary from 4% to 10%
of the electrode radius, It is also recommended that the guard
ring has a depth which is some five times this insulation thickness
i.e. 20% to 507 of the electrode radius.

(iv) Other Stray Capacitances

Stray capacitances may also exist between the detecting
electrode and its connecting lead, and objects other than the
vibrating surface. These will affect the detecting circuit
accuracy because the total capacitance which is present is greater
than that of the transducer alone, Thus the measured reactance is
no longer proportional to the transducer specing.

The effects of such stray capacitances can be eliminated
by screening the electrode and connecting lead, If this screen
is connected to a suitable point in the measuring circuit then the
capacitances between lead and screen, and between screen and
vibrating surface will not affect the measurement. Only the face

of/



FIG.2.ll, SURFACE _NOT PARALLEL WITH ELECTRODE

FiG.2.12, CURVED SURFACE.



of the electrode opposite the vibrating surface is left unscreened,
This can be achieved very conveniently if the connection to the
guard ring is made by means of the screen of a coaxial cable the
centre lead of which 1s connected to the electrode, With some
types of bridge network a cable screen at neutral potential can be
used but since this is not identical with the electrode potentisal
the guard ring would be ineffective.

(v) Errors due to the shape of the body surface

The body does not have a plane rigid surface so that
when it is in motion it is not possible to ensure that it remains
parallel to the electrode, As a result it may not be possible to
interpret the measured reactance of the transducer in terms of a
perpendicular spacing between the electrode and the body.
Three possible sources of error must be considered.
(a) the electrode is not parallel with the body
surface. (see Fig. 2.11)

(b) the body surface is curved in the region of the
electrode. (see Fig., 2.12)

(c) the curvature of the body surface changes as
it vibrates,

Wayne Kerr (c 1950) state that if the angle between the
two surfaces is less than 5° then the measurement error will be less
than 0.4%. The error rises to v 1% at 80. Since zero output
must correspond to zerospacing it 1s clear that the distance
measured must be the mininw: spacing measured perpendicular to the

electrode./
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electrode., They have found that it is not difficult to ensure
that the angle between the electrode and vibrating surface is less
than 8° by visual inspection.

It is more likely in the study of cardiovascular sownds
that the vibrating surfoce will be curved in some way and that
the curvature will not correspond to any regular geometrical form.
An estimate of the error which arises due to surface curvature cen
however be made by consideration of the special cases of cylindrical
and spherical curvature,

It can be shown (see Wayne Kerr (c 1959)) that if a probe
of radius r 1s placed at a minimum axial distance d from a
cylindrical surface of radius R the measured reactance is given by

Xd, —3 d L] I
wE & NI A__j*"* cas* 0. d.O
T
!

+ %{I —‘/(T_ﬁ.:._sm‘e)]

Fig 2.13 shows a series of correction curves suitable for two of

the wWayne Kerr probes which may be used with cylindrical surfaces
having radii of curvature between 0,1" and 0O ,

A similar result can be obtained for a probe of radius r
at a minimum axial distance d from a spherical surface of radius

R. (see Appendix B ). In this case

X1 = d . . ‘
WEEr M P* ._l_/ 2 x.dx

R

Fig. 2.14 shows a2 similar series of correction curves for the Wayne

Kerr/



Kerr probes which may be used when the curved surface is spherical,
It can be seen in both cases that the measured reactance
is greater than that obteined with a plane surface at the same axial
distance. The resultant error in distance measurement is however
small for surfaces having a radius of curvature greater than 1"
and this only becomes significent at very small spacings. In the
present application an absolute measurement of distance is not
required so that the non=linearity as the spacing becomes small
will be the only major cause of error, This source of error can
be eliminated however, if the curvature of the detecting electrode
can be made to match that of the vibrating surface,
If the curvature of the body surface changes during the
coursge of the vibration then the problem bhecomes more complex,
(An analysis of some particular cases is given in Appendix p ).
However, provided the curvature of the surface stays within the
above limits and the spacing between surface and electrode does
not approach zero then the additional error will be small, If the
curvature of the electrode matches the mean curvature of the
surface then the error can be reduced still further,

(vi) Errors due to variations in other parameters

(a) Dielectric Constant of Air

The dielectric constant of a gas is given by

€. = (1+7
where 7 is the electric susceptibility.

The electric suceptibility of air is a function of

temperature,/
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temperature, pressure, humidity and the frequency of the measuring
speed. Typical values of 7) under a variety of conditions are
tabulated in Fig. 2,15,

In the present application the measuring frequency may lie
between 1lOkHz and 2MHz. If the region between the electrode
and body surface is enclosed the relative humidity may approach
100%. The pressure will be very close to atmospheric at all times
since normal sound waves cause & variation of less than 10%.
The temperature will normelly lie between 15° and 35° C.

Under these conditions it can be seen that the meximum
change in dielectric constant will be less than 0,2% and the change
occuring during any period of observation will be much smaller,

(b) Expansion of Detecting Electrode

Since the detecting electrode is in close proximity
to the body surface its temperature will be slightly above the
ambient air temperature. Changes in the area of the electrode
due to expansion will alter the sensitivity of the instrument.

This could be avoided by using a material with a low coefficient of
expansion, This is not however necessary in the present application
since the effect is so small,

The linear coefficient of expansion of Brass has a
meximum value of 23 x 10-6 (Kaye and Laby (1857)) so that for the
whole temperature rise from 15° to 350 C the electrode area will

only change by about 0,1%.



(c) variation of Carrlier Frequency

Since the reactance of a capacitor is given by

any variation in carrier frequency will result in a change in the
measured reactance. The magnitude of the error depends on the
stability of the source oscillator and the type of measuring
circuit, An oscillator stability of 2 0.1% can be obtained
easily and if a balanced circuit is used the resultant change of
sensitivity will be very small,

It can be seen that the three possible sources of error
covered in this section will have very little effect on the

accuracy of the instrument as a vibration detector.



CHAPTER 3

SIGNAL PROCESSING METHODS

3.1 Reactance MQE&BI"EE Techniques

(1) Requirements for a continuous method of

reactance measurement.

It has been shown in Section 2.3that the reactance of the
capacitance proximity transducer can be made proportional to the
gpacing between its detecting electrode and the body surface. In
order to display or record the motion of the body surface it is
therefore necessary to convert the variations of the transducer
reactance into a voltage or current, It is necessary that the
conversion process from spacing to voltage (or current) should have
a good linearity otherwise the final signal will be distorted.

Reactance can be measured in a varlety of ways but if a
continuous output is required rather than a single measurement a
carrier signal must be used, The instantaneous value of the
reactance modulates this carrier in some way and subsequent
demodulation gives a signal which varies continuously with changes
in spacing. It is essentlal that the combined process of
modulation and demodulation is linear, This can be achieved if
both sub=-processes are themselves linear or if the law obeyed by one
is exactly reciprocal to that of the other, A satisfactory
solution cannot be obtained if either law is non-linear and some
reciprocal analogue non=linearity must be incorporated to correct

the output,

Other '/
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Other requirements for the signal processing method are
(a) good stability
(b) high sensitivity
(c) fast response
(d) wide dynamic range
(e) high signal to noise ratio
(£) independent controls for sensitivity and zero

(g) simple operating procedure.

(11) Modulstion
The instantaneous amplitude of a carrier wave can be

expressed in the form

E = A sin (wt+0)
where A is the maximum amplitude
W is the angular frequency of the carrier

and © is the relative phase.

variations in the maximum amplitude A or in the angle
(wt +6) will produce changes in the instantaneous amplitude of
the carrier, vVariations produced by changes in the maximum
amplitude of the carrier are known as "Amplitude Modulation', those
produced by changes in angle are known as 'Angle Modulation',
Amplitude modulation includes various forms of pulse modulation and
angle modulation includes both frequency and phase modulation,

If the modulation of the carrier is to be linear then the

displacements accurring at the transducer must produce proportional

changes/



(a) Series Method

(b) Shunt Method

FIG.3.1. BAS/IC METHODS OF IMPEDANCE MEASUREMENT
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changes in amplitude or angle, These changes of amplitude or
engle must in turn be converted to proportional changes in output
voltage or current. Finally this output voltage or current is used
to produce a deflection of the electron beam in a chthode ray
oscillograph or the pen of a chart recorder and this deflectlion must
be a linear representation of the original displacement at the
transducer.,

The most convenient methods for use with the capacitance
proximity transducer are

(a) simple amplitude modulation

(b) frequency modulation.

(iii) A__:gglitude Modulation Methods

If the complex voltage and current between two points of
en a.c. network are known then the impedance between those points 1is

defined by

IHII<

(The generalized form of Ohm's Law)

It can be seen that the most convenient way of measuring a
continuously varying impedance is to keep either the voltage or the
current constant and detect the variations of the other. The
impedance variations in fact produce amplitude modulation of the
current or the voltage. Fig. 3.1(a,b) illustrates the two
possible methods of measuring the transducer impedance, The

impedance/



FIG.3.2., BRACTICAL CIRCUIT FOR SHUNT METHOD
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impedance can be attached to a source of constant voltage, as
shown in Fig, 3.la, the current which passes through it being

measured by a sultable detector. In this case

-
[<)
]
HLQ‘-‘:

Alternatively, the impedance can be attached to a source of constant
current, as shown in Fig. 3.1lb, the potential difference which is
developed across it being measured by a suitable detector, and in

this case

The first method produces an output current which is
inversely proportional to impedance so that changes of spacing at
the transducer will not produce proportional changes in the output
current. The second method thus provides the simplest means of
making & continuous linear measurement of the transducer impedance,

The practical circuit (see Fig, 3.2) consists of an
oscillator having a high internal impedance which supplies a current
at constant amplitude and frequency to the transducer, The voltage
appearing across the transducer is proportional to its impedance
end since this impedance is the reactance of the electrode
capacitance it will be proportional to the spacing between electrode
and body surfaece, The voltage is detected by means of an amplifier
with a very high input impedance. In order that the measured
voltage is not affected to a significant degree by the impedance of

the/
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the source or detector it is necessary that these impedances shall
be at least 200 times greater than that of the transducer, For a
transducer having a capacitance w 1pF this means that the source

and detector impedances must be greater than 2. 10141\&_0 s Which is

w
greater than 20MQ) for all carrier frequencies up to 3MHz. It is

found in practice that stray capacitance and leakage resistance
throughout the circuit do not permit this level of source and

detector impedance to be obtained.

(iv) Improvement of Ampl&tude Modulation method by tuning

(a) Pparallel tuning of transducer and stray capacitances

If other capacitances appear in parallel with the transducer,
e.,g. cable capacitance, these can be eliminated from the measurement
by parallel tuning with a suitable inductance as shown in Fig, 3.3.
The inductance is adjusted so that the tuned circuilt impedance is a
maximum when the transducer capacitance is nominally zero i,e, the
electrode is a very large distance from any earthed object. The

effective reactance is then given by

X = 1 = 1
__.'._ _w(CQ-I*Ct) wCe
W

when the cable capacitance is very large it is convenient to
construct this inductor in the form of an auto-transformer situated
within the transducer housing. This can be used to make the
effective transducer capacitance appear much larger than the cable

capacitance/
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capacitance, The method is not perfect, however, sgince the
b?ractor of the inductor cannot be made large enough.,  Consequently

the loss resistance which appears in parallel with the reactance

will be smaller than the required level of source and detector

impedance,

_ This arrangement was used by Groom and Sihvonen (1957)
with thei£ capacitance heart sound pick-up but the output obtained
was not linear with displacement because they used a constant

voltage source,

(b) gSeries tuning of transducer capacitance

It has been shown by Zaalberg van Zelst (1947) and
Hickling (1952) that the effective impedance of the transducer can
be made very small by series tuning with a suitable inductor. If
the series tuning inductor is situated within the transducer housing
then stray impedances in parallel with the cable and measuring
circuit will have little effect on the output. This arrangement
will also have a good thermal noise performance because the
resistance in the measuring circuit will be very low,

The impedance of the series tuned circuit, . as shown in

Fig. 3.4,1s given by

2 = P =+ JuJL. +._l_.

Jw

where r is the series loss resistance of the inductor
and connecting cable,
The voltage amplitude which appears across the tuned

circuit is proportional to the modulus of this impedance.

i.e./



i.e.

If the inductor is chosen so that the transducer is series tuned at
its minimum capacitance then the voltage will increase as the
transducer capacitance increases, A maximum value of output voltage
is reached when the transducer electrode makes contact with the body

surface, The modulus of the impedance is then given by
3
2l - )

Alternatively, the inductor can be chosen to tune the maximum
capacitance and then any increase in spacing appears as a linear
increase in the measured reactance, This relationship is positive
and the electrode can in theory be displaced to infinity. If the
transducer electrode is uninsulated then contact between the plates
becomes possible so that a maximum capacitance cannot be defined
and no impedance advantage 1s obtained by series tuning.

The inductor could also be chosen to tune any convenient
intermediate value of the transducer capacitance,however a phase
sensitive detector is then required to avoid ambiguity. The
effective sensitivity can be improved in this way since the changes
in transducer impedance appear larger in relation to the total
measuring circuit impedance. If the intermediate value of
capacitance chosen corresponds to the mean value of the transducer
spacing then the optimum thermal noise output is obtained,

It can be seen that the advantages of this approach will be
lost for large displacements at the transducer because the effective

impedance/
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impedance becomes as large as that obtained without series tuning.

