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SUMMARY 

The signal detected from electrodes placed on the abdomen 

of an expectant mother consists of the foetal electro-cardiogram, 

estimated between 5 and 60 microvolts, a larger maternal complex, 

potentials originating from breathing and abdominal muscles and 

electronic noise. In this thesis the development of an amplifier 

to improve the quality of the foetal signal to facilitate its 

interpretation is described. 

The basic amplifier, of the balanced input type, is 

designed with complementary dual field effect transistors and is 

temperature compensated. The input impedance is about 101 ohms 

and the bandwidth extends from d.c. to 1O°Hz. For electrocardio-~ 

graphic purposes these were Limited to 16 ohms for each input and 

lHz to 130Hz respectively. The use of negative common mode feed- 

back gives a rejection ratio estimated to be 120 db. The electronic 

noise is less than 1 microvolt peak to peak. The output is single 

ended and the overall gain is 10°. 

Spurious signals due to interaction between metallic 

electrode materials acu Gay electrolytes are reduced by the use of 

graphite electrodes in the form of blocks and cloth drastically 

cleaned initially to remove other metals with which it had come into 

contact during manufacture. 

F.M. tape recording and averaging using a PDP8/I computer 

was undertaken to produce noise-free foetal electro-cardiograms for 

diagnostic purposes. The various shapes of the averaged electro- 

cardiograms obtained are discussed. 

The effect of bandwidth on the ee waveform and on 

the diagnosis of foetal presentation is demonstrated. 

The system has «lso been used for detecting foetal life, 

multiple pregnancies, presentation and for measuring heart rate.



  

Recent methods for improving the computer processing 

techniques are also discussed. 

It is concluded that foetal electro-cardiography using 

abdominal electrodes can provide a single and safe method for 

obtaining invaluable information for the obstetrician. 

The Sanit amplifier with its high input impedance, wide 

bandwidth and low noise level and additional processing techniques 

so developed may have applications in general electrophysiology. 
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DETECTING AND PROCESSING THE FOETAL ELECTROCARDIOGRAM 

OBTAINED USING ABDOMINAL ELECTRODES 

INTRODUCTION 
During the period that the human foetys spends in the 

uterus, obstetricians try to obtain information about its health. 

The avenues of contact take the form of palpation or 

feeling the foetus with their trained hands, osculation or listening 

to the heart beats with foetal stethoscopes, phonocardiograms, 

doppler tone generators, and through the use of ultrasound and 

X-radiation. 

Another method of reaching the foetus is through the use 

of electrocardiography which is the recording and study of the 

electrical activity of the heart. 

The subject of electro-cardiography has been developed to 

a great extent in the adult and foetal electro-cardiography is an 

attempt to extend this wealth of knowledge to the unborn baby. 

Among the claims on information obtainable through the 

use of foetal electro-cardiography are the diagnosing of: 

a) Foetal life. 

b) Foetal presentation or the direction of 

orientation of the foetus in the uterus. 

c) Multiple pregnancy. 

d) Foetal-heart disease. 

This thesis describes the technical difficulties 

encountered in obtaining this information through the use of simple 

and safe electrodes placed on the maternal abdomen and attempts to 

overcome these difficulties.



  

  

In 1906, Cremer’? a physicist, recorded the first foetal 

electro-cardiogram. He used a string galvanometer and his electrode 

system consisted of one rectal and one abdominal gold electrode. 

_Fig.1 shows his record. 
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Cremer's Electrocardiographic Record showing the Foetal » 

and Maternal Complexes. 

The top trace represents time markers occurring at 

0.2 second intervals. 

on 191 Foa ‘) disagreed with tne electrode system ceed by 

. Cremer and insisted that to avoid errors in interpretation only rigorously 

non~polarizable electrodes should be used. His electrode system 

consisted of gauze in physiological saline introduced into the vagina 

with long forceps and another piece of gauze placed oa the maternal 

fundus. The other dn of the pieces of gauze were dipped in a 

saturated solution of zinc sulphate and the solution was connected to a 

string galvanometer with a zinc wire. This produced a better trace. 

[It was very difficult to reproduce his result from his paper - the 

attempt is shown in the appendix]. He was also the first to state that



  

  

the orientation of the foetal R-wave gave the diagnosis of presentation. 

Their efforts were greeted with ridicule; some obstetricians 

said they could produce such recordings from men: 

Since then there have been reports of attempts at recording a 

reliable foetal electro-cardiogram to assist the obstetrician in the 

(3) 
management of pregnancy. Notable among these are those of Krumbahr 

(1916), Maekawa and Povcuiima 12 (1930) who used the vacuum tube as a pre- 

amplifier for a string galvanometer to produce superior results. 

Be11 >) (1938) was the first to record the electro~cardiograph of twins. 

They made use of improvements in instrumentation for general electro~ 

physiology. Obstetricians still regarded their efforts as vechatedl: 

feats of no practical significance. 

There was a rebirth of interest aiound 1953 through the work 

of dnoth?* Southern‘) (1957) G.Shémig and P. Nimmer. Its popularity was 

enhanced by international conferences [Mount Sinai Hospital, New York 1956, 

International Federation of Medical Electronics since 1958]. Monographs 

(8) (9) 
such as those by Larks’ ‘and Bernstein’ “have also been written about the 

subject. 

Throughout the word, publications on the subject have multiplied 

and various reviews have been written. Among these are those by saute 

(1961), Shubeck 41) (1964) , Sureau 22) (1965) , Shenker ‘+>) (1966) . Almost 

all of these have reported on the achievements and limitations of this 

method of detecting foetal distress. 

It can be said in general that improvement in the quality of the 

detected Signal as a diagnostic tool has followed in the wake of general 

improvements in detecting techniques in Electrophysiology. 

The first part of the thesis will therefore take a look at She: 

detecting systems used and highlight what might have been the main 

difficulties. 

 



  

  

The main objective is to improve the signal-to-noise ratio to 

such an extent that all extraneous potentials except that emanating from 

the foetal heart are eliminated. 

In the realisation of this objective two main techniques have 

been used. They can be categorised under DIRECT and INDIRECT electrode 

systems. 

DIRECT ELECTRODE SYSTEMS 
  

The signal picked up from the foetus with electrodes directly 

in contact with or passed through the foetal skin, has higher amplitude 

than with electrodes placed far away from it. Caldeyro-Barcia‘ =“) (1959) 

used needle electrodes passed into the body of the foetus through a trans~- 

abdominal (maternal) puncture. Drew-Smythe also pierced with a catheter 

to lie in the liquor well above the presenting part. ace is, however, 

(15) have the danger of damaging the placenta. Other workers like Hon 

used electrodes applied directly to the scalp - graffe clip - after 

rupture of the membrane of the womb. The signals thus picked up cre 

quite free of the maternal complex and can be used to trigger a rate 

meter directly. The method however has the following disadvantages:- 

a) It can only be used in the terminal stages of pregnancy when 

the membrane is ruptured. 

b) As Sureau noted there is always the danger of ascending 

infection. 

(16) c) Shelley pointed out "People had distaste for the idea of 

piercing the foetal scalp". 

d) No one can be certain not to pierce an important organ such 

as the eye. Also it cannot be used in multiple pregnancy 

'on all the foetuses. 

 



  

In many of the attempts the method has been justified by saying 

that the foetus was clearly already distressed and the need to keep a 

close watch on the foetal heart rate outweighed any inconvenience in the 

method. 

However, Hon and others have extensively dealt with the inter- 

pretation of foetal heart rate changes during labour and delivery using 

the method. One point which has to be cleared is whether with the 

needle in place any pain felt, especially during contraction when more 

pressure is put on the needle site, can result in heart rate changes 

which might affect the interpretation. 

Other forms of electrode systems in this category are those in 

which electrodes are passed into the vagina and made to touch but not 

pierce the foetal skin. They can be . suction types in which the 

electrode element is placed in a cup which is attached to the presenting 

part by suction. The indifferent electrode is placed in the amniotic 

(16) fluid. Shelley describes some of these. 

INDIRECT OR ABDOMINAL ELECTRODE SYSTEM 
  

In this system electrodes are attached to the maternal 

abdomen usually along the midline. One electrode is placed on the 

symphisis pubis and the other on the top of the fundus. 

The foetal signal detected with this system is, however, small 

due to attenuation caused by the maternal tissues between the foetus and 

detecting electrodes. The signal is of the order of 5 - 50 microvolts 

and is accompanied by. larger maternal complexes and other potentials 

originating from the maternal musculature. The detection of the signal 

demands more stringent instrumentation standards. It is the technical 

difficulty of detecting this signal that has driven workers to the use 

of the direct electrode systems of measurements with all their 

disadvantages.



  

  

If these technical problems could be solved this would appear 

to be the method of choice. 

The main difficulty lies in the elimination of the maternal 

(17) £1) i oneeped efforts to complex and in this Sureau an Trocellier 

eliminate maternal signal from abdominal leads. 

By trial and error a maternal electro-cardiogram with no foetal 

signal was obtained from another part of the body and used to cancel the 

maternal complex. This method is laborious and not always successful. 

(19) 
Other workers like Walden and Birnbaum have used similar techniques. 

Another method for getting rid of the maternal complex is to 

use the higher amplitude of the material R-wave to gate out a delayed 

‘
i
e
 

9)
 

SL form of the detected signal whenever a maternal complex occurs. Thi 

20 sek. known as “Maternal Blanking". It has been used by Goddard, Newell 

It was as a result of their work that the present project was arranged 

between the Queen Elizabeth Hospital, Birmingham and the University of 

Aston. 

The thesis therefore describes the design of a system for 

detection and analysis of the foetal electro-cardiogram using abdominal 

electrodes. ie introduces the use of graphite as a suitable electrode 

material for foetal electro-cardiography. It also reports on computer 

"averaging" wees cleaner foetal complexes for diagnosis. 

It ends by proposing a method of using a computer for 

eliminating the maternal complexes. 

The project was undertaken in an effort to clarify and remedy 

‘some of the problems involved in the use of the much simpler and safer 

abdominal electrode system for foetal electro-cardiography.



CHAPTER T   
DETECTING SYSTEM 
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CHAPTER I 

DETECTING SYSTEM 
Prior to the discovery of the string galvanometer by 

wi ebewen Wicker in electrophysiology like Burdon-Sanderson (1879) 

and Waller (1887, sab had used the Lippman Capillary electrometer 

for the measurement of "action current" of the heart. 

The time constant of the electrometer was very long. 

Einthoven corrected this by calculating the time derivative of the 

record and in 1894 used it to derive the electro-cardiogram. The 

components of the electro~cardiogram he denoted as P.Q.R.S.T. and this 

nomenclature has existed up to the present. He developed the string 

galvanometer in 1903 to avoid the laborious calculations needed for 

correcting the recordings obtained with the capillary electrometer. 

The problem with the string galvanometer was that it was not 

robust. It was basically a current measuring device with low input 

impedance. The moving part was a string which could not have had a 

very high gain~bandwidth product. Its power sensitivity was therefore 

too low for measuring potentials in the microvolt region. With the 

invention of the radio-valve the problem of power sensitivity was over- 

come. 

(22) 
Electrophysiologists like Adrian used a valve as an input 

stage followed by the Sabid imes electrometer but due to the inertia of 

the mercury, the records had to be analysed with a machine, invented by 

Keith Lucas, in which cross-wires had to be set tangentially to the 

record. This was very laborious. The valve and the string-galvanometer 

did not form a very good combination even when the string galvanometer was 

(22) used at high frequencies. This was due to the fragility of the string 

to any artifacts in the pre-amplifier stage. However, in 1930 Maekawa 

(4) 
and Toyoshima’ “used this combination to obtain better records.
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Adrian and Matthews (1934) (23) expressed dissatisfaction with 

the use of single input amplifiers for simultaneasjyrecording action 

potentials from three regions in the cortex of a cat. 

They. were not sure whether when they earthed one side of each 

single input amplifier in the mouth, the outputs were a reflection of 

the activities at these regions or were originating from intervening 

tissues (cortex to mouth). To illustrate this suablen Mactheter 

writes:- "If a pair of electrodes is placed on a frog's heart and a 

second on the liver, when these are connected to two recording systems 

having grid-earth input amplifiers, the pair on the liver yield an 

electro-cardiogram only slightly smaller than that recorded from the 

pair on the heart and of opposite sign : such potential changes in the 

liver being improbable, on further reflection it is clear that the 

effect is due to the interaction of the two electrodes via the earth". 

Their solution was to use a floating input — floating output 

amplifier or an amplifier which would only measure the difference 

between two signals of interest. 

Fig.2 shows a diagram of their circuit. 

#1 00v 
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Fig.2. Difference amplifier by Matthews and Adrian. 
Common electrodes connected to C. 

 



  

  

It is important to note that the input was applied between I/1 or I/2 

and common (C). This means that the 5MQ resistor did not provide 

degenerative feedback. 

_Fig.3 in a general way illustrates how the unwanted signal 

is injected when a single input system is used. 

AMPLIFIER 
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Fig.3. Demonstration of how unwanted signal is 
injected in a single input amplifier. 

Here the impedance Z represents the physiological resistance 

between electrodes and the contact resistance of each electrode 

(iddlebrook) 797" 

Despite the high input impedance (Zin) of the device, spurious 

interference voltages originating from biological sources and from 

external surroundings (mains supply) are injected.



  

  

Fig.4. illustrates the situation with amplifiers having 

floating inputs. 

~ AMPLIFIER 

  

  

  

    

Fig.4. 
Injection of Interference Sigmals in the case of an 

amplifier having Floating Inputs. 

In this case the atiact of di tuviecende tonal is reduced 

because each input electrode experiences the same common mode or inphase 

signal appearing at both terminals and thus the difference which is 

measured at the floating output is small. 

With the need for further amplification, and therefore 

necessity for cascading of stages, came the problem of overloading the 

subsequent stages with ever increasing common-mode signals especially 

when using d-c coupling between stages. 

(26) 
Offner suggested negative feedback from a common point in 

a later stage to a common input point. He also thought that "motor 

boating" due to coupling through a common plate supply was overcome with 

this technique. 

(7) Meanwhile, Blumlein* ‘took a British patent for a circuit



  

called a "Long tail pair' which seemed to have been the answer to most 

of the major problems. He applied a degenerative common cathode 

resistor to the floating input - floating output amplifier. 

‘Fig.5 shows the circuit diagram. 

    
Fig.5. Blumlein's circuit. 

The nature of this circuit is now discussed. Straightforward circuit 

analysis leads to 

Ca Pees Ce 2 Ry + Tp + 2R(1 + 4) ntl. 9 wane eee sere eeacece 

2 R \ 
(tis “ip) ie r L i S eoeeeeee cree eeeeeeeeeseee (2) 

2 Ry, + tp 2 

  
    

 



  

  

Equation (1) gives the gain (Acc) for common-mode or inphase signals 

asi- 

AGES: uw Rp 

Ry + tp + ZR +4) 
    

4mG 
Acc is inversely dependent on the value of the degenerat® resistor R. 

Equation 2 gives the gain (Add) for differential mode or out-of-phase 

signals as the familiar:- 

R 
Mi oe 

Ry, + Tp 

am 
which is unaffected by the introduction of the degenerate resistor R. 

If the desired output is to be connected to a single input 

‘amplifier, addition and substraction of equations (1) and (2) give:- 

  

vy. + V Vis cea 
Via = ~ Acc ( a bY Add io 2) eoeceerereeeo eee ee eee (3) 

9 2 

Ve ee =V. 
Vib =~ Ace (ate Add ( a *) eoeeeeevesceeevooe (4) 

2 2 ‘ 

Variations of this circuit (by shorting one of the loadresistors) were 

(28) ond Tonnies 72) (1938) under the name of the used by Matthews 

"compressor" input stage to provide single ended out puts from floating 

inputs. : 

It can be inferred from equation (1) that one way of reducing 

the value of Acc is to make R as large as possible. This however 

means increasing the supply voltage accordingly to maintain the working 

points of the valves. ) 

(38) 
Goldberg solved this problem by using the so-called"constant 

current source" properties of the pentode whilst keeping the supply
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voltage within a manageable range. Fig. 6 shows a diagram of his 

circuit. 

  

Fig.6. Pentode Constant current source. 
The high plate resistance r' effectively 

. becomes rf i + gm' Ry) without affecting 
the bias point of the differential pair. 

Typical example in improvement of performance taken from 

hdd labéosk!—” with values from regular valve data gives: 

  

i DEGENERATE CONSTANT 
CATHODE RESISTOR | CURRENT SOURCE 

  

0.455 0.0016 

Add 10 10         
  

Further reduction of the value of Ace was called for in work 

(30) 
where lower potentials required to be measured as Goldberg wrote 

"Probably all metabolic and katabolic processes of living matter 
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produce electric phenomena ....". Among the qualities of a good bio- 

electric amplifier, he included:- 

120 db (because the output was connected Differential gain 
directly to oscilloscope deflecting 
plates). 

Frequency response a OF LO “thy 

Input impedance - not less than 1 M Q 

Amplifier noise voltage - less than 1 microvolt. 

To offset the effect of interference from mains supply 

Goldberg used a battery operated pre-amplifier stage. 

IMPORTANCE OF EFFECT OF CIRCUIT UNBALANCES 

In the foregoing analysis it has b2en assumed that the two 

halves of the differential amplifier have the same characteristics. 

Middlebrook shows by assuming all parameters of the pair stay the same 

except: the amplification factors, giving them values (uy + 6y) and (yu - dy) 

where SU/y % 1/;9 that equations (1) and (2) are modified to:- 

    (uti). 9% __ (ath), @ “9p. 
2 r+ RL * 2R(1+u) u 

  

any is 
Ee an, : R e (is “ib ae ey yal ( Au u ) @ S 

tr + Ry, + 2R(1+n) 9 

2 hee Se 

2 (.- i a ) (= pec as 06) 
F rp + Ry + 2R(14u). 2 

In other words a differential, (subscript d), input gives a common-mode, 

(subscript c), output, and vice versa defining new cross-parameters:~- 

Wok 
Acd = ou e ee egeeie ee 2s eeeereeeseeeeeeaeeeeeaseeeseeeeeeeeee ee (7) 

u + RE ee RG ep) Tp
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Ade = ou Pee. L Me Pea ae = eoeeees eeooktoetcsene (8) 

M Tp + Ry Tp + Ry + 2R(i+y) 

Note Agg # Adc 

now é u R 
A eo lel we eee e eeeee eee ee e @eeeoeeveeeve e e (9) 

cc rp + Ry + 2R(1+u) 

6 

ak oe any (10) 
00.72 eee ak ca ae a Rj, rE yu 

and substituting in equations (5) and (6) 

Mg gt a ea wg ie ceeecisevtseeee C6 a (11) 

oe ee a ee a 2 

~ Vo+¢«Vv a 
wie * Vib ve . a Bees che tre caie bs ek GL) 

Se | aa eee tk Ale 
z 2 2 

from: (11) and (12) 

  

  

  

  

i eer VY NeukN, ; 
ID aeeieters ec erees) « 3 

Via 7 ~ (Add * Aca) (4-2 - (ce + Ade) ie ) a 
2 2 

Eg yo +V 
b 64 €o&e.F ©.28 14 

Te (Aga + Acq) es. - (Age - Ade) (4-2) oy 
2 2 

If the voltage of interest is the difference is the difference 

oe pat oe: dd] Ks 
voltage the form equation (12), the common mode rejection ratio is c 

in contradistinction from the Add/An, obtained in (1) and (2) assuming 

balanced circuits. 

It can be seen from equation 10 that 

weR 6 2 

dad * | ae) i | i a + Ry, u 

R 
= Les fOGs- ho. TF + Ry a ate ew Go Cs wtb me Ce 

  

  

c
e
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R ‘ 

Age > ou _H ade e 1 for R>> Lp + Ry Coeeseeescoecesececes (16) 

u Tp + R oUt p L 

Hence from (15) and (16) the common mode rejection factor: 

_ 

H = “dd tends to a limiting value - wp (1 + u)/6dp 
Cc Ade 

as the degenerate resistor becomes far larger than Ry, + rp €ven though 

discrimination factor ae becomes very high. This conclusion was 
cc 

(32) (33) 
pointed out by Parnum and also arrived at by Klein although in 

; A : 
- their conclusions they allowed R to go to infinity and “4d to also 

cc 
reach the same infinite limit. 

Such cross-coupling properties are therefore the result of 

unbalances (not only in the amplification factors) in components of the 

two halves of the "long tail" pair. Attempcs were therefore made to 

(30) varied the heater equalise the characteristics in the pair, Goldberg 

currents to decrease the unbalance in the valves and thus improved the 

value of the common-mode rejection ratio. 

It can be seen from the foregoing that the differential 

amplifier is a much more complex system than the single input amplifier 

and that impetus for its development has been given by needs in electro- 

physiology. 7 

Later workers Like Birt °° although working at audio frequencies 

showed that the use of ‘common-mode negative feedback from a second 

differential stage helped to increase the value of common-mode rejection 

ratio. His circuit is schematically shown in Fig.7. The a.c. common- 

mode negative feedback was applied from RC, in the second stage to the 
ae 

first stage.
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Fig.7. Birt's Common-mode negative feedback circuit (Schematic). 

Addition of this "second stage" meant that the calculation 

of the performance from the variation of the circuit parameters 

invol ves very cumbersome algebra, especially when other sources of 

unbalance like the effects of temperature and supply voltage changes 

are to be studied. 

(25) Middlebrook using transistors has developed a sequential 

method of analysis of unbalanced symmetrical circuits with a view to 

simplifying the unwieldy algebra needed for stages of differential 

amplifiers beyond the first stage. 

THE PRESENT CIRCUIT 
  

The design of the system used in this research for the 

detection of foetal electro-cardiogram has made use of the information 

on valves and bipolar transistors. 
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Many forms of circuits have been designed for low frequency 

amplification using mawal benie circuits in the form of operational 

amplifiers. 

