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ABSTRACT

The object of this thesis is to show that a deliberate 

consideration of the function of errors within a system can 

produce novel and useful results.

In the polynomial data compression system, cubic splines are 

applied, with the aid of an error controlled algorithm, in such a 

way as to produce not just compression, but much better fidelity 

of reproduction. This results in the reproduced waveform being 

free of visual discontinuities, which is not the case for the 

conventional zero and first order data compression systems.

The control of error is basic to this algorithm’s operation.

The measurement of error is then applied to amplifiers, the 

measured error being applied in such a way as to combine the 

advantages of both negative feedback and feedforward.

Of particular interest is the filtering employed to ensure a 

better stability margin.

In a redesign of a known amplifier, due to Blomley, the 

deliberate generation of gross error is used to overcome certain 

problems in the original design with the aid of subsequent meas-

urement and error manipulation.

Some experimental results are presented.

Then follows a discussion of the current ’Block' Railway 

Signalling System in which the problems of the present system are 

discussed and a much improved system is proposed, in outline.

This treats the problem of Railway Signalling as involving 

very reliable communications, as well as detecting errors as they 

arise.
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The prompt detection of errors is central to the proposed 

scheme.
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1 INTRODUCTION

'Things should be made as simple as possible -

but no simpler.'

-After Einstein

This thesis presents some of my contributions to the subject 

of using errors in a positive manner and includes several dis-

tinct topics investigated over a period of time.

The common theme linking these topics together is the posi-

tive contribution of error manipulation in achieving improved 

performance. The use of error in engineering (for example in 

steam governors, negative feedback amplifiers and servomecha-

nisms) is well established and not in itself novel.

However although in such applications feedback is used to 

reduce error, this is not by an arbitrary predetermined amount.

In some of the examples chosen to illustrate a more positive 

approach to the use of error in engineering, errors are measured 

and used to reduce the overall resultant error arising which, as 

reiteration is possible, in principle can be by any arbitrary 

amount. In the case of the variable sampling rate data compres-

sion method the error controls the sampling rate.

I believe that the phrase which opens this chapter ( which 

Professor Albert Einstein put in a much more complex way ), is a 

profound truth and it has certainly tempted me to present the 

subject matter of my third-order polynomial method of compression 

(ref.1.2) as basis for the whole of this thesis since I am quite 

prepared to be judged on its novelty and significance.

However although the earlier paper was entirely my own work 
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(ref.l), the second, more comprehensive, paper was a cooperative 

effort, in which the practical work of writing Pascal programs 

and organising the production of results was done by B.Sapir 

under my direction.

For this reason I have included two sections one, on 'Cross 

Coupled Error-Takeoff Amplifiers' and the other on 'Results from 

practical implementation of the proposed amplifiers' which deal 

with errors applied to amplifiers and which are entirely my own 

work.

Although they may appear unrelated, they share a common 

theme: they deal with error reduction either by the manipulation 

of the errors which arise naturally in a circuit using a novel 

form of feedforward, which I describe as 'Crosscoupled Error-

takeoff', or alternatively they reduce the errors by deliberately 

generating gross distortion, measuring it continually and auto-

matically and then in a very accurate way using the resultant 

error and the original deliberate distortion to together produce 

a very low distortion output waveform as in the Blomley circuit.

Thus the error signal is an essential aspect of achieving 

improvement in performance and so fits into the overall theme of 

the thesis.

These two sections on amplifiers together with the papers on 

data compression are what I am including as the 'heavyweight' 

part of the thesis.

There then follows a further section, on a proposed Railway 

Signalling scheme. This forms the 'lightweight' part of the 

thesis since the ideas it contains are not backed up by any 

detailed evaluation or practical experiments although I hope it 
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will be of interest in showing a further example of the con-

structive benefits of errors when appropriately applied to engi-

neering problems.

The proposed Railway Signalling system firstly tries to 

establish very reliable communications by applying feedback and 

labelling to each piece of information. If however an error still 

occurs it provides means for it to be instantly detected and 

action taken.

Having established such a reliable network, it then uses a 

much improved basis of computation to work out the maximum per-

mitted speed of a train.

The method of approach used in analysing the circuits in 

this thesis leans heavily on one of the most significant advances 

in circuit design, that of Computer Aided Analysis, in this case 

in the shape of a commercial Analog analysis package called 

ECA2.

This enables accurate models to be employed and complex 

circuits to be accurately analysed with the minimum of approxima-

tions, in a swift and above all reliable way. That is to say the 

results can be relied on to be close to those obtained from 

practical implementation.

The circuits analysed during this thesis, including those 

which I claim to have originated, are far too complex to enable 

the frequency response at the band edge to be determined by hand 

calculation, without making simplifications which would render 

the results useless.
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For this reason, a detailed mathematical analysis does not 

contribute to understanding the results, and is therefore not 

included in the thesis.
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2 CROSS COUPLED ERROR-TAKEOFF

Oscillators and negative feedback amplifiers not only share 

the famous formula G=A/1+A.B, with a sign difference, but also 

the physical method of operation, in which a proportion of the 

output is fed back to the input. In practice neither A or B are 

necessarily constant with frequency.

Small wonder that amplifiers can oscillate !

(G is the closed loop gain, A the Forward Gain and B the 

feedback factor).