( v) Frequency Modulation Methods

The method of measuring very small displacements described
by Whiddington (1920) used a frequency modulation circuit, This
type of circuit has been used frequently in industriel applications
and also with the cardlovascular sound transducers described by
Cembala (1949); wMi#keld, Usterlund and wallgren (1959); Groom,
Medina and Sihvonen (1963), and Aronow, Currens and Cosman (1963),

The basic principle of the method is that the capacitance
of the transducer forms part of the tuned circuit which defines the
frequency of an oscillator, As the capacitance of the transducer

varies so the frequency ofocscillation varies according to the

relationship
|
f =
2t/ L.C
where C is the total capacitance tuning the oscillator.

If the transducer capacitance forms the whole of the tuning

capacitance C then

t «,/a
where d is the spacing between the transducer electrode
and the body surface.
Since the frequency of oscillation is not proportional to
the spacing the frequercy modulation produced will not be linearly
related to the changes in spacing at the transducer electrode. The

method/
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method is also unsatisfactory since the carrier frequency might fall
below 10kHz at very small spacings and oscillations would cease
altogether if the electrode made contact to earth, If the spacing
is not allowed to fall to zero then sensitivity is lost because this
is equivalent to connecting a small capacitor in series with the
transducer,

In most practical circuits the transducer forms only part
of the tuning capacitance of the oscillator. This reduces the
effective sensitivity although the linearity is improved near
resonance since changes in spacing now produce much smaller changes
in frequency. However, the non=linearity is increased when the
spacing becomes very small compared with the value at resomnance,

The resonant frequency in such cases is given by

T = 1
+_Q_
21 ;L( 5 )
where a is a constant for the transducer

A d is the change of spacing which occurs
at the transducer.

The change of frequency Af produced by a change in

transducer spacing Ad is given by

¢ B B e
af = 55 2 od®

(an infinite series)
The significance of these terms depends on the construction
of the transducer and the magnitude of the parallel capacitance,
The factor b is equal to the spacing of the transducer which would

be/



FIG.3.5 VARI/AT/ION OF FREQUENCY WITH DISTANCE FOR DIFFERENT

CAPACITANCES IN PARALLEL WITH THE TRANSDUCER
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be necessary to produce a capecitance equal to the total capacitance
in the tuned circult, It is thus much smaller than the actual mean
spacing of the transducer, It can be seen that Af is not
proportional to Ad even to a first approximation, Fig. 3.5

shows a series of normelized curves for displacement to frequency

conversion for different values of b.

(vi) Demodulation

(a) Amplitude Modulated Signals

An amplitude modulated signal can be demodulated by a

simple rectifier. At low signal levels this may not be satisfactory
due to the characteristics of the rectifier elements. This may
not ba a disadvantage with the measuring circuits described in this
section since a small signal implies a large deviation from the
mean position, Improved rectification characteristics can be
achieved by an operational amplifier method as described by

Widlar (1964), If the output voltage passes through zero
amplitude with a phase change of 180° during an oscillation cycle
a phase sensitive demodulator is required to avoid ambiguity in the
output. Since the elements of this type of detector operate as
controlled switches the linearity is better than that of a simple
rectifier, The phase sensitive demodulator using transistors as

switches is discussed more fully in Appendix A ,

(b) Frequency Modulated Siggals

A common method of frequency demodulation uses a tuned

circuit/



circuit to convert the frequency variations into amplitude variations
which are then detected by the same means as an amplitude modulated
signal, The efficiency and linearity of this method are poor,
Improved efficiency can be obtained by the use of two tuned circults
as a discriminator. However this configuration is only
approximately linear over a limited range and the law is not such
that it corrects for the non-linearity of the modulation process.

A linear conversion from frequency to amplitude can be obtained

over a much wider range of frequencies by the use of a beat

frequency or a pulse rate method.

It can be seen that however linear the method of frequency
demodulation may be, it is not possible to correct for the
non-linearity of the modulation process within the demodulation
circuit, In addition the circuits used for frequency modulation
are such that guard rings or screens cannot be used to eliminate
strays and give & linear field at the electrode. For these reasons
it was decided to make a more detailed investigation of amplitude
modulated methods to see if there were any capable of giving a
better linearity than those so far described.

A disadvantage of the amplitude modulated methods described
in this section is that they give an output which is proportional
to the transducer spacing. Since the transducer is being used to
detect a vibration it is not necessary to determine the absolute
value of spacing and it would be more appropriate if the detector
output was proportional to the changes in spacing. This could be

achieved/
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achieved by the use of an A.C.coupling between the detector and
output which would remove the constant component of signal due to
the mean spacing, However, the resultant output would have a poor
signal to noise ratio because the source noise component reaching
the output would be proportional to the transducer spacing, rather
than to the change of spacing. In addition the use of an

A.,C. coupling means that the transducer response cannot extend
down to zero frequency. A more satisfactory arrangement would be
to use a circuit with some kind of balance mechanism or zero offset

to compensate for the mean signal level of the transducer,
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2,2, Bridge Methods

(1) Impedance measurement by comparison with a
known standard

It is well known that one of the most accurate methods of
measuring an impedance is to compare it with a known impedance under
similar conditions, When a single measurement is required this can
be done by substitution of the known impedance in place of the
unknown in circuits of the type described in Section 3,1(1ii), 1In
the present application a signal 1s required which is proportional
to variations in the unknown impedance of the transducer. This
can be obtained by making a continuous comparison between the
trancducer impedance and an impedance which is adjusted so that
it is equal to the mean value of the transducer impedance,

A continuous comparison between the standard and the
unknown impedances can only be made if two separate measuring
circuits exist, The need to measure both current and voltage in
each circult can be avoided by arranging that the voltages across
the two impedances are identical, as in Figs. 3.6(b,c) or the currents
flowing through both impedances are identical as in Figs, 3.6(a,d).
This is achieved by having either the source or the detector common
to both measuring circuits.

The circuits shown in Figs. 3.6(a,b) are described as null
methods since the impedance comparison is made by adjusting the
detector output to zero.

It can be seen that the output current in Fig. 3.6a

becomes/
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becomes zero when

8 u
Z’ zu
1.9. when Zu = Z’. Vu

This relationship can be further simplified if the two source
voltages are equal in amplitude.

lee. 2, = Z when lvul = l?s|

The most convenient method of producing two equal voltages
from » low impedance source is by means of a centre tapped transformer,
A similar method can be used to supply the two current
sources required in the circuit of Fig. 3.6(b) except that the

transformer windings must have a high output impedance,
It can also be seen that suitable transformers may be
used in the circuits in Figs., 3,6(c,d) to obtain the difference

signal between the two detectors.

(i1) Transformer Ratio=Arm Bridges

The corresponding circuits using transformers which are
derived from those in Fig. 3.6(a=d) are shown in Fig. 3.7 (a=d).
These are known as Transformer Ratio-Arm Bridges. The use of this
type of circuit was first proposed by Blumlein in 1928 and has been
described in detail by Calvert (1948), Clark and Vanderlyn (1949),
Karo (1958), Butler (1960), Rogal (1961), Leslie (1961), Golding
(1961) and others. The Transformer Ratio Bridge has formed the

basis/
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bogls of a variety of circuits using capacitative transducers

including an aircraft altimeter described by Watton and Pemberton

(1959), a proximity meter by Fielden (c 1947), arn electronic

micrometer by Wayne Kerr ( 1959) and carrier operated electrostatic

microphones by Arends (1961) and Baxandall (1963). The method

has not however been applied to the study of cardiovascular sounds

although another

type of bridge was used by Yoshitoshi, Machii,

Sekiguchi, Mishina, Ohta, watanabe, Shinohara, Hanaoka, Kohashi,

Shimizu, Ohno and

Shimizu (1965).

The method has a number of advantages not possessed by

other methods of measuring impedances, These may be summarized

ags follows

(a)

(b)

(c)

(d)

(e)

£/

The output signal depends on the change of
impedaace from the balance value rather than
on the absolute impedance,

The noise output at balance is a minimum

since noise generated within the source is
cancelled at the detector terminals,

Separate source and detector circuits exist so
that both can be connected to earth.

The transducer cable can be screened in such a
way that it does not affect the accuracy or
gensitivity of the measurements,

At balance the source and detector impedances
do not affect the accuracy of the impedance

comparison.



(£f) The transformer ratio arm has a2 high stability.
(g) 8ince differences in impedances are being
measured the method has a high sensitivity.
(h) If the transducer impedance is a simple
reactance then the balancing impedance need
only consist of a similar variable reactance,
The operation of the circult is therefore simple,
(1) bne terminal of the transducer capacitance can
always be at earth. This is necessary since it
is desirable that the patient 1s at earth potential
for his own safety and because the large capaéitance
which would otherwise exist between him and earth
might affect the measuring circuit.

The major disadvantage of the null method is that the
output voltage changes phase by 180o as the bridge passes through
balance, In order to avoid ambiguity a phase sensitive detector
must be used, This detector must work efficiently at very small
sigﬁal levels otherwise errors will arise when the bridge is close
to balance,

(1i1) Impedance Bridges

In Fig., 3.7 it can be seen that the bridges b and d give
output voltages which are proportional to the difference between
the two impedances, Either of these arrangements would therefore
seem sultable for the measurement of variations in the impedance
of the cardiovascular sound transducer. At balance this circuit

gives/
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FIG.38.E£FFECT OF PARALLEL IMPEDANCE ON_THE LINEARITY
OF THE IMPEDANCE BRIDGE
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gives an accurate measure of the transducer impedance but off balance
it is found that impedances in parallel with the transducer affect
the linearity of the output. The distortion which is produced

in the output characteristic is sketched in Fig. 3.8. Since the
source and detector appear in parallel with the unknown it is not
possible to arrange a neutral screen to reduce the effects of

stray capacitance from the transducer lead.

The effects of the stray capacitance can be reduced by
series tuning the transducer with a suitable inductor so that its
impedance is low, If the same arrangement is used for the
balancing impedance the effective output impedance of the bridge is
very low at the resonance of the two circuits, The source and
detector impedances can then be ignored, However for wide
departures from balance the impedance of the transducer will appear

high and these parallel impedances can no longer be neglected.

(iv) Admittance Briqggg

The bridges shown in Fig, 3.7 a,c give output currents which
are proportional to the difference between the admittances of
transducer and standard., Since the admittance is defined as the
reciprocal of the impedance the output is not proportional to the
difference of the impedances, These two bridges are however
particularly suitable for the measurement of the impedance of a small
capacitance at a remote point. This is because the source and
detector impedances are very small compared with the impedance of

the/




FIG.3.9. THOMPSON BRIDGE FOR SMALL CAPACITANCES
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FIG, 3.10. SIMPLIFIED EQUIVALENT CIRCUIT
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the capacitor and the cables to the capacitor can be screened in
such a way that the strays are eliminated from the measuring circuit,

One possible form of screening arrangement is shown in
Fig. 3.9. This circuit is commonly known as the Thompson Bridge,
and detailed analyses of its operation are given by Leslie (1961)
and Binnie and Foord (1964). It is the arrangement preferred by
Fielden (c 1947), Arends (1961) and Baxandall (1963) for use with
their respective types of transducer,

It can be shown that provided the leakage inductance and
reslstance losses of the transformer windings are small the presence
of stray impedances in parallel with one or both windings will have
no significant effect on the output ratio. The bridge can then be
represented by the equivalent circuit shown in Fig. 3,10, This
contains two equal but antiphased voltage sources having a common
impedance which appears in series with the detector, The internal
impedance of the balance detector is also included for completeness
of analysis,

Since the source impedance is very small the thermal noise
component associated with the two source voltages will be small
and will cancel at balance. The magnitude of the thermal noise
which appears at the detector input at balance will therefore depend
on the parallel combination of the impedances in the bridge network,
Baxandall (1963) has shown that if these impedances are reactiva
then the effective output impedance of the bridge network can be
reduced by series tuning, The resultant output impedance of the
balanced bridge is then equal to the common source impedance Zg

plus/



plus any loss resistance in the tuning reactances and an optimum
noise performance is obtained if the detector is matched to this
impedance.,

(v) Analzsia of the Eguivalent Circuit
of the Thompson Bridge

Since the impedance in the detector arm of the equivalent
bridge circuit is not zero the output current off balance is not
simply related to the difference between the unknown and standard
impedances., The actual value of detector current for all states
of unbalance can be determined by nodal analysis of the bridge

network,

v = V - I Z [ RN RN ENNENNE] (1)

g u‘u
-y = vs - Is ZB ua-.-..ooc...lo. (3)
v = (I

u - I‘ ) (Zd + ZE) ssecncsbase (3)-

Substituting in equation (3) for Iu and I. from equations

(1) and (2) gives

Va-Vv) _ (T,-r )} (Z2d+29)
Zu

(NN RN NN R (4)

Collecting up all terms in V this glves

HE o (zLu.——%-_s) . Vs

SN IO B cvessnsies  (8)
(Zd +2Z9) Zu Zs

which/



which can be rearranged to give

Voo (% -2.) Va
[z" +2..{t (zg+z,)}] susssivese U5

Since Zd and Zg are constant Id is proportional to V. Zs is also
constant so that variations in the voltage V are produced solely by
variations in the unknown impedance Zu. It can be seen that since
a term in zu appears in the denominator of the fraction on the right
hand side of equation {(6) this equation is not linear with respect

to Zu' The magnitude of the non~linearity is clearly dependent on

[Fos

It is found that four particular values of this function are of

the value of the term

interest,

(a) Ideal Voltage Source and Ideal Current Detector

As (zd + zg)"o, {1... Zg } —» 00 so that
(Z,. +2)

the non=linearity increases. Such an arrangement is clearly
undesirable,
(b) Ideal Voltage Detector or High Impedance Source

(zd + Zg)-no g0 that {I g By } e i

(Zg + Zg)

giving V = (ZS - Zn) .Vg

(ZB + Zu)



- 55 =

It can be seen that this condition removes the source and detector
impedances from the bridge output function, The output function
obtained is still non~linear with respect to zs but to a lesser
degree than that predicted for the Frequency Modulated circuit in
Section 3,1.