The signal, namely the foetal electro~cardiogram, from the 

abdominal wall has been estimated at between 5 + 50 microvolts. The 

presence of other bio~-electric signals in the form of myopetentials 

originating from the muscles of the maternal abdomen makes it 

imperative that amplifiers for such measurements should. have very high 

rejection factors. 

Secondly, due to tissue and electrode resistances which form 

the signal source impedance, the input impedance of such an amplifier 

should be high. 

The third jberale property is that the amplifier must have 

a low level of intrinsic noise compared with the minimum expected, of 

a few microvolts. 

The Pre-amplifier stage: 
  

The first stage of the present circuit is built around a field 

effect transistor having high input impedance and low noise. Common- 

mode negative feedback is accomplished by an arrangement similar to that 

shown in Fig.7. using a complementary pair in the second stage. 

Fig.8(a) shows the schematic diagram of the pre-amplifier circuit 

and Fig.8(b) shows a simplification of the circuit for analysis. 

The circuit is mainly a two stage differential amplifier with 

common-mode negative feedback. The first stage has a degenerate cathode 

coupling provided by field effect transistors T 36 To; and T...*are dual field 
ui Z 

effect transistors, T) being an n-channel, T, a P-channel device, forming 

a complementary circuit. 

(25) 
The sequential method of analysis as outlined by Middlebrook 

is used. This is an extension of the bisection ‘patel ® i cater for 

small unbalances in the two halves of a symmetrical circuit. 
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Fig.9. can be used to explain the bisection theory. 
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Eo. Differential Amplifier 

3 Circuit. 
  

  

  

  

  

  
Fig.9b Fig.9c 

‘Common-mode Equivalent Differential-mode Equivalent 

Half-Circuit. 
Half-Circuit.   

If the two halves of the first stage T,, are identical and 

ae Bta= Rib > Ria = Rip » the circuit is said to be balanced and 

the bisection theory can be applied.



  

The circuit is divided along the line of symmetry and two half 

circuits are drawn, one for common-mode signals, Fig.9b, and the other 

for differential mode signals, Fig.9c. 

The following observations are made:- 

For a common-mode signal, where ‘ = ve? voltages occurring at 

similar points (homologous) in the two halves of the circuit are 

equal since the circuit is balanced. There is therefore no 

current flowing into components joining these points such as Ry 

joining A and B. Components such as R3 that lie along the line 

of symmetry carry twice the current in either side and are 

represented by twice their values in 

For the differential mode input signal . = -V The correspond- b* 

ing change in signal at homologous points is equal but opposite in 

sign, therefore a virtual ground exists at the meeting points of 

these elements. This is because there is no change in current in 

elements such as R3 as a result of the input signal. In the 

differential mode half circuit therefore, elements such as K3 are 

shorted to ground. 

To identify the signals in the two modes subscripts, C for common- 

mode and d for differential mode signals are attached to the 

circuit parameters. The following are defined for input voltages: 

: Va + Yb 
Common-mode signal (C.M) a4 = » ie 

Vat VY 
Differential mode signal(D.M) va Te Oe 

Circuit properties such as currents are given the same subscripts 

‘ 

depending on the mode. 

A composite circuit, Fig.10. can be drawn from Figs. 9b and 9c 

and used for the algebraic analyses for I and V.
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Fig.10. Composite Equivalent Half-circuit of the equivalent 

circuits show in Figs.9b: & 9c. 

To obtain the common-mode properties, Fig.9b, put t/a *.* and 

append the c subscripts to the values of I and V calculated. 

To obtain the differential mode properties, Fig.9c, put R3 = 0, 

Ey = 0, Eo = 0 and append subscripts d to the values of I and V 

calculated from the composite circuit. 

This method of analysis was extended to circuits with small 

unbalances or slight departure from symmetry by Middlebrook. 

Here if there is unbalance in any of the homologous elements 

such as Rija and Ry jp [ Fig.9a], they are represented by Rui» in series 

with an ‘interaction' generator such that 

Ria ae oe 

Sit oo a ht 

where SR = $ iia E Sans; and the ‘interaction’ generator to be 

placed in the common-mode and differential mode circuits would be
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ed a respectively. .Thi r i arried 82 hig and bk Lig | espec ly 11s process 1s carried out 

on all circuit parameters of interest. 

In the present work the theory in this form is applied to 

the field effect transistor circuit,R, (see Fig.9a) is assumed to be 

high compared to R,, as this stage is followed by one with high input 
LL 

impedance. 

The circuit to be analysed is Fig.8b. Rg in Fig.9a is 

replaced by the field effect transistor (T3) circuit which constitutes 

a ‘constant current’ source. Feedback from a common point, F, in the 

second stage is applied through the degenerate resistance Ri; 5: OF Dae 

Rs represents the "constant current" source of the second 

stage. 

ie nee toa in the amplificatioa factor, vw, and drain 

resistance (r_) are considered. Unbalance in the components external 

to the transistors are not discussed as these can be balanced by 

potentiometers Ry, and R', shown in Fig.8a. [ Changing Ry! and Ri«can, 

however, lead to changes in wu and ss as wellbut this will have second 

order effect ]. 

Fig.11 shows eke composite equivalent half-cirecuit of circuit 

of Fig.8b, 

  

  

  

Fig. 11      
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@1> Cy, C3, e@, are the interaction generators. AE. and AE, represent 

changes in the power supply such as mains hum. In the present circuit 

batteries were used to supply this pre-amplifier circuit and the 

effects of AEY and AES will be left out in the analysis. 

Considering the input stage in Fig.1l. 

i +R +2 has = - Cie cee ses a a eS itt 3 Ry) hy 2R,, WV + 15V,3 + ey e, €17), 

3t2R,) ot ly + 2R «« (18) a - erates 4 a H5¥e3 | 5 a's bees 

a A anny Ags Se i ee tt RR OR RO GER 0 0-8 ORDO 8G OR Ree: © (19) 

substituting (18) and (19) in (17) and re-arranging, 

i, | Baa Er? tw) #2, 5 (41) * OR, (L4u,) (43) | + i,2R, (itu, ) (tu,) 

=u, Vte, - eu (20) 1 ao) 

Considering the second stage, 

i, 2R,+ i, Peottao* Ry + 2k, + 2R,) BE e, _ e, Hy Ves Me eee ce eee tere (C2) 

Ve0 ameih,) * i, (2R, + Ry) cea bad cas > tui vines are rane keen 

substituting (22) in (21), and re-arranging, 

(23 
i, CR “wR 1) + iy | Ru2t*pe *Ro(1tuy) + 2Re(ituy) + 2R, lh mee 85
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Write a = Ri + Fol + R(t) + 2g shru,) + 2k, itn) C+ug) ae eee (24) 

8 = 2k, (+n )) +g) sje hindslen ole! scoiniehe Cush ace Gis oree Ne k's ¢NIGIE GE aha nie) 

ta ” 

BD a ht wsidus eo tg, ae ek aie (26) 

Substitueing. (24) 225)... (26) 5827) in: (20), and. +(23) 

ai, + Bi, = WV eS ease © eo cle gis o's Video b 0.0 lps wey cee 0 6 Cees ps0! (28) 

a Ba, Sg, tear ets eR es oS i eett (20 

From (28) and (29) 

  

Bn Vit Slee yy A Re, 4) 
L 2 L 4 3 

et. eer ceeecee eeeeccerecevece (30) 

Bla ae Ba! 

- ~ ' eed 

A a rite 0 ce oe 
ame , eeoeeeoereresreeeereerereereee Bb 
  

Bla pte Ba! 

The composite output voltage V, = i,(RL2 + 2@,) + i, 2B, weeeeeeee (32) 

‘The output voltage of interest is the differential one, Voa’ To 

obtain Vog from the composite circuit all elements along the line of 

symmetry should be shorted to ground so put r_, = 0, R, = 0, R, = 0, and 
p3 4 5 

append the subscript d to all circuit components. 

Applying this for equations from (24) to (32) 

aq = Ri, + ta +R) (1 + v,) 

Ba = O 

a= MoRL
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ti B'd = R,, + Tp2 PRD Chick aia) 

~a'a (uy Vg + @5- e)) 1 

et  aiacehnene 
B'g Od Bid 

  

Vog 1 og 1s Ry2 

v2 Ryo Rui (uirgte2-e;) Ria 
os V = 

+ 

2d [Ratt p2tR2 (l+uz)|fRuit®p1t+Ry (i+) J RLI+Tp9#Ry (1tug) 
(e,-e3) 

  

ee EEE eS), 

re-arranging equation (33) 

v2 RL2 ¥Y RE v2 Roo 
Pa i eR 04 °* sooo Toa So 

R R: 
og eee SS ese ery + peek > aha we (34) RLL+Tp 1 +Ry (1+uj) Ry 2tlp2tRg(1+u2) 

It can be seen from Figs. 9a and 9c tnat 

Wi Rp 
-———__—___———-—- is the differential gain of a balanced differential 
Ru1trp1tRy (1+) 

amplifier with degenerate resistance Ry 

wi Ryy 
write this as Ad10 = ee eee eeeeererereceesreeceese (35) 

RLI+rp 1 +Ry (1+u7) 

: he RL2 eeoeeeresreeereeseeeeseeeee (36) 
    similarly write A =- —- em 

dlo RL2*8 )9+Ro (1+u2) 

substituting (35) and (36) in (34) 

ae Agio*4g20 Aa20 
Voqg = Adio * Ad20 Yq + ees feg-e1) - ——— (ey-e3) 1 ue 

(eo-e)) (ey-e3) 

= Agio * Adg20 va * ae. - is | e@eseereseoeeevese (37)



  

30 

C1 ens Cy and e, are the interaction voltage generators defined as 

follows :- 

as ‘ . 

et : Tl “ico a3 2 Ve2co 

tt a
 

tc
 

7 ot, Yio 

The subscript o denotes the values when there is no 

unbalance, the values of i . are obtained from : i Vv 
leo’ *2co’ glco’ V 2c0 

equations (30), (31), (18) and (22) respectively by putting e, = 0, 
1 

e, = 0 and writing V = Vv, the common mode input signal. 

All these values are dependent on vs and when they are 

calculated and substituted equation (37) can be re-written as 

Vag 1 Pg ene [a aan v,| a tele sh ae eS 

In equation (38), Hef is the common mode rejection ratio 

with feedback. The rather long expression for this has been derived 

in Appendix 1, equations A-15 and A-1L7 

By substituting typical values for the resistances as 

follows :- 

pis Heda BAO! i Sie eo” 
“ Le . +i p2 p3 

3 4. B ane Bj lO OR e104 Rm a et, 2R. ® Om; 

1 ede 5uy 1 6rpl apy i at Poth 

fee Tia Tike. et 6002! aot edu ha Hog 100 Hy Tl . Po p2 

From equation (39) it can be deduced that the contribution 

to the common mode rejection action by unbalances in the second 

stage (subscript 2) is small compared to that contributed by 

unbalance in the first stage, except when the first stage unbalances 

are very small.
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For the attainment of very high common mode rejection 

ratios therefore, the unbalances in the second stage should be 

comparably small. 

    

  

a in the first stage only is given from equation A-17 by 
" 

oo Sti pl bps ee phy 5S 
Cc +R. (L+u,)+ L+ + + Ls Ratt pi *R, tu) 2r 3 (ltup)+ 2R, tu) tug) 1 

6x 
rr 1 pl ee OE , an dhs ee eee ates ok) 

+ +2 +R + i+ 
Be ps are od Tl 

baa + Ry (tu,) can be written as.R the "tail" resistance of the 

differentia’ amplifier. 

substituting in equation 40 

+ +R + 6 
SUL sara rs Tl oS 
  

He % . a Sty, WA - |] ane OR. Ore 

Ry, + tol + Ry (itu, )#2RCi+y,) uy Rit pl R,+2R Tol 

a vais 6 em 6es GOED 

It can be seen that when the value of the 2R>>Ry 1 + tot + Ry 

equation 41 reduces to:- 

de ee pe 2 Sus CO EO 68D SES ©: 6'O8 66 6 8 Ohe 6 6 ¢ 6 0 0 6 6.66 (42) 

He) Ch # yy) u 

Horna Ahdres "2 Blain eeadhad the conclusion that 

when R is made infinitely large the common mode rejection ratio tends 

to the limiting value given in equation (42). On page 86 of his book, 

Middlebrook further observes that by using pentodes to make ' tend to 

infinity x can be made to tend to zero even in the presence of 

unbalances. His method of approach was first to recast equation (41)



  

een yD e's Fi eed oe Oi rae Oe bs (43) 

4 ORD 
u om r 

; p 

be 6 S Sem 

and substituting in equation (41) without the individual degenerating 

resistors Ry to get:- 

ie <1 we égn' 5 & 6tp Vientiane ate ssiees C49) 
1+k+2emR em Leh t. 

RF 4 2R 

where k = — + 

P 

gd sis tata 

  

if now m + infinity, k + zero | 

1 ogm and = | = [eve “moc (47) 

[x >= 
P 

m
i
e
 

Q 

He concludes from now that if R tends to infinity in (47) 

a 
He 

transconductances gm. 

+ zero even in the presence of unbalance in the 

‘This procedure to the zero limit is not correct because in 

obtaining equation (47) it has been assumed that R remains finite at 

a value far less than ef and therefore cannot in the next instance be 

made to tend to infinity: 

In obtaining the limiting case in equation (42) from equation 

(41) R must be made bigger than Py This is realised in practice by 

using another device whose We is comparable to, and may be greater than, 

" Therefore k cannot be made to tend to zero in practice. 

One can, however, envisage a situation where both t5 and R 

are very large compared with the other components in the circuit. 

This ari be illustrated using equations (41) and (42) and remembering 

that we are dealing with one circuit at a time.
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; . ; ‘ 4 
Suppose we desire a common mode rejection ratio of 10 

(which is not infinite) 

when gm = 2000 micro mho 

égm/ on, 7 Ok 

Then using Middlebrook's equation (47) 

104 = tds Se Sie 4 oe Rie 

oy Rae 0 025 ame 10°9 

Ry #2 

= 
P 

not zero, one needs 

since k = , to make it tend to a moderate value of say 0.001, 

ZR POO x 10° 
r = ae = eee eernaeenee mercer 

p k °0.001 

500 MQ 

This requires a device with an amplification factor 

6 
u =i OM Te BLO 

P 

According bs this approach, therefore, to obtain a common mode 

rejection pails Witch tends to infinity one should use a device which 

has an amplification factor which tends to infinity. It can be seen 

that this conclusion could have been reached from equation (42) in any 

case and nothing has‘been added by using equation (47). With a 

: : 6 : 4 ; 
device having a w= 10 and even the maximum possible fractional 

6 i : 
unbalance of . = W/, using equation (42) would have resulted in 

He = 2x10° which is far better than the 104 we used 

in equation (47) to obtain R. This discrepancy lies in the approach 

used to obtain equation (47). Middlebrook 

writes » = gmr 

Sr : a 
and defines ou = S8m +P by differentiation. 

u &m Tp 

In the analysis, however, 6 represent only the unbalance between the 
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two halves constituting the differential pair, say ya and ub, It igs 

not a mathematical necessity that the differential should hold. 

Consider a case in which even, wa = ub, therefore it is quite possible 

  

that 

gma > gmMmb 

vba < Tob 

In this instance gs 
6 = MBs ub = u 9 6 

ga - smh 4g 
2 

  

but dégm = 

and ér = “Pa ape - 0 

and the common mode rejection ratio will not be infinite. 

It is concluded that to obtain a high value for the common 

mode rejection ratio, Hos equation (41) must be upheld and means found to 

reduce the values of the terms in brackets or the unbalances in the 

devices made or made to cancel out 

The parameters of field effect transistors and transistors 

in general are dependent on the current flowing in them and in a 

circuit such as is shown in Fig.8(a) the potentiometers Ry and RL' can 

be used to bias the two halves so as to make the gains equal. However, 

this balance can only be attained at one operating point. The use of 

the negative common mode feedback is to force the circuit to work at 

this balance point and to make it possible to obtain a high value of 

the tail resistance or in equation (41) to make 2R high. 

The use of individual degenerate resistors R,_ and R 
la lb 

See Fig.8(b) makes the differential gain Wey It can be 

seen that the higher the value of R, is the more this gain tends to 
L R : 

eater ee for devices with high amplification factors, y, the 

ay a aed 
differential gain tends to RL/R, this is why the use of Ry and Ri can
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lead to very close balance of the amplification of the two halves 

constituting the differential pair. 

The preceding analysis of the common mode rejection ratio 

has been undertaken because of its importance when measuring low level 

signal like the foetal electro-cardiogram in the presence of other 

unwanted signals. It was also an attempt to find out the effect of 

common mode negative feedback on the common mode rejection factor. 

DESCRIPTION OF THE CIRCUIT USED IN THE PRESENT EXPERIMENT 
  

Fig.(12) shows a diagram of the circuit. 

The first stage consists of low-noise N-channel f.e.t. dual 

T1S 25 for the differential pair and an N-channel mos.f.e.t 3N138 

for the constant current source. 

The outputs go into a second stage consisting of PNP dual 

BFXx 36 which is also a low noise device. It is complementary to 

Ss 25:2t0 irtiate: divest coupling. Source and emitter degeneration 

has been employed for the first and second stages respectively te make 

the circuit less dependent on the transmitter parameters. The 

degeneration in the second stage also increases the input impedance of 

the second stage so as not to load the output of the second stage. 

Originally a P-channel mos.f,e.t. was used in the second stage until it 

was found that the intrinsic noise could be reduced by the use of the 

PNP bipolar dual transistor. There is a feedback from the common 

point P in the second stage (mid point of Ruy) to the source of the 

first stage constant current generator. 

The diode chains D, and Do have been used to compensate for 

temperature variations and also to offset changes in the power supply. 

The voltage drop across the diode decreases with the current flowing 

through it less rapidly than if a resistor had been used. 

The circuit incorporating the BFX 37 was added to compensate 

for changes in the positive power supply voltage and also to provide
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similar current drains in the positive and negative supply batteries. 

Batteries have been used to improve the safety in regard to 

the patient, since the input term nals are attached directly to the 

maternal abdominal wall. 

Although the input impedance of the f.e.t. is high of the 

order of 10! 19, 1072 resistors of close tolerance were used to shunt 

them to make the input impedances of the two halves nearly the same. 

This means that the differential input impedance was 20MQ and this was 

found to be adequate for this study. 

The output of the second stage is directly coupled to a 

source follower circuit consisting of an N-channel f.e.t., T1S 26 

which is complementary to BFX36. This stage was used to present high 

impedance to the ee of the second stage and a low output impedance 

* 1.2kQ2 differential) to the main amplifier. 

‘The following are some properties of the circuit obtained 

using the original configuration when the input stage was a P-channel 

mos f.e.t. (BSX86). The two sources are joined together internally 

and so it was not possible to include the degenerating resistors R 
La’ 

Rip and the balancing resistor Ri (see Fig.8). Because of this the 

common-mode rejection ratio was low even with negative feedback from 

the second stage. 

Table I and Fig.13 show how the total gain varies with the 

drain currents flowing in the two stages of the pre-amplifier:- 

  

  

  
  

  

                    

Tig fk] 185 | 216° | 248° | °285. | 313 4 336 

61, uA eg 15 17 19 19 9°.) 

| Ty. wA 109 | 124 | 138 | 158 169° "| 479 

61, 5A 4 3 10.3 Bet Me 7 
= 4 a ee oR onegn ae ae-eome 

CAIN 10° | 4.00 | 4.66 | 5.34 | 6.00 | 6.67 | 6.83 | 

TABLE 1. 

Variation of total pre-amplifier gain with drain currents
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Here I is the mean of the currents flowing in the two halves 

and 61 is the mean difference. 

The total gain goes up, effectively linearly with the current. 

This is usually the case. The difference between the currents 6I, is 

greater than éI,- . The difference in 61, however shows a minimum but 

this stage had separate sources and balancing resistors had been 

incideoeated: Secondly, the second stage biasing is controlled by 

unbalance in the first stage. Because of higher unbalance coupled 

with higher level of intrinsic noise in the BSX86 the second configura- 

tion in which the BSX86 was made the second stage. 

Fig.ida. shows the variation of gain with changes in power 

supply voltage: 

TQ pe pyr 
9 —e 
        

  

    

  
  

    

GA
IN
 

x 
10
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SUPPLY VOLTAGE, + Yolts. 

Fig.14a. Variation of Pre-amplifier Gain with Supply Voltage. 

These readings were taken because the pre-amplifier stage was 

to be supplied with batteries and inevitable effect of the battery 

voltage falling with time was considered likely to be important. The 

gain decreases steadily ard linearly with decrease in supply voltage from 

a value 5100 at +12, -12v at a rate oe 9Z/volt down to 2800 dev, -7v. 

The common mode rejection ratio does not, however, follow a
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linear curve once set for a maximum of about -86 db at +12v - 1L2v 

supply, as shown in Fig.14b. 

What can ‘be inferred from these graphs of readings are: 

1. The gain goes up with supply voltage or increase in current 

flowing in the device. This is quite to be expected. 

24 The common mode rejection ratio depends solely on the 

unbalance in the branches forming the differential pair and this 

unbalance changes with different operating currents. 

In actual operation, however, the battery voltage remains 

quite constant as the drain on it is not high at all, being less than 

cree ee 
a milliampre. 

The final circuit in this experiment consisted of the 

circuit shown in Fig.(12). The common mode rejection ratio is 

estimated to be of the order of -120 db. This has been obtained by:- 

(a) Choosing a first stage f.e.t. (T1S 25) which is a dual with 

nominal amplification factor %160 and 6p % 2$% max. 

(manufacturer's statement). 

(b) Using Ry and Ry degenerating source resistors to make the 

characteristics less dependent on the transistor parameters, 

(c) Use of R' and RL' to set balance and reduce the unbalance in 

the differential pair even further. 