(c) Baxandall's Low Noise Condition

Ideally this requires (Zd + Zg) = -Zs which gives
2

It can be seen that this gives a better linearity than the previous
case as well as having a better noise performance,

(d) Linear Condition

If (Zd + Zg) = -Za it can be seen that the term in Zu

is eliminated from the equation giving

VvV = (Za - Zu) v

Zg

which is a linear equation in terms of Z.*

Although this result is possible in theory it cannot be
achieved in practice since the conditions require that zd and zB
are pure reactances, A close approximation is however possible by
making the resistive parts of Zd and zg very small compared with the

circuit reactances.,
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(vi) Conditions for Optimum Linearity

Since zs and Zd are both complex they can be expressed in

the forms

|
B, = (!T + :ijs)

s
and Za " jul+r

The source impedance zg may be assumed to be a pure resistance Rg.

The condition for optimum linearity is that (Zg + zd + Z’) - 0 ,
which can now be expressed in the form
Ty j Ry
Ry Y )

i.e.

In order that this expression does become small it is necessary that
its real and imaginary parts are both small so these can be treated

separately,

ﬁ = (, +.R_’*NZLC‘5) where R'-; Rs-l-f‘

It can be seen that by a suitable choice of the inductance this temm

can be made to equal to zero.

J. (4 wer)

Both/



FIG.3.1|. METHOD FOR VARYING SERIES INDUCTANCE



Both terms in this expression are positive so that the imaginary
part of the equation is not zero. The individual terms can be made

small when

R' << wL

ad Ry >>-L
w Cg
This implies that, provided the internal resistance of the
generator is very small compared with the reactence of the
linearizing inductance and the leakage resistance of the transducer
is large compared with its reactance, an operating frequency can be
chosen which will give a very small error.

A practical difficulty encountered with this arrangement
is that since a wide range of balancing adjustment is required the
linearizing inductor must be changed for each new setting of the
balance capacitor, It is therefore necessary to incorporate some
means of varying the effective inductance in the circuit or the
frequency of the generator. One possible arrangement is shown in
Fig. 3.11 where the capacitor in parallel with the inductance is
used to control the effective reactance in the detector path of the
bridge. Further difficulties arise when the stray impedances in
the network are considered since the method of screening used in
The Thompson Bridge increases the capacitance which appears in
parallel with the detector path. The effective reactance can be
made positive by increasing the value of inductance, This results
in an increased series resistance so that the linearity of the

arrangement/



arrangement is lower than predicted.

Since the linearity which would be obtained by this
method is not as good as might be expected from the simple theory,
and since a continuous adjustment is required for the linearizing
inductor, it was decided to investigate other methods capable of

giving a better performance,
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3.3 Br:ldﬁe Networks with Feedback

(1) Modulation of Source Voltage to Improve Linearity

It has been shown in Section 3.2 that the output voltage
of the Thompson Bridge becomes linear with respect to changes in the
unknown impedance when certain conditions are fulfilled. In
practice it is found that the stray capacitances and the loss
resistances which exist within the bridge circuit reduce the accuracy
with which a linear characteristic can be obteined, An
investigation was therefore made into the possible use of feedback
within the bridge network to produce a linear conversion between
input displacement and output voltage.

In order to avoid the difficulties associated with the use
of series inductors in the detector circuit it is desirable to use
a detector with a high input impedance, The output voltage of the

bridge is then given by

VvV = (Z. - zu) . Vg

(z, + 2

A normalized graph of this function is shown in Fig. 3.12. It can
be seen that if the source voltage amplitude could be reduced when
Z“ is less than z’ and increased when zu is greater than z. the
resultant output of the bridge would be more linear with rospect

to changes in zu. This modulation can be obtained by using the
detected output of the bridge to control the oscillator amplitude or
by adding a proportion of the carrier frequency output in a suitable

phase/



FIG, 3.|3. BRIDGE NETWORK WITH FEEDBACK MODULAT/ION
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phase to each half of the source transformer, A simplified circuit

of the method is shown in Fig. 3.13.

(11) Analysis of the Modulation Method

The output function of the circuit shown in Fig. 3.13 may
be derived as follows,
vi = Vo o+ Vg = I_Z_ ecevenceess (1)
vy = V_ 4+ V= I Z  cieecesces (2)

[E RN R N ENN X ] (3)

<
]
~
-l
1)
-
1]
~
[
=8

From (1) ) 4 = Vg + Vo -vy

and from (2)

-
]
<
+
<
(o]
+
=
(%9

Substitntion for Ia' Iu and Vo in equation (3) gives
[ (1+8) = (1-8) (L i _1_)
v - = V_,
1{2.: Zu | Zs e\z, Z

and after multiplying through by (-zu.zs) this becomes

vi{(n-p)zs "(i +Z_j'ﬁ)zu} - V. (%, -3,

Z
It can be seen that if p= (} -+ _E)the term in zZ, is eliminated
VA
d

from/
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FIG, 3.14 MODIFICATION OF OUTPUT CHARACTERISTIC BY USE OF FEEDBACK




FIG. 3.15. ALTERNATIVE BRIDGE NETWORK USING FEEDBACK




- Bl -

from the left hand side of the equation. The output voltage vy

is then proportional to changes in the unknown impedance Zu.

i.e. (Zu - ZB ) “\F

i = e R L ] g
(2 + -z_a,z'
%a

Provided Zy > zs this may be written as

2z
8

This condition corresponds to a 50, modulation of the
carrier amplitude aad produces an output characteristic represented
by the dotted line in Fig. 3.14. It can be seen that this line
is tangential to the uncorrected characteristic at the balance

point,

(iii) An Alternative Method

Examination of the equations for the modulation method show
that it is not necessary to modulate both sources in the bridge
network in order to produce a linear output. The circuit shown in
Fig. 3.15 also gives a linear output and has a higher sensitivity
than the method described above,

The output function of this circuit is derived as

follows,
vi = VS+V° - IB za seevessecnesse (L
-‘vi = vg - Iu Zu IE R NN RN NN ] (2)
Vi = (Iu Ia) Zd stssssssssnssa (3)

Vo = /81!1 LR RN R N I R (4)
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FIG,3,16: LINEAR CHARACTERISTIC GIVEN BY ALTERNATIVE METHOD



Substitution for Is, Iu and vo from equations (1), (2), and(4)
in equation (3) give

v, “[EE_. (1 -A3) vj] 'E.E+vj] 24

Zg “y

Collecting up terms in vi and vg this gives

Z
vi{z,s ¢ He LB Y, zu}= ARCHER W
d

It can be seen that if /3 = (l +Eg_) the terms in
24
Z, on the left hand side can be eliminated., The output voltage is

then proportional to changes in the unknown impedence Zu'

i.e. v

" = (Zu - ZB) Vg

et ettt

Z
8

It can be seen that the sensitivity in this case is at least twice
that of the method described in the previous section. The resultant

linear characteristic is shown in Fig, 3.16,

(iv) The Effects of Cable Capacitance

It has been shown in sections (ii) and (iii) above that a
linear output is obtained when the gain of the detector amplifier is

given by

where/
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where za is the standard impedance used to balance the bridge
zd is the input impedance of the detector.
Provided Z d >> Z’ ; ﬁc can be considered constant irrespective of the
value of ZB. However the use of & neutral screen to reduce the
stray capacitance to the transducer lead increases the capacitance
across the detector input, The effective input impedance of the
detector is reduced so that at very large spacings of the transducer

Zg is not negligible, As a result different values of 8 are

P
required at different balance settings in order to obtain optimum
linearity. This cannot be obtained unless some form of gain
control is coupled to the balasncing impedance, The effective
input impedance of the amplificr can be increased by parallel tuning
the cable capacitance but if the '0' = factor of the tuned circuit
is too high the bandwidth for vibration frequencies will be reduced.
The use of parallel tuning at this point in the circuit
produces an arrangement in which the requirements for a linear
solution of the equations are no longer unambiguous, This is
because the parallel tumed circuit can itself be adjusted to produce
an approximately linear characteristic without modulation of the
source, The same parallel combination of inductance and
capacitance can be adjusted to produce any of the solutions given in
Section 3.2, It can then be shown that in each case a suitable

choice of the feedback gain will produce a linear solution.
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3.4. Operational Amplifier Method

(1) Impedance Comparison Using an Operational Amplifier

Another method of comparing two impedances is to use them
to define the gain of a circuit containing an operational emplifier
as shown in Fig. 3.17. (See Gilbert (1964)). If the gain of the

amplifier is very large than it can be shown that

out

Ul o

It can be seen that changes in output voltage are proportional to
changes in the unknown impedance but these are associated with a
constant output proportional to the mean valuq of the unknown
impedance, The disadvantages of using A.C. coupling in such
circumstances have been discussed already in Section 3,1. The
need for A.C, coupling can be avoided if the mean signal at the
output 18 "backed off" with an equal but opposite signal derived
from the source, This method has the advantage that noise arising
in the source is also cancelled so that some of the advantages of
the bridge network are retained,

A simple form of "backing-off" arrangement is shown in
Fig. 3,18, This type of circuit would however require the use of
a phase semnsitive detector, It is often more canvapient and
reliable if the output and reference signals are both detected at
high level before the constant component is cancelled out. This

avolids/
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avoids the difficulties which would otherwise arise if a phase
difference existed between the two signals,

(ii) Analysis of the Method

The circuit of the operational amplifier method is redrawn
in Fig. 3.19 so that an easy comparison can be made with the two
bridge methods described in Section 3.3, Analysis by the nodal

method gives

vi = Vg"‘IB Za seessnessssneee (1)
vi d vo- I‘l.l zu ssssscscssnssas (2)
V1 = (Iu+ Is) Zd eSS PO BRSPS BEDN (3)
vo = ﬁvi LB N RN RN .4)
From (1) I, % VY =%
Z
8
From (2) Iu = Vo-vi
2
u

which give by substitution in equation (3)
v, = (Vo - vi) + (Vg - vi)} . By
Zu Zs

from equation {(4) this

Collecting up terms and substituting for vi

becomes

z [

v = =y « U .

(o] B
5 Z

IR (COE
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In order that the output voltage is proportional to Zu it 1is
necessary to eliminate the term in Zu from the denominator in this
equation. it Zd = -Z. then this term is zero but even if this is
not so the error will be small provided /6 is very large and the
unknown impedance is not large compared with either the standard or

the detector input impedance.

(iii) Limits of Accuracy
It can be seen from the above equation that, provided the

gain and input impedance of the operational amplifier are known and
the normal range of variation of the unknown impedance 1s specified,
the minimum accuracy of the system can be determined, Fig., 3.20
shows how the output characteristic of the amplifier is affected by
the error term,
This error can be expressed in the form

ex - L {1 (4 B (g B
The constant error terms associated with the mean value of the
unknown impedance Z are eliminated by the "backing-off" procedure
since the output voltage is brought to zero at the mean value,
The remaining error terms then produce a non-linear characteristic
as shown in *ig, 3,21. Since it is usually arranged that the mean
value of the unknown impedance is of the same order of magnitude as

the standard impedance the linearity of the characteristic will

depend on the temrm

(2% = )

Z

d

Provided/
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Provided (z]I - zu) is not greater than Z, the error due to this term

d
will be of the same order as the other error terms. The magnitude
of Z d is however limited by the capacitance which shunts the
amplifier input terminals when a guard screen 1s used. The
reactance of this capacitance may be more than an order of

magnitude smaller than the impedance variations in the unknown so that
unless/s is very large the resultant characteristic will be very

non-=linear,
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CHAPTER 4

DEVELOPMENT OF A PRACTICAL BRIDGE CIRCUIT

4,1, Basic Requirements

A varlety of methods for the measurement of impedance
have been discussed in theory in Chapter 3, It was decided at an
early stage in the project that a bridge system would be the most
satisfactory of these methods for the present application. This
chapter describes the development of a suitable linear bridge
circuit together with its associated oscillator and detector, The
practical form of the Capacitance Proximity Transducer will be
described in a later chapter,

The most convenient form of bridge network for the
comparison of two capacitative impedances is the Thompson Bridge
discussed in Section 3.2, The voltage sources of the network are
provided by a high frequency oscillator which has a centre tapped
output winding, This winding forms the ratio-arm of the network,
and the transducer and a variable capacitor are connected across the
full winding to complete the bridge., The output signal of the
bridge is detected between the centre tap of the transformer and
the junction of the two capacitances. The amplitude and phase
of the voltage which appears at this point is a function of the
value of the variable capacitor and the spacing between the transducer
electrode and the body surface, The detected voltage is zero when
the capacitance of the variable is adjusted so that it equals the

capacitance of the transducer, Any changes in spacing which occur
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at the transducer will then produce an output voltage, If the
amplitude of this voltage 1s detected by a sultable phase sensitive
method a low frequency signal related to the motion of the body
surface can be obtained,

It is known that the spectrum of adult heart sounds has
component frequencies extending from 1 H; to at least 2kH=z
(see Luisada 1965) so that the signal bandwidth of the instrument
must extend from O to > 2kHz, In order to achieve this bandwidth
the carrier frequency used must be greater than 10kHz, In practice
it is found desirable to make this frequency as high as possible
so that the transducer impedance is small compared with that of
the detector. The upper limit of carrier frequency is at about
1 MHgZ.since the transistors required in the detector circuit will
not operate at higher frequencies.