TEMPERATURE COMPENSATION 
  

Transistors are better than vacuum tubes with respect to drift 

due to temperature. One major source of drift in d-c vacuum tubes, 

namely changes in heater properties, is eliminated by the use of 

transistors. In addition to this, since dual transistors are 

monolithic i.e. made from the same semiconductor chip, temperature 

variations in the characteristics of the two halves forming a dual, 
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tend to be of the same order. Silicon transistors have lower 

temperature coefficients than germanium transistors. The transistors 

Ty» T., T. are all duals and made from silicon chips and each surround- 
Ze 

ed by a metal case which keeps the temperature distribution uniform, 

(38) Shea has reviewed various methods for temperature 

compensation of differential d-c amplifiers. The general scheme is 

as shown in Fig.(15). 

  

  

    

            

  

Fig.15. Scheme for Temperature Compensation, Current I=f(T), 

is fed to R is fed to R,. 

The compensation is applied on the differential pair. A 

current I which is a function of temperature is fed at the highest 

temperature of interest more to one branch than the other, and the 

amplifier is set for balance at this temperature. As the temperature 

changes the amount of current fed to it changes and tracking over a 

tenperature range is obtained. 

(39) Middlebrook and Taylor used such a scheme in addition 

to the use of negative common mode feedback to obtain equivalent input 

drift of x + 100uV for eight hours over a temperature range from 25°C 

to 100°C. 

What must be remembered in using such schemes is that the 
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source of I = £(T) must be of very high resistance so as not to 

reduce the value of the tail resistance (R in equation 41). Other- 

wise the differential compensation will be achieved at the cost of 

the common mode rejection ratio. 

It has already been stated that the use of monolithic duals 

in which characteristics track with temperature is a better method. 

However, if the characteristics should change in one direction it 

means that the common mode compensation is needed. The circuit of 

constant current source riciites to be stabilised to keep the quiescent 

currents nearly constant. In constant current sources employing n-p-n 

transistors, the variation of the base to emitter voltage, Vag? with 

‘temperature can be offset by the use of thermistors or diodes in the 

base circuit's. In fig.(16) is shown a current stabilising circuit. 

   

     

I=current to be stabilised 

Tyn-p-n transistor 

E 

PFig.16. Current Stabilising Circuit. 

_ The effect of increase in temperature is to increase the 

collector current. If at the same time, Re is reduced so that the 

point B becomes negative, then the expected increase in I will be 

arrested. A device, therefore, which will drop less voltage with 

increase in temperature,for example,a diode whose characteristic can
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qW/mkT 1) may be used in Rj. Also a be represented ie Ig = I, fe 

thermistor, the resistance of which falls with temperature could have 

been used. The temperature characteristics of the controlling 

device must be similar to those of the controlled device to ensure 

good tenes Hence a germanium diode should be used for controlling 

a germanium device and a silicon diode for a silicon transistor. In 

the present circuit constant current source in the first stage consists 

of an N-channel mos.f£.e.t. which has good temperature properties. The 

Diodes D, and Dy Fig.('2) were used both to compensate for changes in 

the supply voltage and temperature. 

In arrangements to give temperature compensation only the 

most temperature dependent devices are considered, since changes in 

components Like resistors are taken to be of second order. 

In recent years the use of integrated circuit technology has 

given what miete be the best method of counteracting drift resulting 

from temperature variation in d-c amplifiers. This technique is 

known as temperature stabilised substrates. The original concept was 

put forward by Evans, formerly of Texas Instruments, Inc. Dallas. 

   

  

Emmons and Shadese' have discussed it exhaustively. 

Voc Ve 
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Fig.i7. Basic Thermal-Flectric Element. 

ra is used to control the heater current, I.



  

Incorporated in the same monolithic chip is a system shown 

in Fig.(17). A heat source consisting of the transistor ma the left 

Cet current Ty heats the whole substrate. Another amplifier is 

used as a heat sensor. The output of the sensor is used to control 

the heater current. Thus a thermal-electric feedback system is 

obtained which keeps the substrate at a fixed temperature normally 

slightly above ambient temperature. In such same controlled substrate 

one could have the differential amplifiers. | Emmons and Spence used a 

differential amplifier circuit not structurally unlike the present 

system but only in monolithic form to produce drifts of 0.1 to 0.2uV/"c. 

It must be said that chopper stabilisation of drift, that is 

Where the signal is first turned to a-c and fed into a-c amplifiers and 

then synchronously demodulated, have been used quite extensively. 

Here both mechanical and semiconductor switches have been 

used. Short life, low frequency chopping rate, sources of transients, 

bulk and power requirements are the main disadvantages of mechanical 

switches. The semiconductor switches have residual resistance and 

suffer from temperature variations themselves. 

There have been other methods of chopping only the drift 

voltage, smothering it and feeding it back (Goldberg) into the input. 

These chopper stabilised amplifiers have been used in electro-encephalo- 

graphy and been found quite satisfactory. With the advent of methods 

for temperature stabilisation such as have been outlined above in 

connection with Fig.(17), chopper stabilised amplifier techniques will 

have great competition and will probably be rendered obsolete.
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The main amplifier was built around a Philbric operational 

amplifier and used to provide a single ended output from the 

differential output of the pre-amplifier stage. 

It was also used as the only stage for controlling the band- 

width and to determine at which frequency a low frequency half power 

point should be. The signal from the maternal abdominal wall contains 

very large low frequency signals arising from changes in resting 

muscle potentials accompanying maternal breathing. It was intended 

that the best compromise on frequency characteristics which would filter 

off "breathing" potentials and least affect the foetal signal should be 

Pee experimentally. Also, the nature of the effect of filtering and 

bandwidth of the detecting system on the characteristics of the foetal 

ettet og are not properly understood and this was intended to be studied. 

It was therefore thought that it would be best to have the frequency 

determining components in one stage. 

Basically, this stage consists of the circuit shown in Fig.(18) 
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Fig.18,. CIRCUIT DIAGRAM OF THE MAIN AMPLIFIER,
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Using the superposition theorem, 

Z Z 
ene oe EE AOE Tee eisthce See's GR (48) Vo V6 7 +7 + V2 ay 

in f in £ 

vt = Vv) i gee Ce eceece eee ‘ (49) 

ag Bin! 

V 
oO 

vi- VD = -— dee es dv eals ORO coteaha ae) 
G 

  

:: Z ro) Vv 
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+ Z + f e 
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: Z Z 
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Og tae re Ag ee ey ia 

for Gor) and. Z u N N
 t 

N
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equation (51) becomes 
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The low frequency half power point occurs at 

Od), eee eee eoeeeee eee eeneenereeseeHreeeenoenere (54) 

Ee oCs ; 
AM: si.) 

The high frequency half point occurs at 

Wp = GRU ttt tte eee cece eee eceeeeeeeeseeeceee (55) 

The analysis assumes that the input impedance of the operational 

amplifier is higher than valves used for Zen and Zee 

After trials which will be discussed later, the values obtained 

for Ze and Z., shown in Fig.(12) were obtained. Two cut off points 
f 

each for high and low frequencies were found adequate for measurement 

of the foetal electro-cardiogram using abdominal electrodes. 

The amplitude of the foetal signal lies between 5yV and 50yV 

and the maternal R-wave about 1lOOV. Since the maternal wave was to 

be used for triggering during maternal blanking a gain of 104 was 

chosen to give a trigger voltage of about a volt. 

Fig.(19) shows a graph of the frequency response of the 

amplifier which was finally used. | 

With C, | = 16.69uF, R, | = 6.8k2, R, = 1.5M@ and C, = 800pf, 

expected low frequency fz, and high frequency fy cut-off points were 

fr, = 1.38Hz, fy = 133H,, from the frequency response curve (1-4) these 

bainte (-3db) points occur at 1.2Hyz and 133Hz respectively. 

Under circumstances where there is too much low frequency 

signal components, such as caused by heavy breathing by the mother 

there were switches to change the (-3db) point to 3.4Hg curve 3-4. 

Similarly, there was provision for lowering the high frequency cut- 

off point. There was, however, no occasion to use this later 

provision. 
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NOISE LEVEL OF DETECTING SYSTEM 

  

This section.deals with the inherent noisegof the detecting 

system which are classified as follows: 

1. Thermal Noise 

2. Shot Noise 

3. Flicker Noise 

4. Noise due to signals may be of the shot type. 

The signal to noise ratio of a detecting system is dependent 

to a greater extent on the noise level of the first stage if this stage 

is amplifying. 

: : ‘ : th vie 
The contribution to the total noise of the later n stage is 

a fraction ate of the total noise where Gael is the amplification 

of the sieenr oe to the input of the — stage. 

The first amplifier stage noise therefore is the crucial 

‘ stage as far as noise is concerned. 

In the present system the active input device is a dual f.e.t. 

(T1825) and being a semiconductor it will suffer from the types of 

noise outlined. 

Thermal or Johnson Noise. 
  

By the use of the principle of the equipartition of energy the 

fluctuation voltage arising from an electrical circuit or component 

which in thermal equilibrium with its surroundings can be adequately 

explained. 

Nyquist in 1928 first expressed the thermal noise in terms of 

a voltage generator in series with a resistance R as 

oe 8 AOKIR/ unit “bandwidths cas... eee ccc cua, 056) 
th 

where K is Boltzmann's constant = 1.37 x 10°?" joules es 

io) eee 0 
T is the absolute equilibrium temperature in K 

R is the resistance
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The total thermal noise voltage developed across the 

terminals A and B in circuit such as shown in Fig.(20) is given by 

  

    

  
  

  

A 

x 

| 

Yah t nh R = 6 
- 

B 

Pig.20. Resistance~Capacitance Noise Network. 

a 2 ae Hilo ve ele eS Sis ord git’ 6,65 UiolaiNes <4 0h 6 be emer oO 

ths eC 

and is Wivelore independent of the resistance R and does not favour 

any part of the predaenes band. 

Equation (56) is obtained from equation (57) when one wants 

to express noise in terms of elements of any frequency band. 

In the field effect transistor therefore, the thermal 

agitation of carriers in the channel resistance can be regarded as a 

source of thermal noise. One can also think of the thermal agitation 

in the input circuit giving rise to thermal noise. 

Shot Noise. 
    

Considering the electron or charge carrier as discrete, the 

current which depends on the number passing a barrier per unit time 

will be subjected’ to fluctuation as a result of inevitable instant to 

instant changes in the number of charge carriers. This effect will 
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not be confined to anode current in a valve as Schottky first observed, 

but wherever current flows in any device. 

A derivation of shot noise voltage which explains the 

mechanism satisfactorily is given by Bull (42). 

, This derivation is, however, modelled on the controversial 

field-line theory. A derivation which makes the mechanism easily 

understood without recourse to field lines given by Bull in a post- 

graduate lecture course is presented:- 

Consider the circuit shown in Fig.(21) in which electrons 

are flowing:-     
i,current. 

Resistance, R — C, capacitance. 

    

  Coe. 
pee 
' | “ 

‘ Gs: = 21, Device. 
{ | 

| | 

12 Sl st a: 

Figegel. Circuit tor derivation of Shot Noise 

In a charge-carrying device,D. 

Let p electron charges be on the capacitor on the average. 

If there is a residue number r due to fluctuation, the energy of the 

capacitor is given by 

p. + t)* Oe wp" et 4. prey ee ae epee tae) 
2c c ne 2c 

  

where e is the electronic charge 

r can have a positive or negative value and will 

therefore have a mean of zero. 
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LO 20 On ie 60, 02o's pind « MSMR RE RE ciple ee coe MeO Ce ee eT eater OO) 

The Average Energy E of the capacitor is given by:- 

os plea, BSee 5” POPP was saw anes sc POs ks pha © ROO) 

o2s (r-r)? = r* forre=o 

an 2-2. QZ. ‘ig ke aD 
c c 

= Eqv + GSEay cetccessceseceesesesnees (61) 

SEav is the average increase in energy per time constant ét Say. This 

extra energy is dissipated in the resistor, R, by the noise voltage 

defined as 7 ht 

The average noise power Se Vsh? 
: é6t R 

wee : 
= coltey from equation. G6b) 

2006€ 

Deccan. 
os = Core 3 Se 8 @.8°9 0028 @8 Ce eeev eee eee ee Ces @ (62) total V gh2 : Seas 

Assuming a Poisson Distribution for n the number of charge 

carriers it can be shown that the variance 

OF see e eee neeeeeeeeeeeeeeeeeeees (63) 

substituting in (62) 

‘ ps e*n R 
total Vv h2 St x 2c eee ewer s ese e seer eessens (64) 

the average current i = de
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.'. equation (64) becomes 

total V.»> eiR Peak. cy Bae aks ss s bh cea 
sh?: as 2c, 

Equation: (65) is the total mean square shot noise voltage given by 

Schottky (43). 

Assuming that there is a mean square shot noise current, 
ane 

i?sh, independent of frequency 

then i*sh = ign? Pele 6B a. cata Pinas cae) 

where Z is the impedance of the R-C circuit (see Fig.21) at 

a frequency f. 

oo 

eo SD 
Wi a = ‘itimapetiaiaia Saeaontneeienaeapgetione, 6 co 1 2 

total Von2 oe Tea2oipe a) her Gas 4 £67) 

° 

from equations (65) and (67) 

ish? = 2 e if/unit bandwidth is Sas Ch RGR oi 0. sin tis ee COS) 

Equation (68) has been arrived at by assuming that the variance oy2 

in equation (62) is that for a distribution with small probabilities, 

namely, the Poisson distribtion. Im actual measurement it is found 

that equation (68) is not strictly true, especially when there is 

Charge wm ; 

space change the system. This means that the variance o..2 is not 

strictly equal to n. 

This gives rise to a smoothing effect and equation (68) is 

modified to 

Lae mit 2 2 @bfunit. bandwien dive swe tees caiwic o's ban hOD 

Wie. : 
where [ is the ‘smoothing factor'
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In his book Bull 4 ) using the theory of field lines and 

probability generating functions accounts for the smoothing factor from 

first principles without making assumptions of any special probability 

distributions. 

It can be seen from equations (56) and (68) that the wider 

the bandwidth, the higher the value of the mean square noise. In the 

present system the bandwidth is narrow (<1KHz) and the current i % 300 

microamperes. The contribution of the frequency independent noise:, 

“white noise", to the total noise at the input stage is small. 

Flicker Noise. 
  

(44) 
Johnson reported that valves display a noise considerably 

(45) ¢€ 

greater than "shot noise" at low frequencies. Shottky has 
NN 

explained this by saying that ions remain on the cathode for varying 

; j ee ; (42) (46) 
periods of time and thus the emission becomes erratic. Bull 

has stated that such effects have been observed in Resistors and semi- 

conductors as well and at frequencies hitherto considered to be too 

(46) high for the effect to take place. He shows in that space change 

can be a source of the excess noise attributed to the flicker effect. 

In semiconductors, however, the effect called "modulation 

noise" is said to originate from imperfections in crystal structure. 

It looks as if the phenomenon is not properly understood. This might 

not be due to the fact that the statistical theory for say "shot 

noise" derivation is wrong. It might be due to the experimental 

methods with which the theory is tested. 

Equation (62) states that 

cit gt ae 
total V2 =---*— 

sh 2c é6t 

There does not seem to be anything wrong with this equation. 

Secondly, we can only measure the variation in number of charges 

flowing in unit time irrespective of the mechanism causing the variation 
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or fluctuation. The difficulties arise in the determination of the 

2 2 variance of. It is possible that o. is quite complex and made 

2 up of components which depend on say temperature, os ; frequency, o 2; 
Teo 

current, o .4, etc. 
: ri 

ices o 2 = o 2 + Oe + Ona Pe ee ts vg ee CLD) 

Since the statistics are only interested in thé fluctuation from the 

mean and not how fast or slowly this takes place, the idea of temperature 

dependence or independence derived from it must only be to make it 

possible to make measurements which employ amplifiers of finite or 

limited bandwidth. The aim being to answer the question ‘How much 

noise theoretically can one have when working between frequencies Fy and 

git 
Fy? 

pee 

One then postulates a frequency independent current 2 on? 

and writes correctly 

Oo 

woos. 2 
total vont 1 oh2 | |z| éf 

° 

which is the same as for equation (67). 

In trying to realise this equation in practice, what we do 

is 

  

Vien2 = t eh2 |z|2 Af eeceeseeeereeseee CL) 

a
M
 

as we cannot have an infinitesimal 6éf. 

It is as though we are sampling between Fi and Fy in a 

frequency domain with each data point separated from the next by Af. 

Af must therefore fe vquite small compared to the bandwidth, (Fy - F) 

if an equation like (71) is to be used. 

We therefore start with say a Af of say 200Hz and draw part 

of the spectrum from mean frequency of say 5kH2 and work our way down. 

We get to a mean frequency 200Hz and then cannot go further down because 

we cannot have a mean frequency of say 50Hz and use the same Af which 
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we hope is our unit bandwidth. 

It can be sac eek we are not giving equal weighting to 

each point in the frequency spectrum because with the fixed "unit 

bandwidth" the Q of the measuring circuit, namely for Ae is changing 

all the tue as we move down the frequency spectrum. Secondly, if we 

were to have connected inductances directly to the output circuit of 

the device under test, as earlier workers like Johnson did, then in 

trying to get down to lower resonant frequencies by increasing 

capacitance we are altering the dynamic impedance of the circuit. 

Johnson's vegitte would have been different if he had sepeeached the 

lower frequency by keeping ¢ of the detecting resonant circuit 

conatanes 

Bull (42-pp 158 of his book) states that "It is perfectly 

clemk thie has never been remarked upon, that in order to reduce the 

mean frequency at which measurements are made it is essential to 

reduce the bandwidth". 

The other problem facing one who wants to find out about 

noise at low frequencies (<500H,) is that observation time gets longer 

the lower in frequency one gets. 

In view of these the following method of measurement is 

proposed :~ 

1. One should work with fixed percentage bandwidth in scanning 
. 

.the spectrum. This will make the Q of the measuring system 

constant and the effect of "ringing" in lightly damped 

circuits will be eliminated. 

2. At any mean fremibaey with the constant Q a number, N, of 

samples should be taken with the sampling frequency satisfying 

the Nyquist sampling theorem, say 10 tas the frequency of 

the upper half power frequency. This can be used to define 

the way one should move down the frequency spectrum.
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3. The previous lower half power point frequency should be 

made the new upper half power point frequency and 

sampling at a rate 10 times this frequency should be made. 

This will take care of the difficulty with observation 

Sine as the mean frequency of measurement becomes smaller 

and smaller. 

4. Analysis of the N samples taken from each frequency 

interval can be performed and the mean square voltage, V, 

calculated. 

With a scheme of this nature since each band is joined to 

the next one at its half power point, the overall measuring spectrum 

will be flat. (See expected total response curve Fig.22). It can 

then be used to check the frequency dependence or otherwise of the 

noise. Other elementary percentage bandwidths in a similar way can 

be Cider! and pindte spectral curves drawn for the same total 

frequency interval. 

An example of the scheme for 100 percentage bandwidth 

extending ange ce 1 H2 is presented in Table 2 and Fig.22. 

With a 100% bandwidth or Q = 1 since the time constant of 

the circuit will be Q/¢, this will cater for the necessary increase 

of observation time as one goes down the frequency spectrum. 

For such a side active filters should be used for 

realising the elemental responses. The scheme is like that used in 

the Muirhead-Pametrada Wave Analyser D-489-E. 

Finally, if one has two active sources for fluctuation such



  

TABLE 21%: 

FREQUENCIES. 
ILLUSTRATION OF SCHEME FOR MEASURING NOISE TO LOW 

100Z BANDWIDTH OR Q=l. 

  

- Frequency band Hz 
  

Lower half power Upper half power 

Sampling Frequency 
taking 100 samples 

  

  

point point 

729 2187 21.87 kHz 

243 729 7.29 kHz 

81 243 2.43 kHz 

27 81 810 Hz 

9 27 270 Hz 

90 Hz 

1 a 30; Hz 

0.33 1 10 Hz         
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"Fig 22. RESPONSE CURVES OF LOW FREQUENCY NOISE DETECTING SYSTEM (FOR SCHEME IN TABLE 2) 

-~-=———— Response Curves of Analysers 

—©-©-—~ Equivalent Total Response of a Detecting System comprising Analysers spaced 
logarithmically at eight frequency intervals 
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as ‘shot noise' and 'thermal noise' and these span the whole frequency 

spectrum, it is possible that within any frequency band the voltages 

arising out of these sources of fluctuation will have frequencies, fs 

and ft, which are near each other. The sum of these voltages will 

Puatctien have peaks which will occur at their difference frequency, 

fr - fs. This will lead to a fluctuation Seaemeing with a very low 

frequency. Could this be a possible source for "flicker noise''? 

This can be checked by repeating measurements at low ; 

frequencies. Some such experiments might aid in the interpretation 

and analysis of noise into component, especially at low frequencies. 

Noise due to signals or Excess noise:   

There is a further source of noise attributed to the effect 

of. signals. In other words increase in the inherent noise of a 

system when signal is applied. This is denoted as ‘Excess noise’. 

(47) 
Bull and Bozic attribute this to changes in the characteristics of 

the device when signal is applied. In the present experiment this 

type of noise was not investigated as the differential signal of 

interest was in the microvolt region. It is possible, however, that 

in the presence of large common mode signals this type of noise might 

be manifested. 3 

In the present system we are interested in recognising the 

petal electro-cardiogram in the presence of noise and since the 

triggering mechanism used in analysers requires a fiducial point in 

the signal, the maximum peak of the intrinsic noise and not its mean 

square value was estimated. 

The total inherent noise level was 4 0.7u1V peak to peak 

referred to the input in the frequency band from 1.2H3 to 130Hz. 

This noise level was found to be adequate as the estimated minimum 

foetal signal from abdominal recordings is % 5yV (R-wave}. 
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Other Sources of Noise: 

Potentials from maternal abdominal muscles give rise to by 

far the greatest amount of noise other than that arising in the 

amplifying system. Since the heart itself is a muscle one would 

expect that the frequency spectra of both would be similar. This 

indicates that no filtering circuit can improve the signal to noise 

ratio appreciably. The only method seems to be to discriminate 

against unwanted myographic noise by having a high common mode 

rejection ratio. Thus myopotentials originating at points relatively 

distant from the detecting electrodes will have large in-phase 

components and hence their contribution will be reduced. The high 

common mode rejection ratio will also deal with interference arising 

out of external sources such as from the mains supply. 

During initial tests since the main power of the electro- 

cardiogram was thought to be centred around 20Hz, an active filter 

was constructed with a bandwidth of about 10Hz around 20Hz. This 

approach was found not to improve the signal to noise ratio. Not 

only did the signal "ring" but also with the low cut-off point at 

15Hz the signal became unrecognisable. This phenomenon is discussed 

fully in the next chapter under "Presentation of Foetus". 

In systems where the interest is the waveform and not the 

power of the signals, only the noise voltages which have frequencies 

near the frequency of the signal are those that mask the information. 

High frequency noise gives an electro-cardiogram the appearance shown 

insur. 23a) 

mney, Wan 

Fig.23 a. 

The appearance of an electrocardiogram in the 

presence of noise at high frequency.



  

63 

  

Fig.23b. Illustration of the effect of low frequency noise 

on the appearance of a electrocardiogram. 

Noise frequencies lower than the signal frequencies alter only the 

base line and give the signal the appearance shown in Fig.23(b). 

Both. of these can be dealt with using proper filtering or averaging 

techniques. | One can conclude that it is the noise voltages which 

occur within the spectrum of the signal that mask it. 

In concluding this section it can be said that the effect 

of inherent noise has been discussed because its level sets the limit 

to the electrophysiological potentials that can be detected after one 

has been able to remove the other source of noise. Interference 

from mains supply in the present system was not detectable as the 

records to be shown later indicate.
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The choice of electrodes for detecting bio-potentials is 

very important. Its importance arises from the fact that the body is 

a volume conductor and the conducting material are the body electro- 

lytes which constitute and bathe the tissues. 

are sodium and potassium chlorides. 

The main electrolytes 

Contact between a metallic 

electrode and the electrolytes leais to local dissociation which 

results in the formation of electrochemical cells, which have e.m.fs 

and are also polarised. 

The extent of this polarisation can be inferred from the fact 

that Roy and Wehnert 

to power an implantable cardiac pacemaker. 

(48 ) have used the phenomenon to provide a battery 

They tried different 

anodic and cathodic materials and got the following results shown in 

«<Tablev2. 

Table 2 : GALVANIC CELL MEASUREMENTS (SALINE SOLUTION) 

  

Cathode Material 

  

        

Anode Material Voltage Anodic material loss 
(volts) (milligram/year) 

Platinum Black _ Zinc 0.9.+ 1.6 550 

es Iron Oe5 > 0,6 468 

" Mild Steel 0.5 +026 468 

Silver Zinc 0:58:70 9 550 

Silver Chloride : Zinc Oss, ara 550   
  

The usual method employed in electrophysiology (Roy and Wehnert) 

to avoid this contact potential, especially when recording down to d-c 

potential is, to use "non-polarisable electrodes". Usually such 

electrodes take the form of metallic mercury covered by a layer of 

calomel (H2Cl9) or Silver Chloride (Ag Cl). During measurement they are 

connected to the tissue by an agar bridge or an ‘electrode paste' 

containing potassium or sodium chloride.
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Used as a cathode the following reaction takes place:- 

eee HgClo * 2Hy” + 2Cl for mercury type 

Ag < Ag + e for silver 

Hy” and Ag+ ions are exuded from the solution due to the low solubility 

of Hg Clg and high concentration of chloride 5 ions. The reverse 

reaction takes place when used as an anode. The chloride ions in the 

K Cl and Na Cl swamp the fluctuation in chloride (Cl ) taking place. 

The silver-silver chloride electrode is the easier to 

construct and therefore used more generally. Silver is electro- 

chemically plated using 1.0 Normal hydrogen chloride (H Cl) as electro- 

. lyte. The electrode must be protected from light and friction. 

Therefore they must be kept in a solution of 0.9% Na Cl preferably in 

the dark. 

| Polarisation depends on the ease with which an electrode 

material ionises in electrolyte solution. Carbon in the form of pure 

graphite, although a good conductor, does not ionise when in contact 

with a solution of even some of the strongest acids. It is low in the 

electrochemical series. 

It was therefore thought that graphite could be a good ae 

salarisebie detecting electrode material once it has been cleaned 

properly. 

Graphite can now be produced in many forms, cloth, felt and 

blocks, and therefore can have very wide applications in electro- 

physiology. 

“In the present experiment graphite electrodes were constructed 

from solid graphite blocks (the type used as moderators in nuclear 

physics), and also from graphite cloth. Fig.24(a) and (b) show the
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construction of the electrodes:- 

2     Be 

Fig.24, 

CONSTRUCTION OF GRAPHITE BLOCK ELECTRODES. ‘ 

R 4Ebonite'L = metallic screw Lead,C = Corrugated metallic contact, 

G = Graphite cylinder( cleaned ), J = recess for electrode Jelly, 

P = Perspex, S = rubber Spacer, 

Both electrodes in Fig.24 are similar but the one in Fig.24(b) has 

the advantage that the eoaukite can be removed for cleaning if this 

became necessary. 

Graphite is an abrasive material and it is known that 

during ain gtacvare and machieine it will retain films and particles of 

metal. The graphite electrode cylinders were therefore subjected to 

the following rather drastic treatment before they were used:- 

. 

1. Immersion in concentrated nitric acid overnight. 

2. Boiling in distilled water. 

' 3. Heating up in an oven. 

After this treatment, it did not blacken the skin or other materials 

appreciably. 

The best method for attaching such an electrode to the skin 

is by the use of a Beckmar electrode polythene disc which is adhesive 

on both sides after filling the recess Fig.(24) with electrode jelly. 

"Redox' electrode paste was found to be suitable. The electrode
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system in this form can be used for recording electro-cardiograms from 

adults. With the provision of a grove for a rubber band (netting) 

to hold it down on the head it can be used for electro-enephalography. 

The graphite electrodes found to be best suited for foetal 

electro-cardiographic recordings from the maternal abdominal wall were, 

however ,constructed from graphite cloth. (See Appendix II fera 

specimen). 

Fie.25 shows the construction of the electrode from the 

cloth:=- 

  

@ 
The eraphite cloth is doubled up to make an isoscles triangle 

x ' a 

1 

and sewn with nvion thread (to withstand severe initial acid treatment). 

A doubled up tape is made and sewn-on to the triangle making sure that 

the two graphite cloth surfaces (tape and triangle) are in good 

contact. After sewine the cloth electrode is dipped in concentrated 

nitric acid and rinsed in boiling distilled water. 

It was found that washine in water with detergent or soap then 

made it so clean that it did not blacken the skin appreciably. It is 

then dried. 

° ; . fan * 
In this form the electrode was found to be very satisfactory.
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The main advantage is that the material is soft and therefore 

follows the contours of the human skin, producing very good contact with 

the electrode jelly so that artifacts arising from stretching and bend- 

ing on account of material movement were kept to a level smaller than 

with metallic electrodes. 

In use a slit was made in a ‘'variband" cloth through which the 

f ; 

leading tape connecting the tiangular electrode was passed. 

The maternal abdominal skin was washed with soap and water and 

Redox paste was rubbed into the area of interest. More paste was 

smeared on to the exposed side of the graphite triangle. It was finally 

secured on the abdomen with two tapes of plaster. Three such electrodes 

were needed. The protruding ends of the graphite tapes were connected 

by small crocodile clipped leads to the input of the detecting amplifier. 

’ Pig.26 shows a photograph of the electrodes in place as described:- 

  
-Pig.26. Connection of the cloth electrodes to the mother. 

(20) In an earlier work by Goddard et ai a scheme to reduce 

interference of the foetal signal by myopotentials from neighbouring



  

muscles was used. Eleven pairs of electrodes disposed as shown in 

Fig.27 were attached to the maternal abdomen:- 

MATEONAU gee ueeng Soe ee 
SIGNAL 

EARTH 

  

  

  

  

  

  

  

  

  

  

MATERNAL f 
SIGNAL x 
  

Fig.27. Arrangement of electrodes on abdomen in a scheme 

‘ to improve the signal-to-noise ratio. (Goddard, et we 

A pair ‘consisting of one lead from A and one from B was connected to 

one differential nre-iinibal fier (11 pre-amplifiers all together) and the 

outputs of the pre-amplifiers summed. Statistically, one would 

expect the disturbance to be reduced approximately by YN , N being the 

number of ouite of electrodes, in this case the expected improvement of 

signal to noise ratio was Vil. 

In the present system it was felt that the same effect would 

be obtained by doing the summing on the abdomen by having large 

electrodes (preferably having an area that of the total small ones) and 

and amplifier with high common mode rejection ratio. 

It is here. that advantage is gained in the use of the cloth 

electrode. The graphite cloth can be made any size and easily made to 

follow the body contours when in contact with the skin. 

In the present experiment, therefore, three larger electrodes 

were used. One could envisage that in this case the improvement of
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signal to noise ratio would be proportional to th OR being the 

electrode area touching the abdomen. 

A further matter of interest in the use of graphite electrode 

for detecting potentials arising out of organs in biological systems 

was provoked by the phenomenon of voltage fluctuations which take place 

‘ie ‘ a C4 
at metal-electrolyte interfaces. Tiasterstéin’' reviews previous 

work and describes this phenomenon as having polarisation effects and 

noise of electrochemical, electromechanical and thermal origins. He 

gives examples of these unpredictable voltages using a system of electrodes 

immersed in small glass containers of electrolytes. Their amplitudes 

range up to hundreds of microvolts and their frequencies overlap the 

phsiological spectrum from d.c. upwards and are therefore difficult to 

filter out. The behaviour of open-circuited electrodes in solutions is 

" affected by electrochemical corrosion. 

Since carbon is the pure state would not suffer such electro- 

chemical corrosion to any degree, it was felt that it will not produce 

such electrochemical artifacts. It must also be mentioned that since 

carbon is abrasive other metals with which it comes into contact during 

manufacture or its history can be ocluded on it and initial drastic 

cleaning such as previously outlined is necessary. 

In a trial with gold electrodes and fairly clean graphite 

erektrotie it was found that when electrolyte, e.g. electrode jelly, 

was sandwiched between two such similar electrodes (gold-electrolyte- 

gold, graphite-electrolyte-graphite), shown in Fig.28, they both 

showed polarisation. On shorting terminals a and b (Fig.28) for 

some tjme and opening, it was found that the polarisation voltage on the 

gold system decreased to a small value and recovered to its original 

level, whilst that of the graphite system did not recover. It was
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Set-up for studying Polarisation effects 

at Electrode-Electrolyte interfaces. 

also found that clapping one’s hands produced far more effect on the 

gold system than on the graphite system. Secondly, the gold system 

seemed to be sensitive to mains hum pick-up. This behaviour has not 

been studied exhaustively and a more detailed study is called for. 

It can, however, be concluded that on account of its electrolytic 

inactivity, the contribution to the production of this type of artifact 

by the electrode material alone would be less for carbon (graphite) 

free from ocluded metals. 

In the measurements taken with the graphite electrodes 

described, very satisfactory results were obtained. It was found 

that gentle washing with soap and running tap dates: nied a reading 

has been taken, was enough to clean the electrodes once the initial 

drastic cleaning had been carried out. A recording was made through- 

out labour using the abdominal graphite electrodes and with the 

mother's leg folded up. The only precaution was that the thigh 

should not touch the metallic crocodile clips used. These were 

covered with further strips of plaster. Apart from periods when the 
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mother was turned over, and periods when the Si’ster shouted "You are 

a good girl just give us another big push" with consequent increase in 

myopotentials, the foetal signal could be seen clearly. 

INPUT IMPEDANCE OF DETECTING SYSTEM. 
  

The source resistance of the foetal signal depends on the 

resistance of the tissues of both the foetus and mother intervening 

between the foetal heart and the electrodes, and to a greater extent 

on the condition of the maternal abdominal skin surface. ‘The body 

being a volume conductor the resistance of the intervening tissues is 

small in comparison with the skin resistance. It is this surface 

resistance which is reduced by the use of the electrode jelly which 

‘permeates into the pores of the skin thus producing good contact with 

je internal tissues. 

During breathing, however, it is expected that the intervening 

tisbines waist nr edhiire cyclical impedance changes correlated to the 

expansion and contraction. The detecting amplifier should have high 

input impedance so that these changes would not produce appreciable 

modulation of” the amplitude of the detected signal. 

(50) Van Bemmel gives the abdominally recorded signal, a(t) 

as 

a(t) = r(t) m(t) + E(t) + Me) f ceeceeeeceeeeveeseee (72) 

where m(t) is the component from the maternal heart 

f(t) is the contribution from the foetal E.C.G. 

N(t) is the additive noise components, mainly 
consisting of "muscle noise" electromyogram. 

‘r(t) is a multiplicative component especially due 
to movement e.g. respiration. 

If r(t) is written as {1 + g(t)} where £(t) is the movement factor then 

it is felt that g(t) can be drastically reduced by using carbon cloth 

electrode which will keep the same contact area during movement of the
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abdominal wall and produce less polarisation changes and by having high 

input impedance of the detecting amplifier. 

In the present experiments, the differential input resistance 

was set at 20 megohm. For other applications which necessitate higher 

input impedance this could be increased to the input impedance of the 

; <a 10 
field effect transistor used v 10 2, 

To summarise on this chapter, a stable, high gain amplifier 

has been designed to have 

(a) High common mode rejection ratio. 

(b) . Low noise. 

(c) High input impedance. 

(d) A suitable electrode system using graphite as electrode 

clement has been tested and used successfully. 

The importance of these topics in detecting foetal electro- 

cardiograms in particular, and electro-physiological potentials in 

general, have also been discussed,



  
CHAPTER IT 

PROCESSING THE FOETAL ELECTROCARDIOGRAM 
  

OBTAINED WITH ABDOMINAL ELECTRODES. 
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CHAPTER IT 

PROCESSING THE FOETAL ELECTRO-CARDIOGRAM OBTAINED WITH 

ABDOMINAL ELECTRODES. 

Fig.29 shows an oscillogram of a typical signal obtained at 

the output of the present detecting system. 

  
Pig.e29. Oscillogram of Detected Signal, FsFoetal, M=Maternal. 

The choice of a method for processing such a signal is 

dictated by the type of information one wants to extract from it for 

analysis. 

Such information as far as the foetal part of the signal 

is concerned can be classified under two main headings:- 

A. The rate at which the foetal heart beats. 

B. The waveform of the foetal electro-cardiogram. 

A : FOETAL HEART RATE 

(51) 
Sanctorius of Padua (1561 - 1636) was the first to recognise 

' 
the importance of the human pulse rate as a diagnostic tool. Before 

the invention of the stop watch Galileo (his classmate) and astronomers 
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like Kepler used the pulse beat as time reference. Galileo found 

that the period of oscillation of a pendulum depends on its length. 

Sanctorius used this idea to make the PULSILOGIUM:- He varied the 

length of a Galilean pendulum until the period of oscillation 

coincided with the beat of the heart and measured the length of the 

pendulum. Thus he correlated the different lengths with the state 

of his patients. 

Since then the heart rate has been used as a diagnostic 

tool. 7 

In the foetus the rate is about 140 beats per minute on the 

average. It has been found that during foetal stress the rate drops. 

‘The period after a contraction in labour when a drop occurs in the 

foetal heart rate is used for classifying the source of the distress. 

It is therefore important that there should be continuous 

monitoring of the foetal heart rate. 

Sheipey i), as outlined and discussed the various methods for 

foetal heart monitoring. These include the use of phonocardiograms 

and doppler tone detectors. 

-It can be seen from the signal picked up from the maternal 

abdomen (Fig.29) that one can take periodic records on an ordinary 

electro~cardiograph after amplification of the signal by the pre- 

amplifier and, knowing the chart speed, calculate the foetal heart 

rate. There are aids to calculation known as cursors to calculate 

the rate. One can also read the time interval between two complexes 

off an oscilloscope. 

Suppose the oscilloscope time base is 0.2 sec/division and N 

is the number of divisions between two foetal signals 

The period T is therefore 0.2 x N sec. 

<2. The foetal rate L eee 

T 0. 2x°N 

x PEACE /MIAE gan cs. «hae von CFD) 
300
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In this example the heart rate is divided by the number of 

oscilloscope divisions between two complexes. A table was made for 

heart beats ranging from 50, (N = 6), to 200, (N = 1.5), beats per 

minute, so that the Sisters in the Maternity ward could read the 

rate (both foetal and maternal) off an oscilloscope. 

These two methods would only give spot measures of the 

heart rate. 

It can be seen from Fig.29 that the only way that continuous 

record of the foetal heart rate can be obtained from such a signal is 

first to remove the rather larger maternal complex and trigger a pulse 

interval counter with tha resui tine signal. 

It is the technical difficulty of cancelling the maternal 

signal whic has led some workers into the use of wire electrodes and 

other forms of direct electrodes, including trans-abdominal ones, to 

the foetal scalp or the ite phiaedcce part. These methods have been 

reviewed in the introduction to this thesis. 

Le A method of eliminating the maternal complex is to record a 

maternal complex free of foetal complex taken from another part of 

the body and subtract this from a signal like Fig.29 using 

= (17) (18) 
Pp 

A 

analogue methods. Gureau and Trocellier ioneered in this 

method. 

(19) 
s 

Walden and Birnbaum used suction electrodes in a scheme 

shown in Fig.30.



  

77 

Maternal Pre-amplifier 
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Foetal Pre-amplifier 

Bee. 50. Method for Eliminating the Maternal Complex 

used by Walden and Birnbaum!? , 

This method depends on the maternal signal, m, (t), having the 

same form phase (or antiphase) and amplitude as the maternal complex 

in the total signal m, (t) + £(t). 

Since the body is a volume conductor this means that the 

sbitce weeen m, (t) and m, (t) are picked up must ideally lie on an 

equipotential. Secondly the maternal and foetal pre-amplifiers 

should have the same response characteristics. If these two 

conditions are not satisfied there will be a residual maternal 

complex whose amplitude should not be larger than the maximum foetal 

complex for triggering a ratemeter. Difficulties with the method 

‘are concerned with satisfying this condition by trial and error. 

e — system where two pre-amplifiers are not needed, Sureau 

(18) cevised a method where the subtraction of the and Trocellier 

maternal complex is performed before amplification. Here the mid- 

line is chosen as being not far from an equipotential and by a 

potentiometric method voltages are chosen from fixed points 

straddling the midline for subtraction.
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What could be a source of disadvantage is that once one moves 

away from the midline, one must search for a maternal complex for 

cancellation. 

Fig.(31) is reproduced from Sureau's paper. 

        

  

2S
 
S
R
S
S
H
O
M
M
G
E
,
 

    

Fig. 31. Method used by Sureau et al. for eliminating the maternal 

Complex, 

These methods have been used by many workers for measuring the 

foetal heart rate. 

Tels A second method for eliminating the maternal complex is to 

“blank it out". This is done by using a point in the maternal 

complex prerecebiy the R-wave to trigger a gate through which a 

delayed version of the original signal passes. The method has 

' (52) (20) 
.been used by Kendall, Farell and Kane and also by Goddard et al. 

Schematically the system is as illustrated in Fig.32 
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delay T complex blanked 
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un In 

« Fig. 32a. Schematic diagram of system for blanking out the matermal 
complex,
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Pig. 32b. Timming for blanking out the maternal complex. 

Since the time interval between successive R-waves in the electro- 

cardiogram is not strictly constant, one cannot use a system where 

the triggering is done on a preceding R-wave. A typical complex .- 

to be blanked out is shown in Fig.32(b). 

The gate is triggered with the peak of the R-wave as the 

fiducial point and the period during which the gate is closed should 

start at such a time that the beginning of the P-wave and the R-wave 

is equal to (1 - 17}). 

‘The delay time is provided by the tape recorder. It is the 

time it takes a point on the tape to travel between the recording 

head and the playback head. Tt, is a variable delay provided in the 

trigger circuit. This variable delay is needed because once the 

tape speed is chosen 1 is fixed. T, is then varied to make 

(t - t)) variable for different subjects. 

This method was used in the present experiment and will be 

discussed in more detail later.
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If one makes the duration of the blanking pulse short enough 

so that only the maternal QRS complex (the larger portions) are 

blanked out, the foetal signal could be used for triggering a rate 

meter. However, since the foetal and maternal heart-beats are not 

correlated, all foetal complexes which coincide with the maternal 

QRS will also be blanked out. A rate-meter will therefore not 

give a steady reading. If it is a pulse interval meter it will 

periodically indicate twice the expected pulse interval. 

In the present system, however, the waveroen and its 

properties were to be studied and not much time was spent over 

measurement of rate. 

A scheme for a further method for eliminating the maternal 

complex using digital computer averaging will be put forward and 

discussed later in the thesis. 

: WAVEFORM OF THE FOETAL ELECTRO~CARDIOGRAM 
  

  
The raw signal shown in Fig.29 has diagnostic value. It can 

be used to give information on: 

a) Foetal bute. 

b) Presentation. 

c) Multiple pregnancies. 

a) Testing for foetal life. 

Foetal electro-cardiography has been used for confirming that 

the foetus is alive. However, if a record does not show any foetal 

complexes one does not conclude that there is no foetal life. Lt 

is possible that the electrode position is not suitable bor atek int 

up the signal. A positive signal, however, is a sure sign that 

the foetus is alive. An x-ray can show the presence of a foetus 

but until some pathological changes like the collapse of cranial 

structures are apparent, it cannot confirm foetal life.oy death. 

 



  

b) Presentation of Foetus. 