It is 1ntended.that the output obtained from the
inetrunent is suitable for recording on magnetic tape since this is
the most convenient form of record for further analysis. Direct
recording of the signal is not possible since the spectral
distribution extends below the limit of normal direct recording
bandwidths, Direct recording of the modulated carrier was
considered but this is not possible at a realistic speed for carrier
frequencies above 10kHz, For this reason frequency modulation
recording 1s necessary and even with this method a speed of 15" /sec.
is necessary to give a signal bandwidth from O to 2,5kHz. Equipment
suitable for F.,M. recording at 15" /sec.was not availlable although

recordings/



recordings at 73" /sec, were made in the later stages of the project.

This gives an effective signal bandwidth from O to 1,25kHz,
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4,2, Source Oscillators
(1) Single Sided Oscilllator

Some preliminary experiments were made using a single
transistor class B oscillator of the same type as that used by
Baxandall (1963) in his circuit for an electrostatic microphone
(shown in Fig. 4.1). In order to produce two output voltages
which are exactly equal it is necessary to use biflilar secondary
windings, This ensures close magnetic coupling between the two
windings. However the capacitance between the two sections of the
winding is high so that when these are connected in series the
winding capacitance forms part of the tuning capacitance of the
oscillator, In the particuler circuit used it was found that the
self resonant frequency of the oscillator transformer was less than
100kHz,

Another difficulty which occurs with this type of winding
is the uneven distribution of stray capacitances between its sections
and other windings on the same core. This affects the measuring
circult because certain of these capacitances appear in parallel
with the elements of the bridge. The effect of these capacitances
can be reduced by the use of a suitable interwinding screen but
this was not possible with the miniature ferrite pot-core which was
used for the transformer. Some improvement was obtalned by
rearranging the connections to the primary and feedback windings of
the oscillator so that the 'earthy' ends of these were adjacent to
the secondary winding.

In/
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In order to test this arrangement before the transducer
was completed two minilature air dielectric trimmers were used to
complete the bridge network, Examination of the output amplitude
with an oscilloscope showed that the arrangement was highly
sensitive to the proximity of earthed objects, The oscillator
waveform was also examined and found to have a high harmonic content,
This was due to the low 'Q'~factor of the oscillator tuned circuit

and was particularly noticeable at low frequencies of oscillation,

(ii) Push=Pull Oscillator

After it was found that the output of the Class B
oscillator had a high harmonic content it was decided to use a
push=pull oscillator for later versions of the bridge circuit.

This type of oscillator is symmetrical throughout so that even-order
harmonics are not present in the output and also the interwinding
capacitances of the output transformer are more symmetrical with
respect to earth.

A very simple and satisfactory push-pull oscillator is the
long -tziledpalr current switching circuit described by Foss and
Sizmuir (1962)., This is shown in Fig. 4.2. The great advantage
of this type of circuit 1s that its performance is much less
dependent on transistor parameters than the class B circuit which
may operate in class A or class C depending on the current gain of
the transistor. In order to avoid the production of even harmonics

due to asymmetry the stray capacitances between the ends of the

primary/



primary winding and earth must be equal, A bifilar primary winding
is therefore undesirable although equality between the two halves

of the winding is essential, Baxandall (1964) recommends a method
in which the two halves of the winding are wound on separate halves
of the transformer core, These windings are arranged so that the
'starting turns' are adjacent at the centre of the former., The
windings are built up in opposite directions and the 'finishing turns'
are linked externally to produce a centre tapped winding. In this
way the stray capacitances to the two halves of the winding are
almost identical and the 'finishing turns' of the winding act as a
partial screen between the primary and secondary windings, Any
residual unbalance can be corrected by the use of external trimmer
capacitors,

On the secondary side of the transformer exact equality of
the two halves is still essential but it 1s necessary to reduce the
capacitance associated with a bifilar winding. This can be achieved
by splitting the secondary winding into four equal sections which
are wound bifilarly on the two halves of the former, These coils
are then connected externally to complete the secondary winding in
such a way that each half-winding consists of two of the four
sections, one from each half of the former, The self capacitance
of the resulting secondary winding is less than that associated with
a simple bifilar winding and the stray capacitances associated with
the winding are more symmetrically distributed, A schematic

arrangement of the primary and secondary transformer windings is

shown/
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shown in Fig. 4.3,

Examination of the output of an oscillator constructed
with this type of transformer showed that the most significant
harmcnic remeining in the output was the seventh, The amplitude
of this harmonic was such that any error it produced would certainly
be less than other errors present in the system, Litz wire was later
used to improve the 'Q' factor of the transformer windings and this
resulted in a further reduction in the harmonic constent of the
oscillator output.

(iii) Osecillator Output Impedance

In the long=~talled=-pailr circuit the voltage which appears
across the secondary winding is proportional to the dynamic resistance
of the tuned circuit. A low harmonic content is obtained when the
circuit has e high g-factor i.e, the dynamic resistance is large
compared with the tured circuit reactance, The resulting source
impedance for the bridge energizing voltage is therefore high, For
optimum performance of the bridge network it is necessary that the
two volteges appear to come from very low impedance sources,
Baxandall (1963) has not included this in his calculation of the
output impedance of the bridge network although it will obviously
increase the noise output of the series-tuned bridge.

Alternatives to the long-tailed-palr oscillato?, described
by Baxandall (1960) and Roddam (1963) were considered but it was
found that none of these had suitable output arrangements for the
bridge circult, It was necessary, therefore, to include a buffer

amplifier/
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amplifier between the oscillator and the bridge ratio transformer

in order to reduce the effective source impedance presented to

the bridge network, The circult of this amplifier, which is of the
Earthed Collector Common-Emitter type described by Hilling (1963)
and Bond (1964), is shown in Fig. 4.4. The use of a buffer
amplifier in this way isolates the tuned circuit of the oscillator
from the bridge network so that changes in bridge reactance do not
affect the oscillator frequency. It is arranged that the output
transformer of the amplifier has a very low'Q'factor so its response
is independent of oscillator frequency and variations of components
in the bridge network, Since the transistors in the amplifier
operate in Class B Push=Pull careful matching is required to avoid
cross-over distortion, Using Mullard type BSY51 transistors an
output impedance of « 240 f was obtained, This is limited by the
maximum amplitude of drive. signal, the supply voltage of the
amplifier and the maximum permissible power dissipation in the
transistors, The effective source impedance to be added to the
bridge impedance at balences is thus about 60M) , This source
impedance could be further reduced if transistors with a higher

dissipation rating were used.
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4,3, Detector

Since the output of the bridge passes through zero at
balance and the signals on elther side of balance differ in phase by
180° it 1is necessary to use a phase sensitive detector to avoild
ambiguity of output. This consists essentially of two electronic
switches which are driven on and off alternately by a signal in phase
with the oscillator, A full wave rectified output is therefore
obtained which changes sign as the bridge passes through balance
and changes phase, Quadrature components of the fundamental and
even-order harmonics average to zero each half cycle and so do not
contribute to the output amplitude, The high frequency ripple which
appears as part of the full wave rectified signal is removed by a
sulteble filter with a high frequency cut-off at 10 K Hz,

An experimental detector was constructed using two
transistors as shown in Fig, 4.5. The detector circuit is of the
same form as the well known 'Ring Modulator' using transistors as
the switching elements (Hakim and Barrett, 1964). A similar circuit
has also been used by Baxandall (1963) as a detector for the bridge
output, In his paper he observes that the waveforms obtained from
the detector transistors depends on their high frequency
characteristics, A varlety of transistor types were therefore
examined to find which would give the most satisfactory performance
in the detector circuit. Some difficulty was encountered in
carrying out these investigations due to the inadequate frequency
response of the oscilloscopes available, The Fairchild C 111 E

transistor/



transistor was found to give the best results of the types which
were tested although this w.as not completely satisfactory, From the
papers by Semiconductors Ltd, (1961), Standard Telephones and
Cables Ltd. (1961) and Evansiglgél) it appears that the bidirectional
type of switching transistor would give a more satisfactory
performance, This type of tramnsistor has been used in a bridge
detector by Calvert and Mildwater (1963), The C 111 E is not
a bidirectional device and it was found that it would not operate
in the inverted mode which is a common practice in this type of
switching circuit (Lydén, 1963).

In use it was found that the phase sensitive detector
action was affected by the state of balance of the bridge. At wide
departures from balance the signael being rectified was in fact larger
than the reference signal with the result that the 'switch' was not
remaining on, The detector output was therefore limited at large
amplitudes, In addition it was found that since the transistors
would not work in the inverted mode only half wave rectification of
the bridge output was occuring. As a result the detected output was
less than predicted and a high level of carrier ripple was presented
to the filter. Modifications to the osclllator output transformer
would enable an improved drive to be supplied.

A four trensistor detector was also tested since this type
of circuit is designed to handle signals of either polarity (Decker,
1955, Milnes, 1957, Lydén 1965). However it was found to be

unsatisfactory because the 'on' resistance of the transistor pairs

was/



was comparable with the filter impedance.

A further difficulty was enoountered with both types of
detector circuit since the drive waveform used was sinusoidal,

The transistor switches cannot come on until the drive exceeds the
bage saturation voltage., The sinusoidal drive must therefore be
large enough to ensure this for as much as possible of the cycle
without exceeding the break=-down ratings of the transistor at
maximum drive amplitude, A square waveform could be derived from
the oscillator output by the use of additional amplifiers and
limiting stages but this would increase the complexity of the
apparatus and might produce a phase lag in the reference path.

An attempt was made to devise a'floating'circuit which
would allow a high current to flow into the base of the switching
transistor when the applied voltage was small but limit it once
saturation was achieved. However it was found that such an
arrangement would only function for one polarity of signal.

A reasonably acceptable detector performance was ultimately
obtained by using the type 0C141 Symmetrical Germanium transistors
although their frequency response was hardly adequate for switching
at 1M Hz. (Appendix A discusses in more detail the characteristics

of transistors in relation to their switching performance).
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4.4, Linearity Correction
(i) Non-Linearity at Large Amplitudes

Most workers who have used bridge methods for dynamic
measurements make the assumption that the variation to be observed
in the unknown element is very small compared with the bridge
standard, In such cases the output may be considered linear within
the specified accuracy of the instrument and if it is operated near
balance the sensitivity will be approximately constant. However
such a specification does not make full use of the available
sensitivity and signal to noises ratio of the bridge method,

In the present application it cannot be assumed that the
bridge will always remain close to balance so that, unless the output
function is linear, distortion will result, Since distortion implies
harmonic generation and the detected signals are required for
frequency analysis it is necessary to correct for any non-linearities
in the output. Once a linear output function is achieved then the
sensitivity will be constant irrespective of the state of balance of
the bridge and optimum signal to noise ratio can be cobtained by
allowing very large changes (i.e, fluctuations of the same order of
magnitude ag the standard).

The linesrity and sensitivity of the transducer and bridge
network were tested under both static and dynamic conditions. The
results of these tests are discussed in detail in Chapter 5, Section 2,

(ii1) Correction by Non-Linear Amplifier.
In order to reduce the distortion observed a special

non~linear/
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non=linear amplifier was constructed using semiconductor diodes to
give an approximate correction curve, Since the bridge output can
be assumed linear at small amplitudes any correction, if only
approximate, can be used to limit the distortion to a known level at
large amplitudes, Under suitable bias and gain conditions in the
non=linear amplifier its transmission characteristic can be made a
good approximation to the inverse of the output characteristic of the
bridge network, A difficulty in the present situation is that the
correction system must be able to function irrespective of balance
conditions of the bridge and very low frequencies, Diode shaping
network and multiplication elements are recognised analogue computing
techniques (Berry 1959, 1963) but in such cases the signal 1is at
least of audio frequency and can be A,C. coupled, This means that
the biasing arrangements of the shaping network are independent of
the signal input, As a result it was found that although the
circuit could be made to function satisfactorily under fixed balance
conditions it could not be made to work for all possible conditions,
The final circuit shown in Fig. 4.6, was also difficult to set up
since three diodes were required to produce the necessary

characteristic.,

(iii) Correctlon by Feedback

In general, feedback may be used to recduce the distortion of
a2 non~linear amplifier but the combination of oscillator, bridge and
detector do not form an amplifier in the conventional sense, However
if the detected output of the bridge could be fedback in some way to

control/
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control the amplitude applied to the bridge as indicated in Fig. 4.7.
then improved linearity might be obtained. It would be necessary to
arrange the connections so that the oscillator amplitude was reduced
as the transducer spacing was reduced and vice versa, This
modulation of the oscillator amplitude can be obtained fairly readily
in the long=tailed pair oscillator by controlling the tail current
(Foss & Sizmuir, 1962). An experimental circuit was constructed
using the detected output to control the tail current. This is
shown in block form in Fig. 4. 8.

Correct adjustment of the mean level of the bridge
operating voltage was essential otherwlse the range of correction
was limited by over modulation in the oscillator, For perfect
correction of the non-linearity at the meximum amplitude of vibration
a modulation depth of 507 was required. Fig. 4.9. shows the
resulting bridge characteristic, This must be achieved without
bottoming the transistors. In addition the minimum amplitude of
reference signal provided for the detector must remain greater than
the transistor saturation voltage if the detector is to function at

all,
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4,5, Final Form of the Bridgg Network

In the final arrangement of the bridge network it is
necessary to take into account the effects of the screened cable
used to eliminate stray capacitance in parallel with the transducer,
The screen of this cable is connected to the neutral point of the
bridge network so that the capacitance of the cable is in parallel
with one half of the secondary winding. (Cy;,-)e . The
capacitance (CNE) between the neutral point and the junction of the
two bridge capacitors, which is at earth potential, will also be
increased by the presence of this cable, These capacitances are
shown in Fig. 4.10.