Foa‘2) 

  

, as stated in the introduction, was the first to 

attach importance to the direction of the foetal R-wave in 

relation to maternal R-wave as a means of telling which way the 

foetus is orientated in the uterus. When the foetus is large, 

however, obstetricians use palpation or feeling the maternal 

abdomen to check for presentation. 

It has been established by palpation, x-rays and simultaneous 

recording of the foetal eieetromcardiocram with direct and 

(53) 
abdominal electrodes have shown that if a midline electrode 

system is employed and the foetal R-wave in a record such as shown 

in Fig.29 points away from the maternal R-wave, then the two bodies 

are orientated in opposite sense and the foetus is in the vertex 

or 'normai! presentation. The reverse holds for when the foetus is 

coming out leg first or is in Breech presentation. Workers, 

including Lark, Bernstein and Sureau, fale however found some 

pale 
instances when this rate has not applied. 

An investigation was therefore carried out in this experiment 

to find out more about the reasons for such exceptions.
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Effect of L ow Frequency cut-off _p oi nt_on Wave f orm. 
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than that used in 33(a). This record was taken with the detecting 

electrode in the midline position. The degree of differentiation 

can be inferred from the relationship of the inverted material 0 

and S waves. In 33(a) the S-wave is lower than the Q-wave. The 

rising base line from left to right shows that there is not much 

differentiation and the slow potentials originating as a result of 

maternal breathing are getting through. The foetal R-wave is 

clearly seen pointing (upwards) from the maternal -wave (downwards). 

In Fig.33(b) the maternal S-wave is now level with the O-wave as a 

result of the differentiation which has also flattened the base line. 

It can be seen now that the foetal signal is now bi-phasic and the 

foetal R-wave is almost as far up as the foetal Q-wave is down. 

  
Fig.33(c) shows the effect of further differentiation. The 

maternal S-wave is now far above the maternal O-wave and the foetal 

complex looks as if the R-wave is pointing downwards. Also it can 

be seen now that most of the slow waves in the signal have been 

removed. Using fig.33(a) one would say the presentation is Vertex 

or Normal. Using the same signal differentiated as in Fie.33(c)
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one would say that the two "R-waves" (maternal and foetal) were 

pointing downwards, this suggesting breech presentation. Usually 

a flat baseline is regarded as being desirable, but it can be seen 

that in trying to obtain a flat baseline by cutting out the slow 

voltages in the signal, one can confuse or destroy completely 

information, such as that about presentation. 

Fie.34(a), (b), (c) and (d) show a similar series obtained 

from an electro-cardiographic signal suggesting breech presentation 

in 34(a) and which, with successive differentiation, leads one to 

the mistaken diagnosis of normal or vertex presentation with Fig .34(c) 

and (d). 

  

Fig.34. Inversion of the foetal signal( Breech presentation) 
x 

as a result of differntiation of the sigal. 

The forecoing indicates that errors in the diagnosis of 

nresentation using foetal electro-cardiography might have arisen from 

distortion of the signal produced by the detecting system. It was 

“ound that this inversion of the foetal waveform with severe 

1ifferentiation of the signal occurred at different low cut-off 

frequencies for different electro-cardiograms. All, however, would 

have turned upside down by the time the cut-off point has been raised 
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to 15Hz. 

It is thought that except in cases, if these exist, where 

the heart is actually placed upside down in the foetus, the rule that 

a foetal R-wave pointing away from a maternal R-wave (midline 

configuration) represents normal or vertex presentation therefore 

always holds. 

In view of the above, it is thought that the rule concerning 

the orientation of the foetal waveform with respect to the maternal 

waveform could be extended to deal with cases in which readings taken 

with electrode configuration other than from the midline can be 

analysed. 

Suppose we used a midline electrode configuration and 

labelled the electrode connected to the pubis RED and that connected 

to the top of the fundus BLACK and kept to this by making sure that the 

appropriate lead is correctly plugged into the detecting amplifier, 

then when the R-wave points upwards on our record we could conclude 

that this represents 'normal' presentation. We could translate this 

as pointing towards the BLACK lead (assuming the mother was standing 

upright). 

If now we have a foetus in lateral position, although from a 

given record the foetal R-wave may point away from the maternal R-wave 

when we have used a configuration as shown in Fig.35, we cannot say that 

it represents a normal presentation. What we can say is that the 

foetal R-wave points towards the BLACK lead. With a small diagram on 

the record showing the electrode position (as is done in electro- 

encephalography) we could say which way the foetus is orientated. 
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‘ 

(eg—— MIDLINE 

  

Fig.35. Standardisation for the diagnosis of foetal 

Presentation (see text). 

In other words, we should relate the orientation of the foetus to our 

fixed electrodes and only use the direction of the maternal complex to 

check whether we have plugged the leads tite the detector correctly. 

A tentative explanation for the inversion of vis waveform 

with differentiation is that the rise from Q to R is slower than from 

Rto.S:n che abit ro-cardtiaeahn and therefore the magnitude of the 

time derivative of the signal will be bigger for the R - S section 

than for the Q - R section. 

The frequency at which the low frequency cut-off point is 

set in the detecting system becomeseven more important when information 

concerning the waveform of the electro~cardiogram is sought, as one 

does not wish to confuse a differential S-wave with an upturned R-wave. 

In this sneha, therefore, a compromise was made and the 

low frequency cut-off point was set at about 1.3Hz. At this setting, 

one can still have some slow 'breathing' voltages and still maintain 

information about presentation. 

It was found that passing the signal through an integrating 

network had the reverse effect in that it made the S-wave move towards 
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the base line and enhance the R-wave. It was.also found that the 

nearer the foetus was to the surface of the maternal abdomen the more 

diffeventiated the foetal waveform appears. This might be due to a 

property of the tissues of the conducting medium between the foetal 

heart and the surface. This is discussed further after the section 

on computer averaging of the foetal complex. 

It is concluded here that with proper labelling of electrode 

configurations and proper manipulation of the waveform with differen- 

tiating and integrating networks an error in the diagnosis of presen- 

tation of the foetus will only occur when the foetal heart itself is 

not properly sited in the foetus. This might even be useful 

-diagnostically if the discrepancy is discovered early enough, but it 

appears to be a very remote possibility. 

c) Diagnosis of Multiple Pregnancy 
  

A knowledge of how many babies a pregnant mother is going to 

have is of importance not only to the parents to indicate domestic 

’ changes, but also to the obstetrician in managing the pregnancy. He 

might have to get others to help during delivery, especially if the 

Caesarian operation needs to be performed. In the case of multiple 

pregnancy the babies might have to be delivered within a specified 

maximum time of each other. 

Current methods for diagnosing multiple pregnancies include 

palpation, or feeling with the obstetrician's hands, comparison of the 

size of the abdomen with the period of gestation, and confirmation by 

the use of X-rays. The use of X-rays has the disadvantage of 

unavoidable irrgdtetion of the growing foetus and it is here that the 

superiority of the safer foetal electro-cardiograph becomes apparent. 

In 1938, Bell took the gious electro-cardiographic record of 

twins. 

The criteria used in determining multiple pregnancy from an 

electro-cardiographic record are based on the fact that each of the
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hearts beat independently of the others and therefore, in this connec- 

tion, are like different oscillators having different frequencies and 

phases of neice Conk tnd. A record of the sum of voltages depicting the 

electrical activities of the different foetal hearts will show 

complexes which come together at some times and at others go apart. 

Within a short observation time the rates, although they are not 

strictly periodic, would not change aueennean si One can therefore 

look for periodicity to differentiate between several complexes, one 

for each heart. 

By taking a record and using a cursor marked in beats/minute 

(for the known chart speed), one can.search systematically for these 

separate rhythms or periods and diagnose the number of the constituent 

sources. 

Fig.36a shows an oscillogram given by twins in 'breech' 

presentation. 

In this case, apart from the foetal heart rates estimated 

at F = ~o 155 beats/minute, Fy = eS 132 beats/minute, 

the amplitudes of the complexes marked F, are larger than the 
2 

amplitudes of. the complexes marked F The maternal complexes LF 

marked M are larger than both, and F,)- 

It can be seen therefore that the amplitudes of the 

\ 

signals can be used to sort out the complexes. 

Fig.36b shows an oscillograph of the same complexes a 

moment later when the foetal complexes occur almost simultaneously 

thus showing that the two hearts are beating at different rates.



  
Fig. 36a. 

ofram showing the complexes of Twins in Breech Presen 

d F, and F,). M are maternal complexes. 
: 1 sa c 

4So 
Heart rate (beats/minute) = / Large Division. 

    

6
8



  

90 

  
Pige36b 

Recording Showing Foetal Complexes Coming together (extreme left), 

The following recordings, taken from Larks' monogram ,show 

the presence of triplets and quadruplets. uv 
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Recordings showing Multiple pregnancies, 

Upper-tracing, triplets; Lower tracing, 
quadruplets. (''From Larks, S$.D., FETAL 

ELECTROCARDIOGRAPHY, 1961. Courtesy of 

Charles C. Thomas, Publisher, Springfield, 
Illinois and with the permission of 

Professor Larks").
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In the course of the present investigations, the writer was 

asked to take foetal electro-cardiographic recordings on Mrs. Sheila 

Thornes at the Queen Elizabeth II Maternity Hospital, Birmingham. 

Sample sections of the record are shown in Fig.37(a) and 38. 

It can be seen when compared with Figs. 36 and 37(b) that 

| sue NEXT PAGE FOR FIGURE 1 | 

there is a great deal and an unusual amount of activity between the 

maternal phat cep: 

At first sight one might think that this activity originates 

from muscles other than the heart. Muscular noise signals, however, 

usually seem to be more regular and almost of constant amplitude. 

Secondly, the mother in question seemed extremely relaxed and if there 

had been only one foetus the record would have looked like the one 

shown in Fig.37(b). The maternal heart beat was about 79 beats/minute. 

The size of the abdomen also suggested there might be either a very 

large foetus or more than one. 
C in 

Trials were made starting at a point such as/Fig.37(a), where 

most of the complexes had come together and try to find regular rhythms. 

If one could not obtain a regular pattern this particular attempt was 

   



 
 

  

 
 

  
      

Chart Record of Sextuplets ycompare with record of one 
Trace (a), Pigs Sr. 

foetus, trace (b).
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abandoned and another made. The number of trials of this nature 

  

can be inferred from the state of Fig.37(a). Sometimes the pattern 

being followed would coincide with a maternal complex and if there 

is any indication that the shape of the maternal complex had changed 

where one expects the particular complex being followed, this point 

was marked and the search for periodicity continued. In Fig.38 the 

difference in size of the two maternal complexes suggests that such 

coincidence has taken place. One can guess that some of the upward 

pointing complexes have coincided and interfered With the first 

maternal complex to reduce its size. This procedure was then repeated 

for each of the complexes which one thought was foetal in origin. Et 

“was quite tedious. The pen writer on the ordinary electro-cardiograph 

could not fullow the rapid changes in phase taking place due to the many 

complexes and so the graph Fig.37(a) had to be intensified by tracing 

over it with pencil. The t gabenel on on the extreme right marked X is 

an example of the undeepened graph. Due to the high frequency response 

- of the oscilloscope, the photographic record (Fig.38) from it is easier 

to use as the complexes stand out much more clearly. 

The time base was 0.2 weu/ Carte division. 

Suppose one has been able to ascertain that the complexes seen 

were foetal : origin. Assuming also that the foetal complexes were 

occurring at the normal rate, 120 - 200 beats per minute, one could say 

that complexes marked a and b are too close to form one pattern. 

This is because the rate here is measured as rate/minute = oe (where 

N = number of large division) and the corresponding rate for N = 1 is 

300 beats/minute. Similarly b and c could not be considered as 

a and d_ however could form a pattern in the forming a pattern. 

normal range of foetal heart rate. By marking off the interval a-d 

and trying it on a similarly spaced complex, this coincides with f. 

This interval represented by 2 divisions (N = 2) corresponds to a rate 

 



  Oscillogram of Sextuplets. The Foetal complexes 

with small lettersg M represents the matermal comp 

Heart Rate ( beats/minute ) = 300/ Large Division. 
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of 150 beats/minute. A look at the disposition of foetal complexes 

with maternal complexes in the case where there was only one foetus 

(Fig.37(b)) shows that such a choice would be acceptable. 

A choice between a and i (Fig.38) is ruled out because 

of the fact that these complexes seem to be in phase opposition 

(a representing normal presentation and i breech presentation). 

By similar reasoning it can be seen that n, £, i, 0 seem 

to form another pattern with a rate of 158 beats/minute (N = 1.9). 

Considering the complexes occurring between the maternal (M) 

pulses. 

1. Normal presentation (Pointing upwards) 

a, d have been accounted for as forming one pattern 

b, c are too close to be members of a pattern and one can 

conclude they represent two more foetuses. 

At this stage one can conclude that there are at least three 

foetuses in Normal presentation. 

2. Breech presentation 

Regt ae pattern and 2 and j are too close to form a 

pattern. One can cane! lg that there are at least two 

foetuses in Breech presentation. 

On this basis therefore, one could conclude that there are at 

least 5 foetuses, 3 in normal presentation and 2 in breech 

presentation. ig 

If one considers further that m and p formed a pattern 

this will mean a rate of 110 beats/minute, projecting the corresponding 

interval to the left brings one to an indefinite " wiggle" at © (not 

very much unlike P in appearance). If this is a true pattern then 

there would be six foetuses present:- four generally in normal 

presentation and two in breech presentation. 

Usually there were at most two foetal complexes occurring 

in one maternal interval (See Fig.37b) except in cases as shown in 
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Fig .384 where a different foetus was under stress and the rate of 

118 beats/minute was close to the maternal rate of 107 beats/minute. 

The foetal rate subsequently dropped to about 100 beats/minuted and for 

some periods when they coincided one could not see the foetal signal, 

but it reappeared and went off again with a long beat period. 

Using this ad hoc criterion of two complexes/maternal 

interval one can quickly count all complexes witiee might be foetal in 

origin and divide the count by two to guess at the number of foetuses 

present. 

Applying this to Fig.38, in the interval between the maternal 

complexes one can count 

. 

ob, cy tee, ty 5, 8 Mg 8240 

.'. No of foetuses = 107 = 5 

In Fig.38 it is easier to tell the presentation than in 

Fig.37(a). This might be due to the fact that the response of the 

pen writer used in Fig.37(a) was slower and could have affected the 

waveform. In Fig.37(a) whenever the complex marked X was seen the one 

marked 4 was not far away. Similarly, the complexes p,q,r in Fig.38 

were not very definite so it was concluded ten days before the 

sextuplets were delivered that there were 5 foetuses with a possibility 

of a sixth one. Also that generally two were in breech presentation 

and three were in normal presentation. 

The validity of this method of analysis rests completely on 

these assumptions: 

(i) The foetal heart rates were normal 

(ii) The heart rate does not change appreciably 

during the time of measurement. 

(iii) The waveform, (size and direction) can be used 

as discriminating criterion. 

   



Fig. 38a. 

  
A case where the foetus is under stress and the 

rate is comparable with the maternal rate 

(Rate/minute = 450/Large Division) 
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when (i), (ii), (iii) are not satisfied there will be difficulty and 

errors in the diagnosis of multiple pregnancy using foetal electro- 

cardiography. 

In this section we have dealt with the type of information 

obtainable from the raw signal from the output of the detecting 

amplifier without further processing of the signal. It has dealt 

with normal signals in terms of rate. It can be said in addition 

that information concerning pathological cases such as tachycardias 

and bradycardias or arrythmias can be obtained also by visual 

inspection.
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THE USE OF COMPUTER TO OBTAIN THE WAVEFORM 

“OF THE FOE TAL ELECTROCARDIOGRAM 

In order to get information from the detected signal concern- 

ing the waveform of the foetal electro-cardiogram, means must be found 

to remove all other confusing voltages masking important characteristics 

of the foetal electro-cardiogram. The first of these masking voltages 

to be removed are those constituting the rather larger maternal complex. 

When this is done computer averaging techniques can be used to improve 

the signal to noise ratio. 7 

Digital methods should be used because if one has the low 

frequency cut-off set so that there are some "breathing" voltages 

periodically lifting the base line up and down then analogue computer 

summation will not be able to cope with the fact that the signal is in 

effect occurring at varying d.c voltage levels. The result of super- 

imposing several foetal complexes will be a blurred average as would 

happen when one uses an oscilloscope with long fluorescent decay time 

directly. 

Among the digital computer auxiliary apparatus or peripherals 

should be an analogue-to-digital convertor. There should also be a 

system to initiate aigititisation and storage. 

The natural point in the electro~cardiogram for triggering the 

computer is the R-wave or a correlated function derived from it. In 

Fig.39 the usual definitions of the various portions of the @lectro~- 
\ 

cardiogram are indicated by the lettering. 

 



  

Fig. 39. Nomenclature for the Main Waves of 

an Electrocardiogram. 

A system for the elimination of the maternal complex based 

(207, ae designed and used on the method used by Goddard, Newell et al 

in this experiment. The signal is first delayed using a tape recorder 

employing frequency modulations (F.M) and so having a response extend- 

‘ing to d.c. The delay time, t, is the time it takes for the tape to 

travel from record head to playback head. The maternal R-wave in the 

undelayed signal is used to produce a pulse of known duration, Tm, 

shown in Fig.40. 

  

Fig.40. Timing for Maternal Blanking. (see text ). 

  

© 
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This pulse is used to operate on a gating device at the output of the 

tape recorder so that during the period, Tm, no signal is obtained 

from the gating device. Thus only foetal signals which occur outside 

the periods such as Tm can subsequently be used for triggering the 

computer. 

A delayed maternal comPlex triggered with its undelayed 

R-wave counterpart will only be blanked out if the timing is such that 

(see Fig.40) 

1) Ct = ee eee ereereroe eee eeseeeseseeeresreeeereseenees (74) 

where t' is the period shown in Fig.40. 

t is the time delay produced in the tape recorder. 

tq is the time delay in the triggering circuit 
before the gating voltage is produced. 

Fig.4l is a block diagram of the system constructed to realise 

this situation. The detecting system and information that can be 

obtained without the use of computers have been described in the 

previous sections. The following is a general description of the 

remaining blocks in Fig.4l. 
: 5 

Path b. 

thee afenal along this path is first passed through an R-C 

(resistance~capacitance) differentiating network to remove low 

frequency base line drift and thus ensure constant triggering level. 

The negative going pulse, maternal R-wave, triggers the Schmit circuit 

to produce a waveform having a shape shown at its output. There is a 

variable time delay, td, between the arrival of the trigger point on 

the maternal R-wave and the negative going point of the output waveform, 

This derived negative going pulse triggers the Master Flip-flop circuit 

and at the same time opens the F.E.T. 2 gate for signal from the 

variable free-running oscillator to reach the "Divide by 400" circuit.
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After counting 400 oscillator pulses the "divide by 400" circuit 

produces a pulse which resets the master flip-flop, thus producing the 

ae wave shown. The duration of this square wave, Tm, is the time 

it takes to count 400 oscillator pulses.. 

‘iy T™ = “0° Cena geht, Vast sage. © aes 

where f is the oscillator frequency. 

By eee f, therefore, the time Tm can be changed smoothly over a 

wide range. 

The pulse of duration Tm is then used to close F.E.T. Gate I 

so that during this period (Tm) no signal gets to the amplifier marked 

AT 

Path a- 
  

The signal along path a is recorded and played back by the 

F.M. tape recorder. The fixed delay time, tT, between record and play- 

back being the transit time of the magnetic tape between the record 

head (Re) and playback head (Pe). 

Suppose the distance along the tape is 1 inch and the tape speed is 33 

inches per second then 

Tite, 267 mM see. 

The delayed signal is unaffected except for addition of noise 

from the tape recorder system, mainly at twice the demodulating 

frequency. 

Path d- 

The signal along path d goes through an analogue amplifier, 

Aa, which is used to cut-off most of the ripple voltage from the F.M. 

demodulator and set the amplitude of the signal at the correct level 

for the computer input. This aplifier can have filters for studying 

the effect of filtering on the computer averaged waveform. 

 



Path c. 

  

The delayed signal is first passed through a high pass 

filter to remove base line drift, and presented to F.E.T. Gate I 

which is closed when a maternal complex occurs. 

The filtering should be done before gating or "Blanking" 

for the following reason: 

Suppose the waveform of the input to the F.E.T. Gate I were 

as shown in Fig.42. The gate output would be represented by the 

solid line, the dotted line representing the sosineen of the 

blanked out maternal complex. 

    

  

Fig... 42. 
Illustration of the Necessity to differentiate   the waveform to be used for triggering the foetal 

complex before blanking. 

It can be seen that the foetal complexes F and F' cannot both be used 

for triggering the computer since its threshold will have fixed 

polarity. In the PDP8/I the trigger pulse should be negative going 

and must have amplitude between -0.5v and —3v. 

One would therefore differentiate the signal to remove the 

interfering low frequency voltages. When this is done the discontinui- 

ties at y and z will give rise to spikes which can also trigger the 

computer to initiate the averaging process. It is to avoid such a 
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situation that che filtering must be done before the maternal 

blanking. 

One can have the foetal complex pointing upwards (normal 

presentation) or downwards (breech presentation) and since one 

polarity is needed for triggering the computer, a reversing switch 

is needed. This is provided in amplifier Ay which also controls the 

amplitude of the trigger pulse. 

It can be seen that there is no time delay between analogue 

signal at e and its counterpart used for triggering at f. The time 

delay needed to start averaging from the beginning of the foetal P-wave 

when triggering is done with the R-wave is provided internally by the 

computer. 

It can be seen that with a system as outlined in Fig.41 the 

signal to be averaged is not distorted by the differentiation used iu 

the production of the trigger pulse, apart from any intended modifica- 

tion of the waveform in amplifier A, for studying the waveform. 

The following is a description of the system blocks, Fig.43 

shows the actual circuits constituting the maternal blanking system. 

Maternal Triggering Pulse Circuit. 

After eis through the differentiating network provided 

by C, and R, the threshold for ensuring proper triggering is set by the 

potentiometer Rj. The output of the trigger circuit is a square wave 

whose duration, ti, can be varied with Ryo. The combination of R2,C),C3 

provides a wide range for td (see equation 74) in the manner suggested 

by Creantee 

Master Flip-flop. 

The maternal flip-flop heat is a conventional one with D2 

and D3 added to ensure reliable switching. It is triggered by the 

negative going portion of the output of the maternal trigger circuit. 

With the arrival of the maternal trigger pulse transistor T3 
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is turned off and the point F moves to zero potential. TT, is turned 

on and the point G becomes negative with respect to earth potential. 

This point, G, is connected to the gate terminal of the P-channel 

m.o.s. f.e.t. constituting F.E.T. Gate 2. With the negative voltage 

(* -6v) on its gate terminal it starts conducting and allows pulses 

from the variable frequency oscillator to reach the input of the 

“divide by 400" circuit. After 400 oscillator pulses, have been 

counted, a negative going pulse from the output of the "divide by 400" 

circuit switches off T, and the point G returns to zero potential turn- 

ing Fibel. Gate 2 off. 

Point F is connected to the N-channel m.o.s. f.e.t. So, in 

F.E.T. Gate 1 and point G to the gate terminal of S,; another N-channel 

m.o.s. f.e.t. with the arrival of a maternal pulse Sy is turned on and 

S,; is turned off... This state persists until the "divide by 400” 

circuit has counted 400 oscillator pulses. After this, with G going 

to ground potential and F going to negative potention, S, is turned on 

and S» off. Thus only foetal signals occurring in the absence of 

maternal pulses can get to the foetal trigger amplifier At. The drain 

to source resistance of the f.e.t's when they are on is about 2009 and 

10"Q when they are off. They therefore Conecteabe good and reliable 

switches. Resistances have been put at their gate terminals to protect 

them from transients. It is for the same reason also, that the 100k2 

resistor has been connected across m.o.s. f.e.t. So. 

When F.E.T. Gate 1 is conducting Cy and Ry provide the high 

pass filter which is needed to avoid the effect described in Fig.42. 

Variable frequency oscillator. 
  

Fig.44 shows the circuit of the variable frequency oscillator. 

R7 and Rg provide the coarse and fine frequency adjustments respectively. 

Rs and Cs determine the duration of the oscillator pulse. The present 

setting of R7 is such that when Rg is varied the oscillator frequency 

varies from 670HZ to 4000Hz. After division by 400 this gives a 
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smoothly variable duration of the maternal gating pulse, Tm, from 

100 millisecond to 600 milliseconds. This covered the range of the Tm 

met with in the present work. There is facility for changing the 

value by varying the setting of R7. 

"Divide by 400" Circuit. 
  

The "divide by 400" circuit was constructed from two 

commercially available decade counters and one dual master-slave flip- 

flop, Texas SN7490N and SN7473N, respectively. They were connected as 

shown in Fig.45. | 

Originally the circuit was intended also to be used for taking 

400 samples during the gated period. With the oscillator set at’ any 

frequency one could obtain 400 samples irrespective of what the actual 

frequency is. In other words, one could cake 400 samples, irrespective 

of the length of the complex, for normalising the length of complexes in 

case different foetal complexes were to have been summed to produce a 

standard average foetal complex. This can be done by putting another 

gate circuit in the path of the signal to be sampled and sample with the 

oscillator pulses which passed through F.E.T. Gate 2. 

When the PDP8/I computer was installed it was found that there 

was facility for taking such samples, and so the circuit was used only 

to provide Tm for maternal blanking.
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Foetal Trigger Amplifier, AT. 
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"Fig. 46. Circuit Diagram for Foetal Trigger Amplifier, Ane 

Fig.46 shows the diagram of the foetal trigger amplifier, Ar. 

The amplifier has a reversing switch at its input. This is used to 

obtain a negative going trigger voltage of about -2.5v irrespective of 

the presentation of the foetus. The amplifier is built around a 

commercially available operational amplifier. The stage gain is 

about 20. The amplification of the main detecting amplifier is 10" 

so that if the amplitude of the foetal signal is say 15)V at the 

detecting electrode, the triggering foetal R-wave will have an 

amplitude of 20 x 104 LD xX 10° = 3v. Fine adjustment was provided 

by the amplifier gain control in the tape recorder. There is also a 

variable amplitude control at synchronising input of the PDP8/I 

computer. 

The networks on pins 1 and 8, pins 6 and 5 were used to provide 

frequency compensation. 
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Analogue Amplifier, AA. 

  

The analogue amplifier, AA in the block diagram is actually 

the input differential amplifier of the dual beam oscilloscope, 

Tektronix 5833... > Lt has variable low and high frequency passbands. 

It was also used to control the amplitude of the foetal signal to be 

averaged as the amplitude of the input signal to the computer should 

be in the range +1 volt. The variable passbands facilitated the 

study on the effect of high and low frequency cuts on the averaged 

foetal signal. 

Tape Recorder. 

The tape recorder used employs frequency modulation to. 

extend the frequency response down to d.c. This is done by adding 

F.M. modulator and demodulator units to « Tandberg Tape recorder deck, 

the apparatus being sold as the Elliot-Tandberg F.M. Tape Recorder. 

The characteristics of the Tape Recorder are shown in appendix 3. 

Due to modulation and demodulation noise, mainly at the ripple 

frequency of demodulation, is added to the signal. The noise level is 

quoted at 50 mV peak-peak after a stage gain of 2, This is equivalent 

to 2.5uV peak to peak referred to the detecting amplifier input and is 

higher ee the intrinsic noise of the detecting amplifier. It is, 

however, low enough to contribute little to the averaged signal after 

about 100 foetal complexes have been averaged. A better tape recorder 

would, however, be needed if smaller foetal signals than those studied 

in this work were to be examined. 

In the block diagram, Fig.4!, waveforms obtained at various 

stages in the processing of the signal for computer averaging have been 

included. The waveforms with durations td and Tm are correlated with 

the maternal pulses. The foetal waveform to be averaged and the 

trigger pulse derived from it are shown as e and f respectively. A 

typical Deir aaee foetal complex is shown as on the oscilloscope of the 

PDP8/I computer. This is discussed later. 
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Fig.47a is a more detailed form of the waveform at the input 

of the computer. Here the signal to be averaged is shown on the lower 

trace. In this particular case the signal is differentiated. 

ee 
—— ee nanan 

  

“Fig.47a. Lower Trace, Signal to be Averaged. 

| Upper Trace, Derived Trigger Pulse for computer 

| to initiate the averaging process. 

Normally it is as shown in Fig.47b. Tt will, however, suffice for 

explaining the action of the system. 

The signal with the maternal complexes blanked out is shown 

on the upper trace. The blank spaces represent the positions at 

which the maternal complexes occurred. It can be seen that all foetal 

complexes occurring close to the maternal complexes are also blanked 

out and only those occurring away from the large maternal complexes, 

i.e. in the refractory period of maternal cardiac cycle, are used for 

triggering the computer to initiate the averaging process. By adjust- 

ment of td and Tm one can choose foetal signals occurring anywhere in 

the interval between maternal complexes for averaging. This makes it 

nossible to reduce the influence of the maternal complexes on the 

averaged foetal electro-cardiogram. The maternal heart cycle is going 

on all the time and so. theoretically, one cannot choose any portion of 

the signal where its influence is absent. The maternal complexes 
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occur without correlation with the foetal signal and by removing the 

lareer portions of the maternal complex and summing a number of foetal 

complexes the effect of the remaining maternal heart complexes should 

be reduced. 

Fie.47b showing the undifferentiated form of the signal 

shown:in Fie.47a, illustrates the fact that when the maternal heart 

  

Fig.47b. Lower Trace shows the Undifferentiated form of the 

signal in Fig.47a illustrating the influence of the 

maternal complex (see text). 

rate is fast. the refractory period in the heart cycle becomes short and 

he foetal waveform always sits on top of the slow parts of the maternal 

A mplex even when most of the maternal complexes (OPS) have been blanked 

As a result of differentiation as shown in Fie.47a the 

udes of the low frequency portions of the maternal complex are 
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chosen for averaging tends to occur at about the 

maternal R-wave. 

Differentiating the signal has been shown 

lead to deformation of the waveform but also to rem 

portions of the foetal signals as well. This diff 

tion in this system of removing the maternal complex 

same period after a 

rlier not only to 

the low frequency 

ty is a limita- 

. bhlLanl ine it out 

However, in normal circumstances where the maternal rate is 

not high the refractory interval is long enough for the system to he 

used. Fie.47c is such a normal case, Fven without differentiation 

the maternal refractory period is long enough to produce ,ood averaging 

    

Figs Aics The averaging process in the 

maternal heart rate is normal] 
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After discussing the results of computer averaging using this 

system of maternal blanking, a scheme for computer averaging which can 

avoid this difficulty, especially when fast maternal heart beats are 

encountered, will be outlined, even though this has not been tested 

experimentally on account of lack of available time.



116 

AVERAGING OF SIGNALS IMMERSED IN NOISE TO ENHANCE 
SIGNAL TO NOISE RATIO. 

  

In the previous section the method for processing the signal 

and correlated trigger voltage for presentation to the computer was out~ 

lined. The following will deal with the averaging process itself. 

General Techniques. 
  

55) 
A frequently used technique (kutemed) for computing an 

average response, or ‘averaging’ a signal immersed in uncorrelated 

interference is first to produce a signal which is time-locked with the 

signal of interest such that after a pre-selected time of this signal 

occurring, a summing device stores correlates of the signal for a pre- 

selected time, notably the duration of the signal of interest. 

This process is repeated sav N times. 

Ii the noise results from an additive, statistically 

independent random process, the signal-to-noise ratio of the sum of N 

signals is given by:- 

oF N02 a, 
agg = avian = YN ee eevee ereoeeeecereeer eee eeeseereeee es (76) 

oo o} N o2 O, 
n n n 

where O 5 is the r.m.s. value of the signal. 

o noise. 
n 

of oe . , " "signal after averaging. 
s . 

ot " " " " t " noise W " 

There is therefore an improvement of signal-to-noise ratio by 

a factor of WN. 4 

(56) Cox discusses the limitations in the use of this technique 

especially as to the validity of the assumption utilised that the noise 

is uncorrelated with the signal. 

In electrophysiology the technique has been used to compute 

or obtain average of evoked responses, such as the effect of a stimulus
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on the electrical patterns occurring in the brain. 

The most important part of the technique is the production of 

the fiducial, or starting, signal which also initiates the averaging 

process. 

In foetal electro~-cardiography the natural fiducial point jg 

the R-wave. Normally the highest point in the electro-cardiogram. 

Since it occurs in the middle of the waveform of interest it is 

important, as stated earlier, by the use of the tape recorder, to 

produce a delay +t! (see equation 75) in the signal to be averaged and 

the particular R-wave which initiates averaging. 

In averaging biological signals, such as evoked responses 

from the brain, where one does not expect the base line to drift up and 

down, analogue systems can be used in obtaining the average. In such 

cases the storage device could be a photographic plate on to which the 

Sxhosutes are triggered with the fiducial stimulus. It can be 

srepeetaeed that any such system will give a blurred image when used to 

_ operate ae signals with changing base lines such as is the case in feetal 

electro-cardiograms recorded with maternal abdominal electrodes. This 

bingeing is avoided if the signal is first converted from the analogue 

to digital form before sequential summation of the elemental samples. 

An analogue-to-digital converter (ADC) is therefore required 

as part of the peripheral instruments for computation of the average. 

The first Stee in the analogue~to-digital transformation is a 
\ 

sampling process, in which values of the analogue signals are chosen and 

stored at discret€ points in time. This is followed by a quantisation 

: ° : oe ‘ 
process in which amplitude values are assibged to each sample. 

In the present experiments the PDP8/I computer was used in 

averaging the foetal electro-cardiogram. It has facility for analogue 

to digital conversion. This computer uses PAL III language and included 

Pees : 
in its softwate is a program for averaging. On command by a negative 

going pulse of amplitude between -0.5v to -3 volts, it will sample and 

display an analogue signal of amplitude + 1 volt.
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Instructions as to the sampling time, delay time, number of 

dbus les to be taken during the sampling time can all be typed into 

spaces available in the program to suit the signal being averaged. The 

program demands these instructions at appropriate stages for the 

insertion of such information by the aid of a tele-typewriter. 

Fig.48 shows a sweep summary typed out by and displayed on 

the oscilloscope of the computer after the operator has given correct 

instructions to the computer for averaging. 

SWEEP. SUMMARY 

BEGINS-AT RATE-ENDS 

-30-00M 375 U 44-62™ 

~97012M 12125M 126-67M 

AVERAGES . 

CHAN: RATE” bree oc SORT 

1 i 1 9 

1 H 1 9 

SYNC ON CHANNEL: S1 
64 SWEEPS AT 300-@MS 
CVBPs@5239 +6277) 

! 

C 

TIMINGe «eR 

TRIGGERe ee 

! 

Ss 

é Fig. 48. Example of Computer Sweep Summary for averaging. 

In this run the computer was to provide 200 data points in the 

assigned sampling period. There is a built-in delay time of either sign. 

That is if the sampling is to commence at a point of the waveform occurr- 

ing before the trigger signal (say the R-wave), then one needs a negative 

time delay. The system is equivalent to using the tape recorder to 

delay by tg as used in the maternal blanking system. 

. In Fig.48 the -30.00M means that the delay is -30 milliseconds 

“"before'' the trigger signal and 44.62M means 44.62 milliseconds after the 

arrival of the trigger signal. The sampling period is therefore 

(30 + 44.62= ) 74.62 milliseconds and within this period 200 samples 

should be taken. The computer therefore points out the time it spends
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on each data point 375U (U = microseconds) in the middle. 

Similarly, the next line shows that 200 samples are taken 

7.12 milliseconds and +126.7 milliseconds, using the R-wave as 

the starting point, at 1.125 milliseconds per data point. The total 

line time is (97.12 + 126.7= ) 223.82 milliseconds. 

In this program the computer is being instructed to produce 

two types of averages from the same electro-cardiogram, One represents 

luration which would cover the ‘whole’ electro-cardiogram or what one 

thinks subjectively will be sufficient to include the PORST intervals of 

the’ foetal electro-cardiogram. The other is the average for a portion 

f the electro-cardiogram ORS. If the same number of data points is 

} d for then the rate of sampling in the latter case must be higher 

than in the former. In the computer language the former is obtained at 

"low', L resolution and the latter at 'high',H, resolution. 

The section on AVERAGES in Fio.48 describes how the averages 

ire obtained. The channel, CHAN, describes the source from which the 

sitnal is being chosen for averaging. In this case it is the 

signal on input I of the computer. RATE : means that the average 

displaved at the top Fig.49 is obtained by lew low, L, resolution 

mpline and the average displayed below it is obtained by high, H, 

resolution sampling. 

result of Hish and Low 

Resolution sampling. The 

\y ana 4 ow Lower iverase represents 

the mid@le portion or the 

verace in the 9p trace 
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The next line on Fig.48 means that the fiducial or synchronis~— 

ing signal (in this case the derived R-wave) is applied to input Ss, on 

the computer. The next line says that 64 such foetal complexes are 

averaged. 

Because the computer is performing other functions such as 

storing and locating sampled data it computes the minimum interval of 

time within which it can accept successive complexes for sampling. In 

this case this minimum time might be 300 milliseconds. It then requests 

the operator to type in any time more than 300 milliseconds and uses the 

extra time to modulate the brilliance of the display oscilloscope during 

averaging. In this case by typing in 330 milliseconds, it illuminates 

the scope for 30 milliseconds. 

Having computed these characteristics of the sweep, the 

ecnnater calls for calibration of the TIMING mechanism to cater for this 

particular average. This timing calibration is made against an internal 

standard clock. The calibration involves rotating knobs on the computer 

_ to align displayed (X) crosses. Once this is done the statement TRIGGER 

is put up. This means that a sample of the ecieukisice pulses to be 

used to trigger the computer must be put on input S and the trigger 

threshold adjusted until reliable triggering is obtained. If the level 

is set too low, noise voltages can initiate sampling, if it is too high 

the amplitude of the foetal R-wave will be too small to initiate sampling. 

When good reliable triggering is obtained the computer types [< to 

indicate that it is ready to do the averaging. 

In the averaging process itself, the quantised values of the 

analogue signal are assigned special locations in the ‘computer. Suppose 

these locations were di» do» Vgeee sd ieee ds then the first sample of 

each of the complexes is added to qy> the second to I» and so on. After 

a number, N, of complexes have been sampled the display of the contents 

of these locations will represent the averaged waveform. 

The computer can be programmed to make statistical computations
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such standard deviations and trends on the contents of these locations 

and display confidence levels. 

Figs. 50(a) and (b) show displays of 95% confidence levels 

meaning that 95% of the complexes chosen for averaging had the range of 

waveforms shown. The average is the one displayed in the middle. 

  

(a) (b) 

Computer display of 95% Confidence Levels. 

(b) represents the expansion of the middle portion of (a). 

The computer can also print out the values of the mean and 

standard deviation for each of the q locations used to obtain the 

average. 

Thus once a good signal is detected and a_ good trigger pulse 

is derived from it, one can use a computer to obtain averages of the 

foetal electro-cardiogram. 

The above is a description applicable only to the PDP8/I. 

inv actual situation one will have to make use of the computer 

ilable. Each computer has its own particular set of facilities. 

reneral feature exists, namely that most errors in averaging arise 

rom failure to trigger accurately.
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THE AVERAGED FOETAL COMPLEX   
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Fig.51. The Main Components of an Electrocardiogram. 

Fig.51 shows the normal components one is looking for in an averaged 

foetal electro-cardiogram using the techniques developed here. To 

represents a normal electro-cardiogram of an adult and the standard 

“nomenclature used in electro-cardiography (Burch and pinanoey The 

nomenclature, P.Q.R.S.T., has been used since the time of Einthoven. 

* It is not necessary that one gets every one of these portions 

in an electro-cardiogram when one applies two electrodes to the human 

being. The diagram contains the important waves which characterise 

the expected electrical activity of the normal heart. 

In general the three limb leads placed as shown in Fig.52 

are used in the diagnosis of the state of the heart.
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Fig.52. The Main LIMB LEADS used in Electrocardiography. 

Lead. 

The right leg is usually used as a common terminal. 

Fig.53 is a diagram of the conducting system of the 

    

   

    
   

heart. 
SINOAURICULAR NODE 

AURICULAR 

BUN DLE VENTRICULAR 

5 OF NODE 

HIS 

RIGHT BUNDLE 

pape LEFT BUNDLE 

BRANCH 

VEN TRICULAR 

MUSCULATURE 

PURKINJE SYSTEM 

, ener e Diagram showing the CONDUCTING SYSTEM of the heart, 

Briefly, a signal from the,heart's pacemaker in the sinoauri-~ 

cular region sends an electrical wave which, having reached the bundle of



  

His, in the auricular ventricular node stimulates and sends a wave of 

depolarisation into the muscles of the ventricles causing them to contract 

and pump blood round the body. Electrodes placed, as shown in Fue /52,0n 

the body which is a volume conductor can detect the electrical changes 

taking place during this heart action. 

The P-wave (Fig.51) is therefore representative of the pacemaker 

action. The pacemaker can be regarded as a_ relaxation oscillator which 

‘is sustained by bio-chemical action in that muscle. 

The ORS portion represents the mechanical pumping action of the 

ventricles. 

The T-wave represents the repolarisation of the muscles in 

‘readiness for a signal from the pacemaker to initiate the next heart beat. 

The P-R interval represents the transmission time for the 

depolarisation wave to travel from the sinoauricular region to the auri- 

culoventricular region. 

The S-T interval represents the time it takes the electrolytes 

in the cells of the muscles to return to equilibriun, 

: It can be seen that a study of the electrical correlate of the 

heart action can give information which can be used in the diagnosis of 

disorders in the heart. These disorders are characterised by blocks and 

shunts in the conducting paths which can lead to slowing down, complete 

cut-off or speeding up of heart action. Other forms of disorder are due 

to erratic behaviour of the pacemaker (oscillator) system. The effects 

of all these departures from normal behaviour have been studied and 

catalogued under the general title of ELECTROCARDIOLOGY. 

It is in the effort to extend this knowledge to the foetus to 

help in its management during pregnancy and perhaps after it has been 

born that it is important to get as much information as possible from a 

recording made by placing electrodes on the maternal abdomen.
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Results of Averaging using the System. 

Fig.54(a) represents the result of averaging foetal complexes 

from a detected signal shown in Fig.54(b) using the present system, 

The QRS complex can be seen clearly. 

+ 

Sa 
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I I tal i mee mn Pon an amr oe et (a), Computer Averages of the foetal compleyes in (b). 

The lower trace in (a) is the expansion of the mi 

portion of the upper trace.



  
Fie.55 is also an average obtained with the system from an 

electro-cardiogram of a seven month baby (Lead II see fie:52), 

  

Pigs. 55 Te average of an electrocardiogram obtained 

from a seven months old baby, using Lead ce 

Comparing the top trace of Fig.54(a) with the trace in: Fie. 55, 

it can be seen that the P and T waves which are quite clearly shown in 

(59) 

Fig.55 are not apparent from the trace in Fig.54(a). Kahn and Koller 

nredict that theoretically there should be an attenuation of the slow 

waves in the foetal electro-cardiogram due to the filtering effect of the 

tissues between the foetus and the detecting electrodes. 

It is felt that even when this filtering is taken into account 

there should be some residual slow waves which can at least indicate the 

ng the P-R and bevinning of these waves (P & T) to help in calculat 

-T interval With the present system these small voltages are 

obscure by the effect \—f the materna omplexes wi i sh is nowhere zero. 

f tal plexes osen for averaging are limited to those which 

) ir wit 1 parti 1 r reg n of bet on the lar Y sort ns of the 

ternal , ( n that t ¢ two ~leé iaternal and 

Foetus) cannot be regarded as occurring with no correlation with each 

other. ven greater correlation will occur when the maternal heart rate 

i i iT   
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area of choice. 