Since it is desirable to keep these capacitances as small
as possible a low capacitance cable is required and its length must
be limited, For convenlence a maximum length of 10 ft., was chosen
as being adequate for most purposes. It is also important that the
cable should be light and flexible, The *Transradio' type J 00230
which has a capacitance of 15 pF/ft. was found to be the most
satisfactory type of cable available, The total capacitance of
10 #t, of this cable connected to the transducer was found to be
165 pr.

This capacitance appears in parallel with one half of the
winding and it 1s desirable to balance it with a similar capacitor
across the other half winding, This is because the leakage impedance
of the transformer winding will not be zero with the result that the

two outputs obtained from the winding will not be accurately equal

and/



and antiphase unless the shunt impedances are a2lso equal, It is
convenient to keep the total capacltance across the transformer
windings constant irrespective of the actual length of cable used,
This can be arranged by means of a preset capacitor (Cl) in parallel
with the cable capacitance,which is set to its minimum value when a
10 f£t. cable is used,and a fixed capacitor (Cz) across the other half
winding, The minimum value of a sultable preset capacitor is 20pF
so that the nominal capacitance across half the winding is 185pF.
Since the next larger value of fixed capacitor is 200pF, the working
value of capacitance in parallel with both halves of the winding was
adjusted to 200pF.

These capacitances will alsc affect the tuning of the bridge
transformer which forms part of the load of the buffer amplifier,
In order to minimize the harmonic content in the buffer amplifier
output it is necessary to make the 'Q'=factor of the transformer as
high as possible, The load resistance of the amplifier (R) is «v 2400
so the inductance <Lt) of the transformer must be very low in order
to give a high working 'qQ'-factor. A large value capacitor will
therefore be required to tune the teansformer inductance to the
oscillator frequency. This has the advantage that changes in the
bridge balance capacitor and the transducer, which also appear in
parallel with the transformer, will have little effect on the resonant
frequency of the transformer.

In order to obtain a reasonable accuracy for the turns-ratio
of the transformer the number of turns in each winding cannot be
reduced indefinitely. The optimum was found to be about 8 turns per half

winding/
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winding which gives an effective primary inductance L, of 16 mH

t
and a2 working 'Q' of 2,4 at 1 M Hz. The capacitance necessary to

tune this inductance at 1 M Hz is 1.5 nF of which 100 pF is

1 and cz. The transformer is

tuned to parallel resonance by means of preset c3 when the transducer

and balance capacitor are disconnected,in order that these do not

provided by the capacitances CNL' c

affect the resonant frequency.

The cepacitance between neutral and earth CﬁE must also be
considered in relation to the bridge characteristics since it
appears in parallel with the detector input terminals, This consists
largely of the capacitance of the screen of the transducer cable
to the earth lead which connects with the transducer housing. This
was measured and found to be 160 pF for the 10 £t, cable, This
capacitance would maize no difference to a detector with a low input
impedance but for proper operation of the feedback correction a
very high input impedance is necessary., This impedance can be
increased if it is parallel-tuned by a sultable inductor and the
greater the 'Q'-factor of the inductor the greater the effective
impedance across the detector. The 'Q'=factor cannot be increased
indefinitely since a meximum value 1s set by the bandwidth required.

This is given by

|*

“nax =

]

b 4
where £, is the carrier frequency

f is the maximum signal frequency.

For a 1 M Hz carrier frequency and a 2 k Hz maximum signal

frequency/



frequency this gives a maximum permissible 'Q'=factor of 250,

This value will increase as the carrier frequency is increased.
However the 'Q'=factor of the type LA 2704 and LA 2705 ferrite
pot=-cores, which are the most suitable for the contruction of
inductors at around 1 M Hz, decreases as the frequency rises.

This means that an optimum operating frequency can always be found
at which the 'Q'=factor of the inductance will equal the 'Q'~factor
giving the necessary bandwidth =t that frequency. It is found that
an optimum 'Q'-factor of 225 is obtained at a frequency of 0.9 M Hz.
using an LA 2704 vinkor, This means that the maximum possible
detector impedance which can be obtained is no more than seven times
greater than the maximum output impedance of the bridge network and
this will be further reduced by the input impedance of the actual
detector. It can be seen that a reduction in cable length would
increase the effective impedance in parallel with the detector.
Since a cable of less than 5 ft. would be unsatisfactory for clinical
use,a twofold increase in impedance is the maximum obtainable by
this means,

The use of a negative impedance convertor as an alternative
to parallel tuning was also considered but it was found that such
circuits do not function satisfactorily at large amplitudes and high
frequencies., Other methods of screening the transducer lead were
investigated but no satisfactory arrangement was found which did not
produce a capacitance across the detector terminals,

Since/



Since the detector impedance is not very large compared with
the - transducer impedance the feedback arrangement is not entirely
satisfactory. This 1s because,although the correction can be set
up to give a linear ocutput at any particular balance capacitor
setting,a different adjustment is required for every other balance
setting. In spite of this difficulty the overall linearity of
the bridge network with feedbeck can be adjusted so that it is
always significantly better than that of an uncorrected bridge

network,
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CHAPTER 5
CONSTRUCTION AND TESTING OF A PRACTICAL

CAPACITANCE PROXIMITY TRANSDUCER

5.1, Construction of the Transducer

The basic design factors for the Capacitance Proximity
Transducer have been discussed in Chapter 2, It is intended in this
chapter to describe in more detail the form of transducer which was
constructed and used during the course of these investigations,

The initial form of transducer construction was based on
the transducer described by Groom and Sihvonen (1957a)., This design
was modified so that the lead to the detecting electrode and the
electrode itself are screened within the earthed outer housing of the
transducer, The transducer thus consists of an outer shell at earth
potential which can be in contact with the patient or mounted at some
'remote' point. An inner shell which is maintained at the neutral
potential of the bridge, and the detecting electrode, A cross section
of the transducer and a view of its front face are shown in rig, 5.1,
The three sections are connected to a double coaxial socket on the
top of the transducer so that double screened cable could be used if
necessary. However it was found later that this type of cable is too
heavy and rigid, In practice it is not necessary to make any earth
connection to the patient and a single screened cable was therefore
used, This enabled the stray capacitance from the electrode lead to
earth to beeliminated from the bridge balance conditions, The

effective/
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effective sensitivity of the transducer is thus increased and the

need for building a transformer within the housing is avolded, A
micrometer adjustment was incorporated so that the spacing between
the electrode and any surface on which the housing rested could be
adjusted,

The overall dimensions of the transducer were chosen to be
of the same order as those used by Groam,the diameter of the
detecting electrode being made as large as possible in order to cut
down edge effects, The neutral screen does not function as a guard
ring since it is not at the same potential as the detecting electrode
when used with the bridge network. The width of the screen
presented at the front face is thus dictated by mechanical
construction rather than electrical requirements.

For convenience the Detecting Electrode was made 7 in
diameter, this gives a capacitance in picofarads which is equal to
the reciprocal of the spacing measured in tenths of an inch, From
the simple theory it can be shown that this equelity is in error by
less than 0,3% and this will be less than the errors in manufacture
of the electrode. Graduations were marked on the Rotating Barrel
at 18° intervals round its circumference to emable the transducer
spacing to be set in increments of one thousandths of an inch,

Fig, 5,2, shows the transducer together with its comnecting
plug and an aluminium vacumf/i:rll%ich can be used to hold it in
position, Figs. 5.3, and 5,4, show the complete assembly in more

detail,



=2 Viz=aio m“ rrrrm! —Frrfetr et =
Baaa ¥ e e S35 EEEss 3o e 7z
zom bea far |Tl!|.l-.‘ll.l.u<"ul.
- T 2] - e g s N IEEPS S —— G ——
LR J e Sl : ] RO R
=t .,”.F..HH-I..H T = Tud A = oy o T
e P i8R 1o - ¥ a80 amuu s 7 4%se = ' 1= = =
e, { 1§ W . — T T ~
o Jr..inur SR ANENE N3 4] s BEEs T 1
¢ ) % n TR 01 1 (SRH SNNNE K1 1 8] T
45 51§ FIME H e FAE34 B 1 RN NSNS 1 T T Tt
T e T =
.@m‘ BT frii === —
T .2 ﬁ
T ‘1 - - : o
: s : “
+ " I
1 t < e 1
) Tt
T
T rr y i T
g Iud PRuma F 2 I
- s :
I 17 T
1 \lu_” H
- I T
[RA B T
T ] 11
T !
| i
|
Fas=—=a IIISIIEIs
/ gas =2
:
TIIT 4 1
T Tt T
“ bl i T |-
- ; o
H m,. T . -fee il
1 =+ 'y e !
2is %Hﬂmmm =itz == |
I = 1
- 13 —
¥
T T =
I = |__
t
18 07 N A i et e e 1141 1$144 12481 18888 RO i
5 i
7
ol " t
LAt _
TR _
i 1 T —
[ T I 1
_ i H

8 10
INCHES

6

5

FIG.5.5. VARIATION OF TRANSDUCER CARACITANCE WITH SPACING



- 89 -

5.2, Calibration of the Transducer.

(i) static Calibration

The first test made on the completed transducer was a
static calibration curve to enable the correct mechanical zero to
be marked on the device and an estimate of the capacitance error to
be determined. The measurements were made using a Wayne Kerr
Universal Bridge Type B 221, the transducer being stood on a flat
metal plate and connected to the bridge through its own cable,

The zero was set at the point at which the electrode and
plate just came into contact, The spacing was then increased from
zero to maximum,the capacitance being measured at suitable intervals.
If the capacitance is inversely proportional to spacing a straight
line plot would be obtained on log-=log paper. However the capacitance
error becomes significant at large spacings so that the inverse
relationship ie not strictly observed, The magnitude of the zero
error can be deduced from the graph shown in Fig. 5.5. It was not
possible to determine the cause of this capacitance error as the
trimming control on the Wayne Kerr Bridge did not have a sufficient
range of adjustment, This prevented the bridge from being balanced
when the transducer was not connected to the cable,

Calibration of the balancing capacitor was also carried
out using the Wayne Kerr Bridge, Since the Wayne Kerr Bridge
operates at an angular frequency of 104 radians per second the
extrapolation of this callbration to frequencies v 1 M Hz may not be

Justified. However the results which were later obtained with

a/
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a 1M Hz bridge using the transducer and balance capacitor remained

congistent with the above calibration.

(ii) Dynemic Tastiqg
A dynamic test of the transducer was made using a Pye=Ling

Type 47/3 vibration generator with a suitable disc attached to the
driving spindle, In order to produce a large change in the
transducer impedance during each vibration cycle the vibrator was
driven at an amplitude close to the maximum and the transducer was
placed at a distance such that any increase in amplitude would result
in contact between the disc and the electrode., The driving
frequency was adjusted to the mechanical resonance of the vibrator
so that a sinusoldal displacement was obtained, Under these
conditions it was possible to examine the distortions produced by a
large amplitude piston~-like motion at the transducer, Fig. 5.6
showe oscilloscope tracings of the bridge output obtained during

these tests,

(iii) Testing under simulated conditions of actual use

The vibrator was alsc modified sco that the drive could be
applied to an artificial body or to a convenient part of a suitable
subject. (i.e. The Arm Method of Takagi et al 1963). This was to
enable the transducer to be tested with a known signal under conditiomns
gimilar to those encountered when observing actual heart sounds,

Some experiments of this type were made with a water
filled polythene bag but the results obtained were not very
satisfactory although vibrations in the bag could be detected,

This was probably due to the insulating nature of the polythene

surface/



surface, An Aluminized Melinex cover was attached to the bag to
provide a conducting surface but was found to be very unsatisfactory,
Better results were achieved by painting the bag with colloidal
graphite although this tended to flake off after a time, It was
also considered that a water filled bag was a very poor
approximation to living tissue and so the observations were later
made with a gelatine filled bag,

Using these dummies it wes found that the maximum
capacitance which could be obtained before contact occurred between
electrode and surface was smaller than expected and the effective
sensitivity was reduced. This was apparently because of the
curvature of the surface which was presented to the transducer
electrode, It became clear that although the vibrator can impart
a piston like motion of a known frequency and amplitude to the test
object the motion detected at the transducer will not necessarily
have the same wave fomm,

In particular when the housing of the transducer is in
contact with the body surface the detected motion is restricted to
the curved skin surface presented to the electrode, The changes
of spacing which are observed will in this case be due to variations
in the curvature of the surface beneath the detecting plate, Since
the properties of the skin vary between different individuals and
on different parts of the body it is not possible to say exactly
what form this curvature will take, It can be shown that the
transducer produces some initial curvature of the body surface when
resting under its own mass or applied with the vacuum ring. Under

these/
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these conditions better linearity and a higher sensitivity can be
obtained by matching the curvature of the electrode face to this
curvature,

It is convenient to regard the surface beneath the electrode
as a portion of a sphere. This is probably a reasonable
approximation provided the area of the detecting electrode is
somewhat smaller than the area of the body surface which is free to
vibrate beneath the transducer, An estimate of the required radius
of curvature was made by means of a dummy transducer of identiceal
nass to the real transducer, This incorporated a direct reading
probe which made contact with the body surface immediately beneath
the centre of the device., A sketch of this device is shown in

Fig. 547

{(iv) Modifications to the Transducer

As a result of these observations a new detecting electrode
was made with a sultably curved surface, In order to repeat the
static and dynamic calibrations described earlier in this section
a curved surface and a curved piston were then necessary. The
effect this has on the bridge characteristics is discussed in
Appendix B .

The first version of the transducer was constructed with a
plain housing over which a rubber belt or vacuum ring could be
fitted to hold the transducer in place on a patient, In use the
rubber belt was found to be unworkable and a separate vacuum ring
greatly increased the transducer diameter, In the final version

of/



Fig. 5.8 Modified Transducer with an Integral Vacuum Ring.



Fig. 5.9 Close=Up of Housing of Modified Transducer.
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of the transducer shown in Fig. 5.8 the housing has been modified
to include the vacuum ring as a permanent feature, This means
that the overall diameter of the device is not increased when the
vacuum ring is used to hold it in position, Fig. 5.9 shows

another view of the final version of the transducer,



dB
70

601
S0}
401
307
201

e e e

Te] o 10" 100 100 100 10° 10 10°Hg
FIG.6.1.0PEN LOOP FREQUENCY RESPONSE OF mA 702

2

dB
707
601

501

0 180 1o 1 1 100 10 0 10 Hz
FIG.6.2. UNCONDIT/IONALLY STABLE RESPONSE




- O -

CHAPTER 6
PRACTICAL INVESTIGATION OF. THE

OPERATIONAL AMPLIFIER METHOD

6.1. Use of an Integrated Circuit Amplifier

In view of the difficulties encountered with the practical
bridge circult described in Chapter 4 it was decided to investigate
further the method of impedance measurement using an operational
amplifier, A large number of integrated circuit operational
amplifiers are now on the market so that it should be possible to
construct a pocket sized instrument for clinical use, The
performance which could be obtained from such an instrument would
then depend on the characteristics of the amplifier. In particular
it is necessary to ensure that the resulting feedback circuit
remains stable irrespective of the value of the transducer impedance,
This can be achieved by talloring the response of the amplifier
within the feedback loop so that the circuit becomes unconditionally
stable,

The S.G.S. = Fairchild A 702 C described by Widlar(1964 ,
1965), is a typical example of the integrated circuit operational
amplifiers currently available, The low frequency open loop gain
of this device is typically 70 db with roll-off points at 0,8, 4
and 40 M Hz. The gain reaches O db at approximately 100 M Hz, The
open loop response curve of the amplifier is shown in Fig, 6.1.

In order to achieve an unconditionally stable response it
is necessary to ensurc that the gain does not fall-off at a rate
greater than 30 db/decade on either side of the carrier frequency

until/
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until the O db line is reached. If both lag and lead compensation
are used to obtain a 20 dk/decade fall=off the maximum upper
frequency at which the gain curve can reach the O db line is

40 M Hz (see Giles 1965), This means that the meximum carrier
frequency at which the full 70 db gain can be cbtained is « 10 k Hz,
This gives a maximum usable bandwidth for the vibration signal of

O = 2 k Hz which is just adequate provided a satisfactory noise level
can be obtained, The overall gain characteristic of the amplifier
with an unconditionally stable response is shown in Fig. 6.2,

The accuracy of the impedance measurement is limited since
the input impedance Z4 has a typical value of 20 k 2, The
resultant transfer impedance of the amplifier ( ﬁ Z d) is thus
60M Q0 . For a 1% measurement accuracy this implies that the
transducer impedance must not be greater than 600 k Q , which is
equivalent to a transducer capacitance of 20 pF at 10 k Hz, This
is inconvenient since it means that the transducer must either have
a very large detecting electrode or be used at very small spacings.
An increase by at least a factor of ten in the transfer impedance
of the amplifier is necessary to produce a transducer of acceptable
dimensions and working range, A greater transfer impedance can be
obtained by increasing either the gain and bandwidth of the amplifier,
or its input impedance, Since the gain-bandwidth product of an
integrated circuit amplifier is defined by its internal construction
there is no method by which either the gain or the bandwidth of a
given type of amplifier can be increased without reducing the other.

An/



An increased input impedance can be obtained by means of a suitable
unity gain stage in front of the main amplifier,

The input impedance of the amplifier combination is then
limited by the capacitance of the cable to the transducer since
this appears in parallel with the input, For a standard coaxial
cable 10 ft. in length this capacitance is «» 200 pF which means
that the transducer capacitance must not be less than 6 pF for 1%
accuracy. The working range of the transducer used with the
operational amplifier circuit would thus be similar to that cobtained

with the bridge circuit.
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6.2, Use of the Wayne Kerr Distance and

vibration mMeter Type B731B

(i) Description of the Instrument

The Wayne Kerr Distance and Vibration Meter Type B731B
is a commercially available instrument for the linear measurement
of distance and peak-to-peak vibration using a capacitative probe.
The distance measurement is made by means of the operational amplifier
technique and is shown in block form in Fig, 6.3, The 50 k Hz
oscillator provides a signal of constant amplitude so that the output
of the amplifier 1s proportional to the spacing between the probe
and a suitable earthed conducting surface. The detected output
from a vibrating surface can therefore be resolved into a constant
component due to the mean probe spacing and a varying component due
to the vibration. There is no means provided within the
instrument for backing-off the constant component of the output signal
so that only the vibration output is obtained., The peak=-to=-peak
vibration channel is A.,C. coupled immediately after the demodulator
circuit and no output 1s provided at this point so that it is not
possible to obtain the vibration sl gnal e xcept through the
A.C, coupling,

Some modification is therefore necessary in order to make
the instrument suitable for the detection of cardiovascular sounds,
In addition the instrument is a mains operated device using
thermionic valves which means that it is not ideally suited for
clinical use, It was thought that one of these instruments could

be used as a test of the operational amplifier method and an

arrangement/
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arrangement was made to borrow one for this purpose. External
modifications were made to the instrument so that the required
backing=off facility could be obtained and some heart sound

recordings were made,

(ii) Modifications to Give Backing-Off Facility

It can be seen from the block diagram (Fig. 6.3) that a
switch is provided within the instrument so that the oscillator
output can be set to a known value, If the valve voltmeter circuit
shown in Fig, 6.4. is duplicated then the oscillator amplitude can
be monitored continuously. The output of the valve voltmeter is
displayed on 2 meter but it can also be used to drive a chart recorder
of 1 K Q input impedance through a jack socket provided. If a
sultable connection is then made between the two voltmeter circuits
the constant component of the vibration channel signal can be
backed=off.using part of the oscillator amplitude signal,
Unfortunately the available terminals on the instrument do not enable
the osclllator amplitude to be monitored externally, so it is not
possible to provide a variable input to the oscillator amplitude
detector,

In order to achieve the required result it is necessary to
operate the instrument with the switch in the 'Set' position. The
Distance Indicator then reads full scale continaously, corresponding
to the output of the oscillator. A variable backing-off voltage
is obtained by means of a potential divider across the detector

output, The duplicate valve voltmeter circult is connected

externally/



externally across the amplifier output between the earth and chassis
terminals provided so that a signal is obtained proportional to the
amplifier output. Since this is run from an external battery
power supply it is convenient to connect the zero volte line to the
earth point and the input to the chassis terminal of the Wayne Kerr
Meter,

The output obtained from each of the voltmeters is a full
wave rectified version of the carrier signal so that a filter is
required to remove the ripple, A filter is supplied with the
instrument so that the detected output of the distance channel can be
displayed on an oscilloscope. This filter is not suitable because
although it contains a "twin-T" circuit which can be tuned over the
range 50 = 100 k Hz the output has component signals at both 50 and
100 k Hz. It is found that the filter cannot be adjusted to cancel
both these frequencies, New filters were therefore constructed for
both voltmeter channels,

Fig. 6.5 shows the connections required to produce a single
sided output suitable for connection to an F,M, tape recording
systenm, This arrangement is not as satisfactory as a differentisal
system since each of the filters can then be connected to the earth
line, thus resulting in a lower noise level, With the set zero
control in this position it is not possible to back-off mean levels
larger than full scale deflection but the present instrument does not
allow any alternative,

(1ii) Use of wWayne Kerr Probes

The Wayne Kerr Distance and Vibration Meter is designed to

work /
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work with a probe having a capacitance of 0.35pF at its nominal
range. The transducer constructed for the bridge network is not
suitable therefore for use with this instrument because it has a
much larger effective capacitance,

A set of five probes are normally supplied with the Wayne
Kerr instrument for working at different ranges from 0,001" to
0.1". These are each provided with a guard ring of suitable area
to ensure linearity of field at the probe face. Only two of these
probes with ranges of 0.05" and 0.1" are suitable for the detection
of cardiovascular sounds, as the ranges of the others are too small
to ensure that limiting does not occur.

Both these probes have been used successfully for
recordings of the total motion of the body surface, It was also
found possible to make a small modification of the housing of the
transducer described in Chapter 5 so that it would accept either of
these probes. This enabled them to be used for relative motion
studies with the housing held in place on the body surface by means

of the vacuum ring.
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CHAPTER 7

RESULTS AND CONCLUSIONS

7.1 Detection of Cardiovasculer Sounds Usiqg_the Bridge Method.

As soon as the prototype of the transducer was completed
it became possible to carry out observations on real subjects, In
order to do this a bridge circuit without feedback was first
constructed using a series tuned circuit of the type described by
Baxandall (1963), This arrangement had the disadvantage that
additional tuning controls were required and these could not be
gaenged to the bridge balanﬁing capacitor, As a result, it was not
possible to rebalance the bridge when the transducer was in position
on a subject. Instead it was necessary to set up the bridge, using
the Pye-Ling Vibrator, so that it was correctly tuned at some
particular balance setting and then adjust the transducer on the
subject to give the same balance setting.

Using this procedure an attempt was made to detect heart
sounds from the precordium. At first,results were not very
satisfactory as the transducer was held in place by hand., This
resulted in a continual variation of contact pressure with
respiration and other movements which affected the bridge balance,
The addition of & vacuum ring enabled the transducer to be held in
place on the chest wall and more consistent results were then
obtained., The waveforms were observed by means of an oscilloscope.

More success was obtained when an attempt was made to
pick~up the carotid pulse by "hand application' of the transducer to
the neck, The detected output of the bridge was again observed by

means/



means of an oscilloscope, Some distortion was apparent but the
dichrotic notch, a typical feature of the waveform, was easily
recognised, On another occasion the radial pulse was detected by
'hand application' of the transducer to the wrist,

In addition to observing the waveforms by means of an
oscilloscope the output of the bridge was A.C, coupled to an amplifier
and loudspeaker. This enabled the sounds to be heard even when the
bridge was not balanced and the trace did not appear on the
oscilloscope screen, With @ conventional air transmission microphone
thie arrangement would have resulted in acoustical feedback due to
the sensitivity of such microphones to air borne noise, This did
not occur with the capecitance proximity transducer as it has no
moving parts and a large amount of energy would be required to set
the body surface in motion,

Tape recordings were made of the output of the Proximity
Transducer and a number of other microphones available in the
laboratory. These were reproduced over a loudspeaker and a
subjective judgement made of the quality of the sounds detected by
each, It was considered that the Proximity Transducer was not as
good as the other microphones but the poor quality of this signal
was later found to be due in part to external radio frequency
interference,

A number of successful recordings were later made of foetal
heart sounds, These were first attempted using a rubber belt to
hold the transducer in position. However this gave rise to
considerable difficulties due to variations in contact pressure and

made/
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made it inconvenient to change the transducer location on the
maternal abdomen, In these circumstances it was found that
"hand application” was the ideal method for locating the source of
the sound since the position and pressure could be changed more
easily. This method is not suitable for recording as there is a
continual variation in balance conditions due to changes in contact
pressure, The vacuum ring cen however be used to hold the
transducer in position once the source of sound has been located by
hand, Continuous observation and recording for periods up to

20 minutes is possible using the vacuum ring but this leads to
bruising of the skin due to the reduced pressure, For extended
recordings it might therefore be necessary to attach the transducer
by means of adhesive tape,

The final phase of this series of cobservations was a
semicontinuous recording of foetal heart sounds during the first
stage of labour, The vacuum ring was again used in preference to
the rubber belt and was found to give the minimum of inconvenience
to the mother-=to-be, The recordings were made continuocusly during
contractions with only a slight variation in observed signal level,
Fige. 7.1 shows three heart sound complexes recorded during a
contraction and Fig. 7.2 three complexes recorded between contractioms,
(ﬁe time-scale is given by the 50 Hz square wave).

These recordings were made using a bridge method with A.C.
coupled feedback. D.C, coupled feedback could not be used because

the/



the D.C. level at the ocutput of the detector amplifier was different
from the level required to set the tail current of the oscillator to
its nominal value. With A.C. feedback it was necessary to ensure

that the bridge was balanced in order that the linearity correction

was properly applied,
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7.2, Gualitative Examination of Foetal Heart Sounds

Arrangements were made to borrow a "Fenlow Low Frequency
Spectrum Analyser Type SA2" and some associated apparatus normally
used for the analysis of electroencephalograph signals, This
enabled a series of analyses of the spectral power distribution to
be carried out on selected passages of the foetal heart sound
recordings of up to 90 seconds in duration, Some preliminary
examinations were made over a wide range of frequencies using a
bandwidth of 7.5 Hz. Some more detailed analyses were then made
for the range from 10 - 80 Hz using a bandwidth of 1,5 Hz, It
was found that all sections of the record contained an energy peak
which was situated in the band between 25 and 30 Hz. The graph
shown in Fig. 7.3 is a typicel example.

In spite of the fact that a direct recording method with a
response falling off below 40 Hz was used for these observations
the peak appears at least an order of magnitude greater than any
other possible peak in the spectrum, A correction curve was
prepared for the record-replay system for frequencies below 100 Hz.
After applying this correction to the results the peak appears some
two orders of magnitude greater than any peak above 30 Hz. Owing
to the poor signal to noise ratio of the tape system it was not
possible to obtain a satisfactory correction factqy for the tape
system below 20 Hz.