A look at Fig.50(a) which shows displays of the 95% confidence 

level reveals that the tail end of the averaged complex is not reliable. 

This means that the foetal complexes were chosen too near the subsequent 

maternal complexes. By increasing the delay t' in the maternal blanking 

system one finds that the region of unreliability is transferred to the 

leading part of the averaged electro-cardiogram meaning that foetal 

complexes are being chosen too near the preceding maternal complex. 

An improvement of the system to avoid this situation is put 

forward after discussing results obtained with the system as it is now. 

It can be seen, however, that in the neighbourhood of the R-wave 

(the trigger point), the level of confidence is quite high. This is 

examplified by the similarity of the waveforms depicting the QRS portions 

in Fig.50(b). 

It is concluded that the present method of maternal blanking is 

at least adequate for the study of the QRS complex of the foetal electro- 

cardiogram or the action of the foetal ventricles. 

- Fig.56 shows examples of the different types of averages of the 

foetal QRS complexes encountered in the present work. They have been 

grouped under categories A, a: B, C and D as a result of visual inspection 

of the waveforms. 

Starting with those in category A, it can be seen that all the 

waveforms show a smovth rise and fall with respect to time. The main 

difference in the shapes of the complexes in this group is that in the 

complexes numbered 11, 15, 19 and 24, the troughs of the Q waves are 

smaller in amplitude than the S waves. In those numbered 6, 14, 17, 23 

and 25 the S waves are larger in amplitude than for the Q waves. 

’ Those in category ae also show a smooth rise and fall of the 

complexes with respect to time. In general, however, the S waves are 

predominantly larger in auplitude than the Q-waves and the ratio of S wave 

to the total RS amplitude is much bigger. The waveforms can be described
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as Secnally: biphasic. 

In those under category B, however, there is a clear initial 

"slowing down" of the waveform followed by a smooth waveform except 

for a slight subsequent slowing down at the top of the R-wave of the 

complex marked 10. The differences in the magnitudes of Q and S-waves 

are not very great. 

In category C the slowing down takes place later than for 

those in category B but it occurs before the peak of the R-wave. The 

complexes marked 4 and 26 come from the same foetus but the readings 

were taken at 24 weeks and 40 weeks of gestation. They have been 

arranged in increasing order of changes in the rate of rise from the 

baseline of the QR segment. The complex marked 8 shows the worst 

amount of slowing down. In this group, also, there is some differenc 

in the relation of the amplitudes of the 0 and S waves. 

The remaining two complexes classified as category D, show 

the slowing down after the peak of the R-wave. Also, in both, the Q 

wave is of greater amplitude than the S wave. 

s There is a slight slowing down after the peak of the R-wave 

in the case of the complex marked 26 in category C. 

Since sampling at constant rate had been employed in the 

analogue-to-digital conversion process, the 'slowing down' can be 

inferred from the closeness of the data points in the regions discussed 
» 

and used for grouping the complexes. 
\ 

In all-cases the duration of the complexes shown was 74.62 

milliseconds (Refer to the computer Summary Fig. ) and with the 

horizontal scale measurements could be made of the intervals of the 

portions of the waveforms constituting the QPS of the foetal complexes. 

The mechanism or route by which the foetal electro-cardiographic 

signals reach the maternal abdominal wall is not properly known. 

(59) 
that since an insulating vernix 

/ 

It has been suggested 

ais ote fj “ 
caseosa whose conductivity has been estimated as-1.2.% 10 (ohm cm)
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(60) (61) 
by Wimmer and is X 10° (ohm on by Bolte forms round the foetus 

the signal can only reach the surface via the umbilical cord-placenta 

pathway. The other route being the mucous lined passages of the foetus 

(i.e. naso-pharynx and oropharynx). 

"The growing foetus attached by its umbilical cord to the 

placenta is bathed by the amniotic fluid which is contained within the ‘bag 

of membranes' consisting of amnion and chorion orem ramen a ote Se Amniotic fluid 

is fairly freely exchanged with the maternal fluids, it is mainly an 

excretory product of the amniotic epithelium but it also contains oan 

and bile salts derived from the foetus. The foetus swallows amniotic 

fluid and absorbs water and solid constituents in its intestines; the 

water absorbed is excreted by the foetal kidneys into the amnictic cavity 

and is again swallowed by the foetus which in this way regulates the 

volume: off thes amni°o fic “fluidesnnc<s---- The function of the amniotic 

fluid is to provide space for foetal growth and movements and to 

distribute the pressure due to uterine contractions evenly over the 

(62) | foetus" With this quotation from it can be inferred that the 

anniotic fluid which also fills the foetal lungs is reasonably conducting 

and could be the return path by which the signal could reach the maternal 

abdominal surface. Tf this view is correct then the foetal signal 

detected from the maternal abdominal surface could represent the 

electrical activity from a fixed bipolar reference point and with more 

knowledge empirical formulations can be made to aid in the interpretation 
\ 

of the foetal electro-cardiogram. 

(63) 
From a study of 95 cases by Roche and Hon in which one 

electrode was fixed on the symphis pubis and the other used to explore 

the maternal abdomen, both front and back, the following conclusions can 

be made:- 

(a) In 95% of the cases maximum foetal electro-cardigraphic signal 

amplitudes were found in an area adjacent and above the 

maternal umbilicus and bounded by the anterior auxiliary lines. 

   



  

(b) 

(c) 

(d) 

(e) 

(£) 
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In 10% of the cases the amplitude remained essentially constant 

as the electrode was moved across the abdomen and round the back. 

No clear relationship was observed between the area of maximum 

amplitude of the foetal electro~cardiogram and the position of 

the placenta. The placenta was located on the anterior wall 

of the uterus, in the midline, or slightly to the right or left 

of it in 50% of the cases. On the posterior wall, in the mid- 

line or slightly to the left or right in 27% of the cases and 

in the lateral wall in 3 of the cases. 

The mean amplitudes were 27.4 yV, 28.7 uV and 27.7 uv (SD & 752) 

for anteriorly located placentas, posteriorly located placentas 

and laterally located placentas respectively. 

In mest patients there was little or no difference in the 

configuration of the foetal electro-cardiogram record from 

different positions on the maternal abdominal wall and back. In 

7 patients some differences were observed. 

In 71 of the cases in vertex presentation the waveform pointed 

upwards. In 20 cases the waveform was bi-phasic. In 16 out 

of 20 of these the main deflection was upwards and in 4 downwards. 

In 3 of these the signal varied so that it was mainly upwards in 

certain areas. 

. 

They remarked that the umbilical cord-placenta pathway may be 

an important pathway in the transmission of the foetal electro-cardiogram. 

They also suggested that the frequent changes in foetal position in utcro 

might help to explain why the amplitude varies during pregnancy. 

_ Remarks (a), (b), (c), (d) and (¢) suggest that the resistance 

of the maternal tissues and the placenta is not high and that once the 

signal reaches these tissues it can be picked up equally well from any 

point nearby. 

(63) Roche and Hon discussed only one route for the signal. With
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the other possible route through the amnietic fluid it can be surmised 

that there will be changes when the orifices were pointing posteriorly 

or anteriorly with respect to the detecting electrodes, say the fixed 

one on the symphisis pubis which might be nearer the "bag of membranes’. 

One could surmise that, if one uses the very simplified , 

travelling dipole model, then the nearer the foetus is to the surface, 

the more biphasic the signal would seem to be. This was actually seen 

in the case of the waveform marked 16 in Fig.56. The foetus was so near 

the surface that the heart beats could be seen. Fig.57 shows a longer 

recording of this signal from which this average was obtained. 

Seg ae pep f pat eat Delle or eee Et a ak pe 

    

  

  

  

  

  

  

                    

  

state lay fem A chart recording of te signal from wiich the 
ae Lo) om a 

average numbered 16 (Fig.56 ) was obtained. 

Another indication that the orientation of the foetus could 

account for the signal being either predominantly mono-phasic or 
‘i in hg SG 

diphasic is examplified by the complexes marked 4 and 26. These were 

obtained from the same foetus at 24 weeks of gestation when it was in 

breech presentation and at 40 weeks of gestation when it had turned 

round to vertex or normal presentation respectively. If the electrical 

axis of the foetal heart had not changed in the period from 24 weeks to 

40 weeks then the orientation could account for the changes in waveform. 

(64) 
Larks had concluded that the electro-cardiogram detected 

from the midline resembles that of the lead II (Fig.52) of the adult 
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(65) 
and using the empirical Einthoven triangle used it to calculate 

the electrical axis of the foetus and compare it with that of the 

neonate. There was some agreement. This also adds some credibility 

to the supposition that the electrocardiogram comes from a fixed area 

in the foetus. 

(60) (61 
However, Wimmer and Bolte y dnuven only the d-c 

conductance of the vernix caseosa. It might be that this thin film 

might have a large capacitance, the impedance of which might be 

sufficiently small to pass a-c signals. If the capacitance is shunted 

immediately outside the protective covering by a low tissue resistance 

it might account for another mode of transmission in which the slow 

waves of the complex are filtered out i.e. the observation that the P 

and T waves are smaller in amplitude when the signal is taken from the 

maternal abdomenal wall. 

Studies of the conducting properties of the vernix caseosa both 

with a-c and d-c, the conductivity of the amnistic fluid and uterine 

tissues coupled with correlation of electro-cardiogram and foetus 

position are required to throw more light on the interpretation of the 

different forms taken by the averaged electro-cardiograms obtained in 

these experiments and shown in Fig.56. 

In calculating the electrical axis of the heart or the 

(64) 
resultant direction of depolarisation in the heart, Larks uses only 

. 

the ratios of the amplitudes of the Q, R&S waves. It is necessary, 

however, to stress that there should be an agreed standardisation of 

detecting systems as far as the low frequency cut-off point is concerned 

as there can be artificial variations in these ratios as a result of 

differentiation. The amplitude of the S wave increased in all cases 

when the low frequency cut-off point was raised. This is examplified 

by Fig.58(a),(b)},(c),(d) and (e).
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Fig.58. Samples showing the effect of differentiation 

on the averaged foetal complex (see text ). 

Fiz.58(a) and (b) are the averages of the same electro-cardiogram 

numbered 19 in Fig.56. The top traces are the total electro- 

cardiogram (total time 224 m.sec), and the lower traces the ORS complexes 

only (duration 74.62 milliseconds). Fie.58(b), however, is the 

differentiated form of Fig.58(a). It can be seen that this 

1 differentiation has increased the amplitude of the ¢« wave, In like 

manner the complexes in Figs.58(c),(d) and (e) are the differentiated 

forms of the complexes numbered 9, 20 and 8 in Fig.56 It can also be S 

seen that not only are the § waves of (d) and (e) (compare to 20, 8 

artificially increased in amplitude but the 'slow' portions or "kink 

hav heen lisnlaced forward in time. 

‘hese observations show that before one attempts to interpret 

and categorise these electro-cardiograms a standardisation of the 

nts with regard to frequency response is required especially 

' -Inc at the present time mnlv emnirical int -rnretat 10ns of electro- 

srdiocrams as a whole (including those of adults) are made bv 

wrdio so st ;. who Licht se misled bv suc! variations in the Apnearance
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of the signals. 

In view of the foregoing it is concluded that differences 

in the shapes of the complexes categorised under A and At are due to 

orientation of the foetus, distance from the foetus from the detecting 

electrode or could be produced artificially by the detecting system and 

may not be due to any functional differences in the foetal ventricles. 

Complexes in Category B (Fig.56) 

In this group, there is a slight "slowing"down at the beginning 

of the R waves. A tentative explanation is given here that since the 

electro-cardiogram represents the electrical activity of the heart 

muscles “en masse", it is quite possible that there is a slight time 

difference between the depolarisation processes in the two ventricles or 

that the two ventriles are not operating in identical manner. Adana’ 

states that "The absolute and relative weights of the two ventricles have 

been determined during foetal life and at birth. Prior to the 24th 

week, the left ventricle is ustially heavier than the right. After the 

28th week the right ventricle increases in weight more than the left 

ventricle". This might explain the difference in performance, for at 

birth the two ventricular outputs (working in series with the lung as 

will be explained later) must be the same to ensure efficient heart 

pumping function. The numbers on the complexes shown correspond to 

ee a gestation and although the numbers involved in this work (for 

testing the system) was small there is a trend that\ it occurred in 

younger Fostuses. It might be just a sign of foetal immaturity 

rather than abnormality. 

If this view is found to be correct with further andmore 

detailed studies, then one could say that those identified under A, A 

and B (Fig.56) can be regarded as having normal ventricular function.
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Complexes in Category C (Fig.56) 
In this case the "slowing" down in the complexes occurred Later 

in the rising part of the R-wave. It could be tentatively assumed that 

the asynchromy of the actions in the two ventricles had been so developed 

that this might represent some disturbance in heart function. 

Most of the foetuses in category C had foetal distress during 

labour. The letters FBS printed against the complexes indicate that 

there was some difficulty during labour necessitating foetal blood 

sampling (FBS). In this procedure blood samples are taken from the 

presenting part (mainly the scalp) and acidity or PY of the blood is 

estimated as a parameter for judging foetal heart function. The index 

after FBS indicates the number of such sampling undertaken. It can be 

seen that in two of the cases numbered 13 and 26 or 4 (same foetus) 

there were three calls for foetal blood sampling during Labour. 

The mother of the foetus whose complex is marked 13 had a 

history of inter uterine death in her first pregnancy and placental 

insufficiency in her second. However, the Apgar score recorded at birth 

was 9 in the first minute which is normal. The Apgar score for the 

foetus numbered: 26 was also 9 in the first minute. 

In the case of the foetus whose complex is numbered 21 there 

was also feetal distress with episodes of foetal bradycardia. AC. birth 

it had @ low Apgar score in the group. The score was 3 in the 

first minute and 6 in the first 5 minutes of birth. It had to be 

resuscitated before breathing commenced. 

An averaged electro-cardiogram taken from the baby seven months 

after birth showing a ‘slowing’ down in the lead II. Fie.59 shows the 

t "slowing' down after the peak of the R-wave. 

Fig.59. 

Shows the transposition of the 

‘slowimg' down in the averaged complex 

  

after birth. The prenatal average is 

bered 21 in Fig.56. 
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In the case of the complex marked 8 there was Vasa Praevia one 

month after the record was taken and the baby had to be delivered 

prematurely at 34 weeks of gestation. Its Apgar score was the lowest in 

the group,being 3 in the first minute and 3 at 5minutes. 

In the case of the foetus whose complex is marked 7 in this 

category, however, there was normal delivery and the baby's Apgar score 

was 9 in the first minute. The placenta was delivered by fundal pressure. 

In: this case the 'slowing' down occured after the peak of the 

R-wave. 

In the case of the foetus whose complex is numbered 22 there was 

. 
‘ xi < 

foetal distress and one foetal blood sampling (FBS) was performed. The 

baby had an Apgar score of 5 in the first minute and 9 in 5 minutes. | 

Tn the case of the foetal complex numbered 20 there was no 

difficulty during labour and the Apgar score of 9 in the first minute is 

1 ! 

normal. An electro-cardiogram taken seven months after birth showed a | 

. | down in lead III. In this case as was in the case illustrated ] 77 ° 
siow1in 

wy in Fie.59, the position of the 'slowing down was reversed. 

  

‘ig.60.° Showins the post-natal average RS complex in Lead iII 

The foetal average is numbered 20 inFig.56 (see text).
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The shift might be due to the order of functioning of the 

two ventricles after birth. Fig.61 illustrates the many changes 

which take place in the heart after birth when the lungs begin to 

function. 
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Simplified diagrams illustrating the changes in the 
circulation at birth. In A the two ventricles are working in 
parallel to drive blood from the great veins to the arteries. 

B is the condition reached a few minutes after birth when the 
cord is tied and the foramen ovale,F.0. closes. When the 
ductus artveriosus,D.A. finally closes the adult circulation C is 
established with the two ventricles working in series. 

( G.V. Bom, G.S. Dawes, J.C.Mott & J.G.Widdcombe 1954 Cold Spr. 

Harb. Symp. Quant. Biol. 19. 106)
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In the cases numbered 19, 12 categories A and A' 

respectively, there was also a call for one foetal blood sampling but 

there was normal delivery. 

In the case of the complex numbered 10 there was one foetal 

blood sampling performed, and the baby was delivered by forceps. 

There is a 'slowing' down occurring at the apex of the R-wave as well as 

the early slowing down. It might be that this, indicates that it should 

have had a category of its own. 

It is concluded here that abnormality in the ORS complex might 

be an indication of some disturbance in the cardiac system which might 

arise either from the foetal heart itself or from the environment in the 

uterus, and that larger samples are needed to check whether these 

abnormalities as shown in categories C and D, could predict the behaviour 

of the foetus during labour and after. 

(67) 
Lee and Hon using scalp electrodes ete labour recorded 

that distortion of the QRS complex could be produced by manipulating 

_ the umbilical cord, such manipulation altering the foetal hemodynenics. 

They concluded that some of these changes may represent organic. . 

conduction defects associated with some form of congenital heart 

disease. 

When there is a 'slowing' down or a 'kink' in the waveform 

near the top of the R-wave, which is used as the fiducial point for 

triggering the Senator: there can be errors of triggering due to 

"jitter". In other words, the fiducial point is not definite and 

starting time for sampling might be varying during the averaging process. 

In such circumstances, such as for complexes obtained in categories C & 

D, use was made of the fact that differentiation increases the 
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amplitude of the S wave. With further differentiation the S wave was 

used as the fiducial point and allowance was made in the value for the 

delay made in the programming. 

Fie.62(a), which shows the timing or sweep summary used to 

obtain the complex marked 8, can be compared with the computer summary 

for the rest (Fig. ). 

Fig. 62(b) shows the differentiated S wave used for 

triggering. 

The duration of the complex is still 74.62 milliseconds. 
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Fie.63(a) and (b) were obtained from the same complex. In 

: j Ms i 
Fieg.63(b) the badwidth was cut from 130 Hz to 100 He. It can be seen 

A 

that the ‘'slowing" down seen in Fig.63(a) has been rounded off hy this 

process. This shows that when the baudwidth is too small such features 

of the electro-cardiogram which need higher frequency components to 

make them manifest wi be lost In this work the high frequency point 

Say 3 39 was set. at i3 Z yniy because of the interference of the demodulation 

in the F.M. tape recorder. This could be increased if a recorder using 

o
w
 ©
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an F.M. system having higher intermediate carrier frequencies were 

available. 

  

(a) (b) 

Fie.63. The effect of Bandwidth on the Waveform. The ‘slowing! 

High cut-off frequency 

  

ffect of changes in foetal heart rate on the averaged complex. 

Fie.64(a) and (b) were obtained from the same foetus during 
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TIME MEASUREMENTS ON THE AVERAGED FOETAL Q.R.S. COMPLEXES 

  

        

Number Period ‘Duration [Duration Rate during averaging 

on of of of Sex beats/minute 
Complex Gestation} QRS (msec)| QS (msec) ' 

ci) | es ‘as silat pees ee as 

F=Female | Minimum | hverise | MiltGoun 

BOOMS oh A Tes ges | Ge Ee 

l 5.00 36.4 19.1 r 143 OL 1S 
2 5.75 47.0 25.4 M 133 133. | (133 ! 
3 5.75 66.4 25.8 M 139 146 154 oc] 
4 6.00 58.7 26.4 F 146 146 vie 
5 6.50 49.3 25.4 140 146 152 | 
6 7.00 54.0 28.2 M [so eats 157 | 
7 7.25 49.3 70.2 133 145 a 
8 7.50 52.4 31.8 M 133 133 Pa 
9 8.00 49.3 24.9% | * F 140 151 Cy 

10. | =9800 52.2 31.4 F 128 141 154 | 
i 9.00 52.0 32.6 128 128 128 
12 9.00 53.0 33.0 F 148 154 171 | 
13 9595 i 59.5 33.2 M 110 115 we 
14 9.25 51.6 33.0 M 143 152 162 ! 
15 9.25 63.5 29.4 M 133 133 133 

16 10.00 $0.9 1°" 975 E 133 148 164 
A Os 58.0 31.8 M 122 127 133 

18 9.75 55.5 270 F 120 130 139 

19 9.50 55.5 27.5 M 120 Wigs bas 4 
20 9.50 66.7 38.1 F 139 142, a 
21 9.95 55.5 31.5 F 125 Ot 136 
22 10.00 55.5 27.5 ye 125 ar 136 
23 | 10.00 29°.5 34.2 M 86 108 re 4 
24 | 10.00 58.0 30.6 M 130 133 ye 
25°. Aalov80" 183.5 29.4 130 133 6 
26 10.50 58.0 36.5 F 146 es aera             

Table (Hl) 

There is a scale on each of the QRS complexes averaged (see Fig.56). 

This facilitates accurate measurement of duration.  
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The duration of each complex is 74.62 milliseconds and using 

this values of the duration of the QRS were determined. 

Tt was also thought that since it is easier to determine the 

turning points in the waveforms instead of the rather arbitrary 

beginnings and endings of the ORS waves, values of the QS segments be 

determined. The results are tabulated in table (III) 

The top graph in Fig.65 shows the relationship between the 

duration of the ORS complexes with the period of gestation. The lower 

graph shows the relationship between Stee, SEAT TOR of the QS segment and 

the period of gestation. 

Although this number used for checking the: system was small, 

the graphs show an increase of durations of both the ORS and QS with 

period of gestation. after 5 months of gestation. The respective 

regression lines had equations: 

i Tors Pe SES 66. Cue ie tessa tals as 
. 

1.8M + 14.6 $b. ©. 2.0.0.0 60 6 B60 B. OS 0:48 6 Oe 6 RA CT 2) u Tas 

where T is measured in milliseconds 

M is the period of gestation measured in 
months (4wks = 1 month) 

The duration of the QRS ranged from 36 to 67 milliseconds with 

a mean of 54.2 milligeconds at 8.6 months of gestation, after five months 

of gestation. This result is in agreement with results obtained by 

(68) 
Behrer et al whose values of the duration of the ORS complex ranged 

between 30 and 68 milliseconds. 