In view of the findings of Smith (1957), Simpson & Leask
(1959), Leonard & Farrer (1963), Cornwall & Tattam (1964) and other

workers/



workers regarding the existence of favoured frequencies for the
detection of foetal heart sounds at 50 - 60 Hz or 75 - 90 Hz, it is
interesting to note that the peak between 25 and 30 Hz is the only
one of significance in the spectrum, In some cases a small peak was
obtained at 50 Hz but it was found that this was due to mains hum in
the recorder on replay. Since the normal bandwidth of the recorder
extends from 40 Hz upwards it would be expected that had other
energy peaks existed at higher frequencies these would have been
apparent in the uncorrected analysis, It is obviocus that a harmonic
relationship could exist between the observed peak at 25 = 30 Hz
and the other preferred frequencies at 50 - 60 Hz and 75 - 90 Hz,
Further investigation has shown that the observed peak may be due to
the mechanical modes of vibration of the transducer and of the
maternal abdomen rather than to properties of the foetal heart
sounds.

It has not been possible to repeat this analysis with
other records as the Fenlow equipment is no longer available in

Edinburgh,
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7.3 Observation and Recording using the Wayne Kerr
Distance and Vibration Meter

The observations described in Sections 7.1 and 7.2 were
made using forms of the bridge network without complete linearity
correction, Althougé?g;erall linearity of the uncorrected bridge
method is better than that obtained by other workers it is not
considered to be sufficient fo;?;;esent application, Further
investigation of the feedback method showed that it was not possible
to design a working instrument which would have satisfactory linearity
at all settings of the balance capacitor, For this reason the
operational amplifier method of impedance measurement was examined
and modifications were made to a commercial instrument of this type
so0 that it could be used for the detection of cardiovascular sounds,

Figs, 7.4 = 7.8 show oscilloscope tracings of a number of
different cardiovascular aouhds recorded using this instrument,

These were made with the subject lying on a couch, and the transducer
supported on a stand above the point of observation so that there was
no physical contact with the body surface, The transducer used for
the recordings was the Wayne Xerr Probe E which has a range of 0,1",
This was brought as close as possible to the skin without contact
occurring during any part of the vibration cycle. During the
recordings from the precordium it was necessary for the subject to
hold his breath in order to eliminate the large excursion due to
respiration, Unless this was done it was not possible to obtain a
steady trace on the oscilloscope with adequate sensitivity for
observation of the heart sounds, This was not necessary for detection

of the carotid and jugular pulsations in the neck. (ﬂé shown 1n ﬁs. 7-9)

Recordings/



Recordings of the foetal heart sound were also attempted
using the Weyne Kerr probe, This was supported in the modified
housing of the bridge transducer so that it could rest on the maternal
abdomen, Due to the large amplitude of signal detected from the
meternal heart it was not possible to distinguish the foetal heart

sounds in the waveforms observed on the oscilloscope.



7.4 gomslvajons

The historical development of auscultation and
phonocardiography has resulted in the use of observing techniques
which only provide information fram a part of the spectrum of
cardiovascular sounds, However there is still a need to observe the
whole of the spectrum even though much of it lies outside the range
of human hearing, Valuable clinical information can be deduced from
the low frequency wave shapes and from low-intensity components at
high frequencies which are not normally audible,

In order to detect these vibrations satisfactorily over such
a wide range of frequency and intensity without distortion a special
transducer is required, The capacitance proximity transducer is
ideally suited to this use since it mekes no contact with the body
surface, Its use for the detection of a variety of cardiovascular
sounds has been described by other workers, In particular Chlebus
(1962) has shown that it gives superior results in the diagnosis of
athero sclerosis when compared with the normal type of contact
transducer,

The errors inherent in the use of this type of transducer
have been considered theoretically, It has been shown that with a
suitable construction the effective reactance is proportional to the
spacing between the transducer and the body surface,

The methods of detecting the changes in this reactance have
also been considered and the importance of the linearity of the method
has been stressed, Sufficient consideration of the linearity of the

detecting method has not been made by other workers although this will

affect the wave shapes and component frequencies observed.

Details/
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Details are given of a new bridge method giving a linear
output under specified conditions, This method is not suitable
for use with variable settings of the transducer, An operational
amplifier method was therefore investigated. This type of circuit
is available as an industrial distance measuring equipment but is not
immediately suitable for the detection of ultra-low frequency
vibration waveforms., Suitable modifications have been described
whereby it can be used for this purpose. Some results have been
presented to illustrate the possible modes of operation of this type
of transducer with a linear measuring system,

In their present forms neither the bridge method nor the
operational amplifier method are suitable for clinical use, However
the use of integrated circuits are discussed in connection with the
operational amplifier method and it seems that these would make
possible the construction of a more portable instrument. Turther
experience of making measurements in the laboratory may make possible
the construction of a simpler type of transducer which because of its
robustness might well be suitable for use as a routine clinical

instrument.
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APPENDIX A - TRANSISTORS IN CHOPPER CIRCUITS

1, Physical Construction of the Transistor and
its Equivalent Circuilt

All transistors of the conventional type, regardless of the
process by which they were manufactured, contain two p=-n junctions.
One semiconductor material is common to both junctions and forms the
base region of the transistor, so that in an npn transistor the base
is of p-type material and in a pnp transistor it is of n-type
material, Each of the junctions can function as a rectifler and so
the nature of the base material will define the polarity which must
be applied to enable current to flow between the base and elther
of the other terminals of the device, Owing to the close proximity
of the two junctions current flowing in the forward biased diode
will allow a controlled current to flow between the two similar
terminals of the device, The ratio of this controlled current to
the base current is defined as the current gain of the transistor,
It is clear that either junction may function in this way, the terminal
of the forward biased junction being called the emitter, and that of
the reverse biased junction, the collector.

In practice these devices are not constructed symmetrically
so that there will be considerable differences between the
characteristics of the two junctions (Standard Telephones and
Cables, 1861), In particular, differences in the areas of the two
Jjunctions will give rise to different current gains depending on the

terminal which functions as emitter. The devices are usually supplied

by/
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by the manufacturer with a marking which identifies the mode of
connection which will give rise to the greater of the two current
gains, This is commonly called the 'mormal current gain'.

It is thus possible to construct a2 very simplified
equivalent circuit for large signal d.c, operation which consists
of two current generators and two ideel diodes arranged back to
back, as shown in Fig. A. 1. (ef. Lydén, 1963). It can be seen that
Ib = I, (1 -ﬁi) + I, (1 -“n) in both cases,

If both junctions are reverse biased then IB and Ic are
very small and the effective impedance between emitter and collector
terminals is very high, This is the cut-off state,

With only one junction forward biased the device operates
in the nomal or inverse active regions of its characteristics
allowing a controlled current between emitter and collector.

When both junctions are forward bilased the device 1s said
to be bottomed and there is a very low effective impedance between
collector and emitter terminals., Owing to the inherent asymetry

of the device the saturation base current required will depend on

the direction of current flow between emitter and collector,

2, Transistor Output Characteristics.

Output characteristics are shown in Fig. A.2. for an
asymetrical transistor connected in the normal mode, Certain
features have becen exaggerated to emphasise the parameters which must

be cons Adererd when selecting a transistor for bidirectional current

switching/
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switching applications. In particular it is desirable that Rd'
vceo and Iceo should be as small as possible, and Rorf' Bveb and
Bvcb as large as possible,

Output characteristics can also be drawn for the inverse
mode and are apparently similar to those for normal mode but rotated
through 180°, One useful effect is that the '0Offset Voltage'
(Vceo)’ which always has the same polarity as the forward bias
applied to the base, is reduced by a factor equal to the ratio of
normal and inverse current gains,

Germanium transistors have lower offset voltages than
Silicon Transistors but the leakage currents are higher (i.e, Rope
is lower) and all parameters are more dependent on temperature.

It can be seen that irrespective of the mode of operation an
asymmetric transistor will require a high level of base current in
order that the transistor ie saturated for both directions of
current flow., The inverse mode iz most frequently used in lew level
circuits where a minimel offset voltage is required,

For high level work the ultimate limits to the usefulness
of the transistor as a switch are set by the reverse breakdown
voltages of the two junctions and the "punch-through” voltage between
emitter and collector, Whichever of these is the lowest will set
the maximum peak-peak alternating voltage which the device 1s capable
of withstanding in the cut-off condition.

Some symmetrical transistor types are availlable with similar

forward and reverse current gains and more equal breakdown ratings

for/
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for the twe junctions, These types also have the advantage of much
lower offset voltages, Unfortunately the most satisfactory of

these devices are Germanium Transistors and as a result oi the
method of fabrication their high frequency performance is limited to
a maximum of 20 M Hz, which may not be adequate for the present
application, Improved performance may however be possible by tuning

the switch capacitances,

3, Gceneralized Drive Circuit

The circuit shown in Fig. A.3 can be regarded as a generalized
form of all possible drive arrangements for a transistor switching
circuit (Evans, Gill and Moffitt (1961)).

In the limit as Rl—r 00 it represents the normal mode of

operation, and as R, =>» 60 the inverse mode, With symmetrical

2

transistors it 1s convenient if Rl = R2 but the series combination

R, + R, shunts the OFF resistance of the switch. This can, however,
be ocvoided 1f diodes are added in series with each resistor so that
they conduct in the desired direction of base drive current. The
ratio of currents flowing in P..1 and R2 when the device is bottomed
will depend on the potential applied across the terminals AB and the
normal and inverse current gains of the device, In order that the
switch turns on and off satisfactorily the drive amplitude must be
at least as great as the maximum potential which is epplied when the
switch is to remain open circuit.
Using this drive circuit it is possible to derive an

approximate/
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approximate expression for the offset voltage and dynamic resistance

of the transistor switch.

_V'ceo"" Ve b4 5 - l—j&

and, /3, and /3‘: are the normal

and inverse current galns of the transistor,

Rd - ZVQ | |
II‘bl { * }

(148) +28  (1-8) +234

where the collector and emitter lead resistances have been neglected.,

For normal mode operation R, =00 . 8=+land Vieo = _-V_._'?_
R

For inverse mode operation R, =00 .. §==-) and Vieeo . = Vo
ABa

For a symmetrical device with R =R, & 0=0 and ﬂn- ﬁi , -V—ceo =0

A useful asynmetrical arrangement giving Vceo = 0 can be

obtained if H'S = /3" = Ry but in this case the load on
] —S 160 R:.

the drive circuit will depend on the direction of current between

the switch terminals.

From the equation given for the "ON' resistance it can be
seen that in the case of asymmotrical transistors with Ba=2>/3¢
operated in the normal mode ( & & =t|) there is a limiting value

given by

R = _VB . I
(=), ‘Ib| (1+p:)

The/
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The corresponding limit for the inverse mode is slightly greater,

For symmetrical transistors this limiting value will be much
smaller since /65 is generally of the same order as ﬁn of an

asymmetrical device,

i.e. (Rd)s vw 2Vo. 2 .'.(Rdv)sé (RJL_.)qpmclul A)(Zﬁ;i—%)
lzol (1 +2p5)
The 'ON' stete of the transistor switch is thus equivalent
to a battery of E.M.F. vceo in series with a resistance Rd. The
magnitudes of these components are dependent on the type of device

and the drive circuit and are lowest for the completely symmetrical

system,

When alternating voltages of large amplitude appear across
the switch in the open circuit condition the breakdown voltages of
the two junctions must be greater than the peak amplitude
otherwise conduction will occur, The breakdown voltages on
asymmetrical devices can differ widely, so that the lower (usually
Bvbe) will be the limiting factor, for high frequency transistors
this may be as little as 3V compared with a Bvcb of w50V,
symmetrical transistors, whilst having equal or similar breakdown
ratings for the two junctions, cannot be obtained with values

> 25V so that the alternating voltage applied must not exceed
25V pk=pk. If higher potentials are to be withstood combinations of

transistors/
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transistors may be effective but the low level performance is degraded.

4, Transistor Pairs for the Reduction of Offset Voltgge
and the Increase of Breakdown Ratings

Two cases have been mentioned above in which the Offset
Voltage of a single transistor acting as a switch can be made equal
to zero, When these particular circuits are unsuitable, pairs of
asymmetrical devices may be used to obtain zero offset voltage but
careful matching is reguired if cancellation is to be obtained for
wide ranges of base current and ambient temperature. For the
present application cut-off frequency and breakdown ratings are the
limiving factors on the usefulness of the symmetrical transistor
switch, and it 1s possible that some combination of asymmetric devices

might give better performance,

4,1, Series Combinations

(1) ‘Like’ Transistors 'Back-to-Back'
The circuit shown in Fig. A.4, which was first described by
Bright (1955), is most frequently used for the cancellation of offset
voltage. It can be seen from the equivalent circuit that if
(vcm)l = (Vyep), the offset voltage is zero, however the dynamic
resistance is increased to twice the value for a single transistor.
The transistors are normally driven in parallel in the inverted
coniiguration, as shown, since inverted drive produces a lower
offset voltage and hence reduced variation with ambient temperature.
The circuit will also function satisfactorily if the tramnsistors

are/
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are driven in the normal mode.