The duration of the 9S complex ranged from 19 to 38 milliseconds 

with a mean of 29.7 milliseconds at 8.6 months of gestation. 

If these ranges Ie cherie normal then all the complexes 

shown in Fig.56 are normal as far as the duration of the %RS complex is 

concerned. 

   



Fig.65. Duration of ORS’ Complex v/s Period of Gestation. 
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wo The duration of the OS section was measured because it ig 

easier to determine and if it is related to the dcbandion of the QRS then 

information about QRS complex can be obtained by calculating the mean of 

the duration of the ORS complex from a raw signal without averaging with 

a computer. In this case using say a chart recorder or oscilloscope of 

known speed or sweep one can take the mean of the duration of say 30 

complexes. 

There was no obvious relationship between the duration of the 

QRS complexes and the sex of the patient or the foetal heart rate. 

The foetal heart rate varied from 120 b/m to 162 bf with a 

mean of 138.5 (S.D.+ 4.1) for males and 136 b/m to 171 b/m with a mean 

of 150.9 (S.D.+-3%7) for: females.



  

  

CHAPTER IIT 
USE OF THE DIGITAL COMPUTER FOR ELIMINATING   

THE MATERNAL COMPLEX  
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CHAPTER TIT 

USE OF THE DICITAL COMPUTER FOR ELIMINATING THE 
MATERNAL COMPLEX 

It has been stated earlier that confidence can be put only on 

the average of the QRS complex when using the method of maternal 

"blanking". This is because the maternal complex is always influenc- 

ing the periods in the signal. from which the foetal complexes are 

chosen for averaging as explained under the section on results of 

averaging using the present system. 

The conclusion had been already reached by other workers as 

well, that it is not possible or very difficult to obtain a maternal 

complex having exact waveform to that obtathes from the abdomen, from 

any other part of the body where there is no foetal signal to use in 

Sifat seine the maternal complex totally from the signal. 

The only other method of approach is to average the maternal 

complex (say 100 complexes) and subsequently subtract the averaged 

complex from a delayed form of the signal whenever a maternal signal 

occurs. This should theoretically leave a signal containing the 

foetal signal and noise including residue of the maternal complex as a 

result of the subtraction. One could then average this latter signal 

to obtain the average of the foetal complex with much reduced risk of 

contaminating the foetal signal with correlated maternal signal. 

The added advantage of such a method is that provided a good 

foetal signal is detected, one can trigger a ratemeter with the signal 

minus the averaged maternal complex to obtain very directly the foetal 

heart rate, which is at the moment needed by obstetricians during 

foetal distress. , 

This scheme was not tried out in the present experiments for 

lack of time available. 

It has Race found, however, that other workers have proposed 

(69) and tried similar schemes. Favret had proposed such a scheme using
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two consecutive stages of processing. This is the method that 

(68) 
Behrer et al used in their work. 

A variation has been proposed and tried recently by 

(70) Van Bemmel et al- Their main objections to Favret's method are 

based on the following considerations:- 

1. The maternal complex is often not constant in amplitude due to 

modulating disturbance (e.g. respiration). Consequently, 

after subtraction of an averaged maternal complex, part of the 

maternal signal remains. This hampers the exact determination 

of foetal R neaks in the econdtiie: Further, 141s rather 

difficult to detect very accurately foetal R waves which 

coincide with maternal QRS complexes without a digital computer 

because the waveforms of both complexes are statistically not 

orthogonal. 

2. Since both maternal and foetal ECG complexes occur almost 

périodically, a statistical dependence between these two ECG is 

noticeable, certainly during finite time. This dependence 

‘ becomes artificially enormously large when only the foetal ECG 

complexes are averaged which do not coincide with maternal ORS 

complexes. In this way the probability of influencing the 

averaged result of the foetal QRS complex by maternal P and T 

waves, but not by maternal QRS canelewes: is increased. Owing 

to this dependence between maternal ECG's an averaged PORST 

chepies arteae in which the maternal FCG is not averaged out. 

Their scheme can be described briefly as follows:- 

(a) Only those foetal complexes for which no coincidence exists 

between the foetal R-wave and the maternal ORS complex are 

averaged. 

(b) An artificial maternal average is obtained (free from 

foetal complexes) and run synchronously with the signal
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(b) containing the foetal complexes. A foetal R-wave such as 

in (a) triggers the parallel averaging of foetal signal in the 

main signal and the maternal complex in the same temporal 

period in between the QRS complexes of the artificially 

produced maternal average. 

(c) The result of the average of the artificial maternal complex 

is then subtracted from the result of the averaged foetal 

complex. 

The results of Van Bemmel et al are good and show the 

beginnings of the P and T waves which are needed for measurements 

hacfudibs temporal ones on the averaged foetal complex. 

In principle, however, it is felt that the two schemes are 

nearly the same as far as eliminating the maternal complex is concernec,. 

Both techniques involve the production of a fixed artificial signal. 

The difficulty in both methods is that this averaged Sdeiad 

must not be statistically different from any subsequent individual 

aieeee ae complex. In the case of the method used by Van Bemmel et ai, 

once the artificial complex is produced it is the interval between the 

mens abtificial complex in time that is selected for producing the 

maternal averaged residue which is used for subtracting as outlined in 

(c) above. If the shape of an individual subsequent maternal complex 

changes, although the part of this complex on which the foetal signal 

is chosen for averaging might change, the contribution to the maternal 

averaged residue chosen for the same foetal period would be obtained 

from the fixed artificial maternal interval, So that what is subtracted 

might not exactly be what would have been ideally subtracted. 

Looking at the results of the subtraction of the averaged 

maternal waveform obtained by Behrer et go good example being their 

Fig.3 reproduced here as Fig.66, one feels that only the maternal ORS 

complex had been'averaged and subtracted leaving the slow maternal P and 

T waves. 
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Fig.66. Example of Elimination of Maternal QRS complex in (a) leaving the slow maternal waves in (b) 
(see text) Reproduced from Behrer et al(68). Fig.3 
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As a result of using the maternal ‘blanking' scheme in the 

present system, one finds that the statement 2 of Van Bemmel et al 

quoted above is correct and that it is the influence of the maternal 

P and T waves which must be eliminated. 

It is proposed therefore that in using Favret's method the 

total PORST of the maternal complex should be averaged out and used to 

subtract from a subsequent maternal complex. This difference must be 

re-recorded ‘and computer averaging of the foetal signal carried out 

subsequently. 

It is felt that in the short time that it would take to 

average say 50 of such foetal complexes (occurring on average 2 beats/min) 

the maternal complex would not have altered too much. Although the 

result might not be much different from that produced by the system used 

by Van Bemmel et al, it will have the advantage that a rate meter or 

pulse interval meter can display continuously (when using occasional 

updating of the maternal average) the rate which obstetricians need 

during labour. : 

This scheme is being justified by the fact that for studies 

carried out during early periods of gestation (before actual labour) 

there is no rush for time and the actual period on the tape record 

from which the maternal average was obtained can be replayed for the 

maternal subtraction process before foetal complex averaging. During 

labour the foetal heart rate which is at oreane important to the 

obstetrician can be monitored continuously. The foetal averaged 

waveform can then be computed with the method after the labour period 

and the findings correlated with corresponding changes in foetal rate. 

The scheme which is not essentially different from Favrets' 

with the added precaution that the whole maternal PQRST complex should 

be averaged and subtracted, would be as shown in Fig.67.
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In this scheme the delay 

xi = Td 

where t is the fixed tape recorder delay 

tq is the variable delay for triggering out 
the averaged maternal PORST. 

should be such as to ensure synchronous subtraction of the maternal 

complex. 

The differentiating circuits have been included to reduce 

the wandering of the baseline to ensure dependable triggering. 

It might be necessary to make simultaneous measurements 

from fixed locations on the maternal abdomen to establish the 

orientation of the foetal heart and the transmission path of the - 

foetal. signal. In such cases the best foetal signal from any of the 

leads (say 3 pairs of leads) could be used to trigger the averaging 

of the foetal complexes in all the leads. The same can be done 

with the best maternal signal. 

For such work three identical amplifiers would be needed 

for recording and multisite channels will be needed in the tape 

Cedoiteve and the computers. 

Such studies will throw more light on the mechanism of the 

transmission of the foetal signal and the much needed knowledge 

gained could be used to produce much simpler measuring systems for 

routine foetal electro~-cardiography. 

Schemes of this kind have arti been criticised on the 

grounds that:- 

1. They are too elaborate and complicated. 

2. The poorer hospital organisations cannot afford 

to buy computers. 

The first criticism can be met by hospital physicists and 

engineers if they collaborate well with obstetricians.
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Computers are now becoming quite readily available and 

cheaper, and the second difficulty efit not remain indefinitely. 

There is a need, as many workers including Van Bemmel et a 

have pointed out, for a method which computes from the simple, safe 

and potentially more useful abdominal foetal electro-cardiogram, the 

foetal P.Q.R.S.T. complex, free from noise. Only then will accurate 

classification and correlation with clinical experience be possible. 

In this present work a general review of the subject has 

been carried out and some experimental procedures and results 

presented. 

It is felt that most of the difficulties are in instrumenta- 

tion for detecting a reasonable foetal signal from the maternal 

abdomen. To this end the thesis has presented plausible lines for 

developing amplifiers suitable for detecting the foetal signal and 

also has introduced the use of graphite cloth electrodes which it is 

felt can improve the detecting process. 

For processing the signal, it is felt that the best method 

is to furaue further the methods using computers discussed and 

suggested in this chapter. 

At the present time obstetricians pay attention only to the 

foetal heart rate, especially at the very end of pregnancy during | 

foetal distress. This is because this is the only parameter that is 

understood. 

When computers have been used to obtain jaceicdene knowledge 

about the shapes and orientations of the foetal electro-cardiogram as 

a result of studies of the conducting properties of the foetal, 

uterine and maternal tissues it is probable that foetal electro- 

cardiography using abdominal electrodes can be developed to become an 

important and less empirical method for use during pregnancy and 

labour.
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Appendix I 

continued from page 30 

C4 C59 e and e), are the interaction voltage generators 
2 

defined as follows:- 

4 : : 71 A460 

82 re 6 Ba Vietco 

74 gi 6 Ro V .2c0 ~ 

y : 6 * pe 200 

The subscript "o' denotes the values when there is no unbalan 

unbalance. or can be obtained from equation 350 by putting e,=0 

“s =.O(and: writing. Vo = We 3 _ 

1 

i o ers Ne fn2 
ico ~  BIK=-B«! 

similarly from equation (31) 

— Bla - Bx! 

from equation (16) 

Vageo * vs [treo + er 3 + 2R,, ) + 4555°2R, > "3% e300] 

7 
2co 

A=3 

from equation (19) 

= = (i oe 
1co 2co ). eRy Ve300 

ieee aS seo + erps + 2R),) + doc *fRy + 

L469 (PRY, Re + 4569°CRn, 5 | 

Basen bl i a 0% * 2R, (1+ 5) “ 455,614 nef 

Aw4 

ut 

from equation (22) 

Vv ~ Secor 2Ri 7 gec 1co™z4 + ( xs + Ra)isgg A-5 

Substituting from A-2 in the expression for eC, : 

Sr ag 
e = p1 8 a Cc : A~6 

+ ae Bix -Ba'
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and @5. 5 SRV ntco ; from A-2, A-3 and A-5 

: tae "pa 
e, x bp, 1 - [* + ors + 2R, (1+ Hs he oe 

  

  

Rx Be 
2R) (1+ pode paV 

' z ee A=? 
Bx ~ fe 

From A-6 and A-? 

5 A'R4 
Ss - eu = RAV, 1 - [® + ae 3 + 2, (1+ ts) | Seo F 

AR, (T4ps dec! Py 

Bx-~BRx' 
nV 

Py tic. or A=8 
p'x-RR Pt 

From equation (24) 

E + ays £2,145) | By = Xn - be + TH + Ri + ety + 

eR, (1 + Bs ) | A heed 

From equation (25) 

eR, (1 + Pa) P = eg - 2R,(1 + Rs) A=10 

Substituting in A-8 

~ 
e, ~ e, zs Bix - Bx 1 Pua yrrPrreaps 2819) ad 

ER, (147-3 doc! op, ~ ens | 

If we write 

R s Roy + tO + R, $e as + eR, (1 + Ps) » we get 

vi \ 
$5 = 6,78 Bick “ag le Sp, - B'F4 or, - aR, (1 + rsa 6] 

‘ pV, ar hy : br i 2k, (1 + 23) of Sp, a 

Bx- Ba Ba . oh Ba 
: naV, arr (= ‘ ro aa . 2R,(1 + Ps). bn, 

Bx ~ BA By Bs Fy R@ By 
A-12 

This equation A-1l2 expresses (e, - e,) in terms of fractional 

unbalances of U, and to in the first stage.
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‘In a Similar manner using A-e , A-3 and A-=-5, we get 

t . >) t 

e e = ch aos br + _ “ni B Pale § + 
oe eee. - ee” he a c 2 6 XK BK I BK ‘is Ba' 

' a'RAV,(2R, + R5) 
eran 6 Oe ee e 

Substituting for oc' and a' from equations (26) and (27) 

RAV, | 
ey o es = Bian px tas [Poe + v2 + (R, + eR.) (1 + Po) + 23, 

Cer, = Pky 4) (eR, + rr» - (2R,- PoR, 4) 6ry> 
fat 

PaV, : 

(2k, - RoR, 4) br 0 

  

Substituting 

R, es Rho + ¥2 + R, + eR, + eRy » we get 

pv 8 r Sr 

te ee, pe Po s p2 

eR, (2R,, + Ry) bp, : ae 6x5 

ie Po py (2Re+R,)* “Py 5 

e@ervee A-13 

‘Substituting A-12 and A-13 in equation (37), we get 

: =r Z gh Vo ak op, 3 TO br. 3 OR, C14 pz dex! $n, 

ed +... 810" de0r.d Ba- Ba |\ PB, R* P54 Rog eo? 

  

QR : ¥. Patty rt (AIRY ‘ OS? Pas Pha 

  

ers oo MRRP 
B« Box mV te s pe 

eR, (ZR, + Ry) Sp, : Tye foe 

Roath, Po Po (eRe+Rp) ar 

a-14
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From equation (38) and A-14 the common mode rejection ratio He 

is given by 

  

  

  

doo ee én, : 4 or.4 : eR, (14pz) (2B, -poRy 4) Sp, : 

Her Bix “Bo Ba RP, Re [Ro+ Py (eRet R5)]" By 

Ry qth path 4A) Ry Re (= gues 8 y2 + R Ro-@ pp leR.+R,) Wo Bs Tye 

2R,, (2R+ 
Bw esti! (2 ci “pe aoe S naee ane Ry 40k, Bo Bo (eR-+R,) P52 

From equations (24),(25),(26) and (27) it can be seen that B'% is 

for ordinary values of the circuit constants about 100 times larger 

than Ag! , therefore '! 

tee ™ é , A=16 

Substituting A-16 in A-15 we find 

  

2 a R are ee) 
Hoe Rips [Rarer .+2R, C1+p3)] Py R tO | 

eR, (143) (2R, ok 4) bn, 

R[R, + py leRe+ Ro)]* By 
  

  

Ry atF pat MH4 Ry Re (#2 “pe 22) + ° , - e R Re+Py (eRe +R, ) Po RS P02 

  

aR, (2R,+R5) = : P2 ee) 

Buy DB eis Ratha a Pg eh tod ae 
A-17
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Attached to this page is a sample of the < o graphite cloth which 

has been used for making electrodes. oO 

  

Brief notes on the formation of garphite cloths:- 

Among the organic materials that when heated to 2,700°C 

leave a graphite carbon residue are certain fibres, both natural 

and synthetic. 

Textile forms, such as yarns, felts and woven and knitted 

fabrics composed of high purity Flexible graphite became available 

in 1959. Individual fibres are 3 to 12 microns in diameter and 

have tensile strengths of 50,000 to 100,000 psi at ambient 

temperatures, and higher at elevated temperatures. 

Graphite can be re-crystallised to increase its density from 

about 1.7 to as high as 2.18, while commercially re-crystallised 

graphite has a density from 1.92 to 1.97. 

The permeability of re-crystallised graphite to water is 

comparable with that of brass, and is som 407 to 10° smaller than 

that of electrode grade graphite. Graphite has been used in 

the nozzles of rocket motors.
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APPENDIX III 

An attempt at reproducing the foetal electrocardiographic recordings made by Foa' © in 

1911, (see the Introduction ). The complexes become slightly more visible when the page 

is held about an arm's length away. 

s
o
t



The Ellictt-Tandbeig system combines the Tancberg tape deck with the transistored 

frequency moduiacicn channels used in che Elliott range of magnetic tape instrumenta- 

tion equipment. 

   

    

c Tandberg deck was chosen for its excellent performance and 

reliability; tse combination has been engineered to the nigh standards expected from 

-instrumentation sysctesns. - 
The audio amplifiers used in the Tandberg recorder have been retained, only 

minor alterations being made. These are employed when using Direct recording/ 

reproducing techniques and are selected by means of the push-button mode switch 

associated with each channel. When either or both “Mode Switches” are in the F.M. 

position the frequency modulacion channels are brought into use in order to handle 

" data with greater accuracy and extend the overall response down to d.c. 

The bandwidth obtained when using either mode depends upon the tape speed 

used. The frequency conscious elements of both systems can be switched to suit the 

selected cape speed, the choicé being determined by the incoming data. 

The correct direct recording level is indicated by che ‘magic eyes’. When the twin 

light beams touch, the maximum permissible input is being applied. Exceeding this 

. value will increase the harmonic distortion as will a gross mis-match of impedance at 

the input and output terminals. Please read the Performance Specification carefully 

and ensure that the conditions specified are not abused. 

  

BLOCK DIAGRAM—SHOWING ONE CHANNEL ONLY 

  

        

  

  

  
        

  

        

        

            

    
  

  

      

      
  

      

  

"on ERASE HEA 

EQUALISATION SWITCHED [sya ae ak ae 

WITH TAPE SPEED INDICATOR} {OSCILLATOR} v <I 
: . ~ ANS bay 

MIC. IN2UT MS ONS |\OfFF ¥ 4 ! 
A x 

RECORD \ 
HIGH INPUT o r ie, PRE-AMPLIFIER RECCRD || _ DR 05 Oe 

ae AMPLIFIER V On, RECORD bEAD 
. a ~ AN ? yi 

: 3 SWITCH 
v eee se =r 

: RECORD GAIN RECORD i 
rot 37 pec em td 

FM.INPUT ( CONTROL ; NTCH 

s FREQUENCY & ea 
iV; R ‘ j REPLAY REPLAY EAD 

poe AMPLIFIER [> 
MODULATOR REPLAY \, Si 
GAIN CONTROL GAIN ‘ 

DIRE : CATHODE CONTROL \ f 
| FOLLOv! ¥ \ Vv Siireue : FOLLOWER 7 : v | 

: GAIN FREQUENCY ; 
oe DEMODULATOR 
O————] AMPLIFIER ah 
OUTPUT ‘. 

| ? DEMODULATOR AND 
ZERO CONTROL FILTER SWITCH     

Before dispatch the equipment is adjusted so that the overall periormance 

conforms to the Specification in all respects under normal laboratory conditions. 
Adjustments should not be made without consulting the Servicing and Maintenance 

manual, which also includes details of the periodic preventive maintenance instructions 

necessary to maintain the original excellent performance.
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Tape Speeds: 

Tape Capacity: 

Tape Speed Accuracy: 

Number of Tracks: 

_ Spooling Time: 

Wow and Flutter: 

Magnetic Heads: 

Level Indicator: 

* Position Indicator: 

  

  
Direct Record/Reproduce Systeit jo 
    
  

  

  

  

Tape Speed Frequency Response 
in/sec. 

i. 40 c/s ~ 16 Ke/s 

32. oe c/s - 10 Ke/s 

IZ. 55 c/s - 5 Ke/s     
Erase & Bias frequency: 80 Kes/. 

Total Harmonic Distortion: 3% r.m.s. : 

Equalisation Conforms to N-A.R.T.B. Standards. : 

Inputs: 5mV into 100 Kilohm 
50mV Into | Megohm 

1-5V into 5 Megohm. 

Output: 1-5V into 2 Kilohm. 

- Signal: Noise Ratio: 48 dB at 2li tape speeds. 

Crosstalk: 45 dB (measured at | Ke/s.) 

Power Supplies: 

_ Power Consumption: 

Weight: 

Dimensions: 

  

75, 32, 1% in/sec. 

1,800 feet. 

4+0:2% relative. 1% Absolute. 

2/4 on ¢ in. wide tape. ; 

3 minutes in either direction. 

0-15% at 74 in/sec., 0-2% at 3} in/sec., 0-3% at tf in/sec. 

Record, Replay and Erase. 

Twin light beams. 

4 digit mechanical counter. 

  

  

    
  

  

  

  

o Frequency iiedulation System 

Tape Speed Carrier Frequency Frequency Response, 

In/sec. : +1 dB. 

Ty 12 Ke/s d.c. - 2:4 Ke/s 

33 6 Ke/s d.c. — 12 Ke/s 
  

‘3 Ke/s d.c. - 600 c/s   o
N
     

Deviation: 4:40%. m 

Overall Accuracy: +1%. 

Input: 500mV into 20 Kilohm. 

Output: 1 V Into | Kilohm. 

Signal : Noise Ratio: 35 dB at all tape speeds. 
* 40 dB with reduced band-width. 

Crosstalk: 45 dB (measured with carrier recorded on 

both tracks.) 

" 200-250V 50 ¢/s 
100 — 125V 60 ¢/s 
34V duc. Invertors available. 

1O0W. 

45 Ibs. 

16 in. x I2in. x 10 in. high.