A disadvantage of the circuit is that the switch current
flows in opposite senses in relation to the collector and emitter
terminals of the two devices so that for a given current one transistor
will require a greater drive than the other in order to hold on
satisfactorily. ( i.e., In practice an excess of the base current
must always be supplied to one of the transistors in order that there
is sufficient current to saturate the other.) As a result this circuit
requires about ten times as much current in the 'ON' state as the
single symmetrical transistor circuit,

However the circuit has the advantage that the reverse
voltage which must be applied to switch off can be less than the
signal voltage across the terminals AB provided it is sufficient to
reverse bias both junctions of one transistor, The other transistor
can still conduct, so that the off resistance is only that of a single
transistor, hence the ratio of 'ON' to 'OFF' resistances is twice that
for a single device, Further, the breakdown ratings of the switch
will depend on the breakdown characteristics of the 'OFF' transistor
so that for the connection shown Bvebo will 1imit the maximum voltage
which can be applied in the 'OFF' condition. Clearly, the breakdown

rating can be improved by using the normel connection since
BV BV .
cbo > ebo

(ii) 'Unlike'’Transistors 'Back-to-Back

It can be seen from the equivalent circuit in Fig., A.5 that

this particular arrangement will not give cancellation of offset

voltage/
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voltage since the control current flows through the devices in
series. The current flowing between AB will be either in the forward
direction for both transistors or in the reverse direction for both,
hence the base drive current for one direction of flow will be
greater than that for the other, This is true irrespective of
whether the emitters or the collectors of the two transistors are
coupled together, Considering the voltage necessary to keep the
switch in the 'OFF condition it is found that when the polarity across
the switch is such that A is negative with respect to B the potential
at the drive terminals must be greater than that between AB. So
that breakdown in the drive circuit will limit the amplitude in
this polarity. For the opposite potential between AB very little
drive is required to reverse-blas both transistors so that the
breakdown rating of the switch depends on the sum of the other two
breakdown ratings of the tramnsistors, Consequently the best rating
which can be given for bidirectional operation is mﬁ%bd‘

This arrangement is clearly unsatisfactory for most
applications due to the inequality of drive requirements for true

bidirectional operation and the additive nature of the offset voltages.

(11i) Other Series Combinations

It is clear that a wide range of circuits involving different
drive arrangements and combinations of transistors can be derived from
these two circuits,

For example the 'Like' Transistors discussed in Section
4,1.(1i) can be arranged front to back and if they are driven as

shown/
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shown in Fig. A.4. one will be in the normel and one in the inverse
connection. A8 a result only partial cancellation of offset
voltage can be obtalned but both transistors will conduct in the same
direction, A further modification would be to separate the drives
and then no cancellation of vceo would be possible,

The 'Unlike' Transistors discussed in Section 4,1,(ii)
can also be connected front to back but if the drive is separated
so that they are driven in antiphase cancellation of vceo can be
obtained, Of course this means that the transistors do not conduct
in the same direction and hence their drive requirements are a
function of current direction between A.,B. Further examination
shows that they cannot give an increase in Breakdown Voltage for
bidirectional coperation above that obtained with the circuit shown
in Fig., A.4 and at the same time have an improvement in one of the

other relevant factors.

4,2, Pparallel Combinations

(1) ‘Unlike' Transistors - 'Side by side'

In the configuration shown in Fig. A.6., which has been
discussed by Lydén (1965), both transistors are being driven in the
same mode so that irrespective of the direction of current flow
between A and B there will be one transistor conducting in its most
favourable direction. As a result base current requirements are
reduced, The equivalent circuit shows that under suitably matched
conditions the Offset voltage can be reduced to zero and the 'ON'
resistance can be as low as half that for a single transistor.

In/
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In order to keep the switch open circuit the reverse drive
voltage must always be greater than the signal appearing across the
terminals A.,B. since one transistor of the pair is always biased in
the forward directiom. The breakdown rating of the switch is always
set by The Reverse Base-Emitter Breakdown Voltage of the inverse

conducting transistor.

(i1) 'Like' Transistors - ‘'Side by side’

This must be regarded as a trivial case since the drive
requirements are the same as for a single transistor except that
twice the current must be supplied. The 'ON' and 'OFF' resistances
are both halved but the offset voltage is not reduced. The breakdown

ratings correspond to those of a single transistor,

(iii) Other Parallel Combinations

It is clear that many other parallel combinations of two
transistors are possible,

For example one of the transistors in circuit shown in
Fig. A.6. can be inverted. This has the advantage of increasing
the Breakdown Voltage for one polarity applied to AB but not the
other, On the other hand conduction in one direction will not be
so easily brought about so a higher level of drive current will be
necessary and also the offset voltages will not cancel completely,
Some of these disadvantages can be removed by separating the two
drives but then there is no cancellation of vcao and the circuit has
similar properties to that discussed in Section 4.2,(ii).

'Like' Transistors can however be used effectively in this

arrangement/
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arrangement since cancellation of Offset voltage can be obtained
when they are driven in the same mode but in antiphase, The
breakdown ratings of such a combination are always restricted to
BV opo in both directions since the two paths are in parallel, The

e
equivalent circuit is the same as that shown in Fig, A.6,

4,3, Conclusions

Although all possible combinations of transistors have not
been discussed in the preceding paragraphs certain relationships
between the relevant parameters become apparent, These may be
summarized as follows;-

1, The drive power required to obtain effective ON/OFF action
for 2ll currents and voltages is approximately constant
irrespective of the combination in use, This is s0
because a circuit requiring a small current to switch on
requires a large voltage to switch off and vice versa.

2, As a result of manufacturing processes the normal current
gain of the transistor is always associated with the
Junction having the lower of the two breakdown voltages,
Hence it is found that a high breakdown voltage prevents
equal conduction in both directions and vice versa,

3. When using minimum drive current to hold the switch on and
minimum reverse voltage to keep the switch off the ratio
of 'ON' to "OFF' resistances is twice that for a single

transistor switch,

5./
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5. More Complex Combinations

The requirements for a switch element of any degree of
complexity are as follows:=-

1, At least one transistor in each path of the switch shall
have both junctions reverse biased when the switch is
driven ‘'OFF‘.

2. In the 'OFF' condition the junction receiving the maximum
reverse bias in any path shall have the greater of the
two specified breakdown voltages for the device,

3. In order that the dynamic resistance shall be a minimum
all transistors in one path of the switch must conduct
in the forward (high gain) direction when the switch is
‘oN’.

Examination of possible series=parallel combinations of
four transistors shows that there is no possible arrangement which
can meet these three requirements so well as a symmetrical transistor

with high breakdown ratings,
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APPENDIX B = USE OF THE CAPACITANCE TRANSDUCER WITH
CURVED SURFACES

l. Flat Detectiqg Electrode

If the radius of curvature of the surfece is large then the
field between the electrode and surface can be regarded as uniform
and parallel, The capacitance of an elemental area of the transducer

S A at an effective distance d' from the surface is given by
gc ~ ECr -S_Q_..
d'l

The total capaclitance of the transducer can then be obtained
by integration over the area of the detecting electrode, The form
of the integral depends on the shape of the body surface, since this
defines the way in which d' varies over the area of the transducer
face,

(1) Cylindrical surface

(This calculation follows the method given by Wayne
Kerr (c 1959)). (See Fig. B.1.)

If the detecting electrode of radius r is placed at a true
minimum axial distance d from a cylinder of radius R then the
capacitance of an elemental strip parallel to the axis of the

cylinder is given by

SC= €,Cp . z,l“'-zz.d‘b

The distance d' remains constant along the length of this strip and

is/
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is given by

d =d + R(" -|_%;)

Hence the total capacitance of the electrode to the cylindrical

surface is given by

+0
C:Goép. | 241" - x* . dx

od l+%(1— r-ﬁt)

- R%

It is convenient to change the varieble of integration

from X to O such that
x = M SnB

dx =1 ws8.dBb

This gives
ke

C = eemd 2 s 0 4B

& J ! +%[,_;(,_%_sm)]

It can be seen that as R = OQ this expression gives the capacitance

of the parallel plate capacitor

1.8, C = €o €r. npz‘

can be expanded by means of the binomial theorem and a

reasonable/
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reasonable approximation obtained by using only the first two terms

of the expansion.

i.e.

-G = 1 -4 Lo

The integral then becomes

et
C .ee Mt 1 [__2cs*0.d8
d T [] -p._ff; .SEnF'Eﬂ
2Rd

.
e

A simple general solution of the integral is not possible so that

it is necessary to tabulate values of capacitance for specific values
2

of the function r
2Rd

It can be seen from this expression that the measurement error
produced by a cylindrical surface of radius R will be the same for

all sizes of probe when the minimum axial distance is the same fraction
of the probe range. Normalized curves can therefore be drawn

showing the measured reactance Xd' as a fraction of the reactance

¥h measured to a plane surface at maximum range as a function of the

minimum axial distance d expressed as a fraction of the probe range}\.

.;<_ TS

Fig. 2.13 shows a set of curves of this function for

different values of R compiled from data given by Wayne Kerr (c.l959),

(ii)/
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(1i) Spherical surface

A similar set of curves can be derived for spherical
surfaces with different radii of curvature, ( See Fig.B.2)
The capacitance of an elemental ring of radius X of the

electrode is given by

SC = €,€r. 2 X.dX
d.'

The distance d' is constant along the perimeter of this strip and

is given by

d«d+R(-/1 -X)

The total capacitance of the electrode to the spherical surface is

then given by

Co = B 2 7t x.dx
d + —}(l "")

0 RT

In all practical cases R S>> and X < so that ,./ -Rz

can be expanded by the binomial theorem and the first two terms give
2 good approximation.

The integral then becomes

This/
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This integral can be evaluated easily and gives

2 2
C = €6 ndr .Zfli.ln(l +2PRd)

2

r
It can be seen that this expression is also a function of 2Ral.
and so the same error considerations will apply for different
probes as in the cylindrical case. Fig. 2.14 shows a set of curves

for different radii of curvature plotted from this formula.

(iii) Changes of Curvature

It is not possible to analyse the form of the capacitance
variations at the transducer when the surface undergoes a change of
curvature unless the form of motion of the curved surface can be
specified., If the curvature remains large throughout the
vibration then any additional error due to changes in curvature
will be small,

However when the transducer is allowed to rest on the body
surface the vibrating area beneath the electrode will be curved and
in this case the vibrations can only appear as changes in curvature,
A similar situation exists in the electrostatic microphone and
pressure transducer where the second electrode of the capacitor takes
the form of a diaphragm or membrane having negligible stiffness in
bending.

The arrangement is shown in Fig B. 3 . The radius S of
the sidewalls of the transducer is larger than the radius of the

detecting/
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detecting electrode. The height of the sidewalls b remains
constant during the observation. € 1s the height of the 'bulge'
above the plane defined by the ring of contact of the sidewalls on

the body surface,

Hence d. -+ t = .b
and from the Geometry of the circle
t (2R -t) = s
R . .(S" +¢‘)
2 t
o [2 e oead)
2 (b-d)

This value of R can be substituted in the solution of the integral

obtained in Section (il) above,

2| .2 (b-d); il f‘z_ (b-(‘) .
sl ﬁdf‘ S(l-d) Rl I )

Since b and d will both be small compared with S this expression can

be simplified without much loss of accuracy,

1o, C e mrt s . d. In |+ . (b-d)
£ d s‘-

S
v
(
2>
>

This formula can be used to prepare 2 set of error curves
for different ratios of I and s, and different values of the
sidewall height b .

In/
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In this case

Xd
X+

(b=d) r' |

d
h

Since b is a constant it is convenient to represent it as a

function ot'k

i.e. b =kh

then ;(i e f‘(% - I) ':: . 1n[| +;L:(%“’)]

Fig. B. & . gives a series of normalized curves for different
values of K with M =S and Fig. B.5 . for different values of

p
ol S f
S with K= I,

2. CURVED ELECTRODE

When the transducer housing rests on the body surface it is
known that the surface will have some initial curvature, If this
curvature can be measured then improved linearity can be obtained
by matching the curvature of the detecting electrode to the curvature
of the surface,

Fig. B. & shows the general arrangement of the transducer
with a curved electrode with radius of curvature R, and a curved

2

surface of radius of curvature RI‘ b defines the distance between

these two surfeces at the boundary of the transducer and is constant.

W is the distance between the two centres of curvature,

In this case the spacing between the two surfaces at
radius/
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radius x from the axis is given by
/

¢ WRR) - A

the total capacitance is therefore

C

27 % dx

€ Er /(/R“T w+[RT-x" )
& Ex 27t x dx
| G

"

since R«

and _X £ in all practical cases both
R, R,
2
2
| o=y and | - X
R,

-_R—-i can be

expanded using the binomial theorem, Subtracting the two expansions

& - R () )

gives

R, l-—- -R

The other terms in the expression are small and can be neglected,

The integral then becomes

rt

(_‘:_.= €, Er Z’TXC{X -
(R R)H--;_- PJ W

l

From/
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wW = ( R, ”'Tzl) -d

‘e
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1

so further simplification of the integral is possible

i.e.

Putting 5 =

#

r

Cs eoe..f
Q

2R R d
('RI"Rl)

R

€ €« 2r K Ik,

6069 271' R|Rl . ln(
(R -R,)

2 x.dx
-+ (EL:ED.Xx
d 2Rk,

rz 7 % .dx
(R, -R) | (g+x?)

the integral becomes

|+ £
+3)

From the geometry of the transducer shown in the diagram

R‘.:L{
2

so that

Substituting/

s? + t’.}

6

and R, =
2
(tr"’tz)
N
2 (b-d)

T

2

2 i
i
Ca

)
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Substituting this in the expression for the capacitance gives

(j = G;,fir._Ii_Ei . Ln [ | %+ _E:“ ljlégi)}

(b-d) d
_ art 8 d la |} +f.(b_-¢=0]
- Go er‘ T r" (b'd) { S‘l— d

The resulting expression is clearly the same as that obtained with
a flat detecting electrode used with a curved surface and the curves
given in Figs. B. 4 and B. § . can be used. 1In this case
however zero error would be obtalned for piston-like motion of two

surfaces with equal radii of curvature.
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