This would not matter if the operation within the desired 

frequency band of interest were not gravely affected, at the 

design stage, by the necessity to avoid oscillation at any fre-

quency , whether within or without the band of interest, since 

oscillation seriously increases distortion. The consequence of 

all this is to seriously reduce the obtainable feedback factor at 

the high frequency band edge. In other words because of stability 

considerations an arbitrary feedback factor is not obtainable at 

the high frequency band edge, the designer having to make do with 

some much lower figure than the one he might wish for on grounds 

of for example, distortion reduction.

The reason for this is twofold.

Firstly since G=A/(1+A.B)~(1/B).(1-(1/A.B)),(binomial ap-

proximation when A.B»1) it follows that A should be as great as 

possible, since the gain becomes more independent of A as A in-

creases, which since A is not well controlled ,is desirable.

Now, secondly, (fig. 2.11) the gain of an operational ampli-

fier ( op. amp.) falls off with frequency and so A.B decreases 

J2. 201



with frequency from which it follows that 1/A.B becomes more 

significant as the frequency increases, which as already pointed 

out is not a good thing.

However any attempt to solve this problem by increasing A 

within the passband runs into trouble because this usually means 

that outside the passband on the high frequency side, A also in-

creases and at high frequencies phase shift effects start to 

become important (unlike at low frequencies when, for an op.amp. 

the phase shift is close to 90 degrees).From this it follows that 

the value of A.B can be such as to cause oscillation.

Hence the limitation of negative feedback in which an arbi-

trary reduction in distortion cannot be obtained unless condi-

tionally stable amplifiers are used, with all their great practi-

cal disadvantages. Since for any given circuit there is a maxi-

mum value of A beyond which the circuit becomes unstable as well 

as developing a very peaked frequency response immediately before 

A becomes great enough to cause this instability.

When the transcontinental American telephone service was 

first introduced thick copper cable was employed to reduce losses 

since the numerous analogue repeaters which would have enabled 

lossier lighter weight cable to be used had much too high non-

linear distortion.

Let us take a hypothetical example and assume a 3 000 mile 

link, with repeaters every 30 miles giving 100 repeaters.

For an overall distortion of 10% this would mean that each 

amplifier would need to have a distortion of 0.1% or better. With 

valve amplifiers and no negative feedback, especially using 

valves of the nineteen twenties to thirties, this would be 
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impossible to achieve with any reasonable output voltage such as 

10 volts peak into 600 ohm lines.

The first attempt by Black (ref.2.1), to solve the problem 

was his invention, feedforward, in which he utilised the fact 

that distortion is, as will be explained later, one of the easi-

est of all measurements to make regarding an amplifiers perform-

ance. He simply subtracted the input from a suitable proportion 

of the output to be left with the distortion only.

It was at this point that difficulties occurred. What he 

tried to do next was to subtract this distortion signal from the 

principal or main amplifier output (Fig.2.1) with the aid of a 

subsidiary amplifier, so as to be left with an undistorted output 

voltage. The trouble was that both amplifiers varied in gain for 

all the reasons that amplifiers, especially valve amplifiers, 

vary in gain, such as ageing, power supply variations and so on.

The result of all this was, quite simply, to make the system 

completely impractical, since although, in a manner similar to a 

bridge it is possible to 'balance out 'the distortion, after a 

very short time the gains of both the principal and subsidiary 

amplifiers would change by quite uncontrolled amounts and the 

balance would need readjusting. Of course in practice this could 

not be done, with the result that so far from reducing distortion 

such a system could easily increase it.

I imagine that it was with a sense of relief that Black 

invented negative feedback (whilst on a ferry boat in New York 

(ref.2.6) ) .
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Certainly he abandoned feedforward from then onwards and 

concentrated on negative feedback.

After negative feedback the next significant advance in 

amplifier design occurred in the nineteen fifties when McMillan 

(ref.2.2) invented ’multiple loops’ (fig.2.2).(Both fig.2.1 and 

fig.2.2 are abstracted from (ref.2.4)).

This was basically ’feedforward’ but with gain stable, as 

distinct from gain unstable, sub-amplifiers. The gain stable sub-

amplifiers used negative feedback, which had not been available 

to Black as he had yet to invent it! (Retrospectively it seems 

quite remarkable Black himself did not think of this 

combination.)

However like the original ’feedforward' it also had the 

problem of impracticality since every single application used as 

an essential feature a transformer, for example, (fig.2.2b) and 

more importantly only the valve amplifier distortion alone was 

dealt with but not the transformer distortion. In power amplifier 

applications the transformer is a major cause of non-linear 

distortion as well as limiting the overall bandwidth, so this was 

a serious weakness.

(Until the advent of the transistor all commercial audio 

amplifiers used valves and transformers in their output stages. 

With the arrival of the transistor the loudspeaker coil impedance 

made a good direct impedance match with the amplifier so elimi-

nating the need for a matching transformer).

To the best of my knowledge the idea next surfaced in 1973 

(ref.2.3) in a short contribution in Wireless World by myself,
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entitled ’Error addon’, (later changed to ‘Error takeoff'), in 

which an amplifier which did not use transformers was described.

This was followed by Walker’s 'Current dumping' in 1975, 

(ref.2.5), which as well as having a tendency to instability also 

had a somewhat obscure method of operation which was the subject 

of much debate (ref.2.7). In addition an arbitrary degree of dis-

tortion reduction was not possible.

The subject of this section is an amplifying system which 

not only does not employ transformers but also overcomes the 

problem, in one manifestation, of the 'Cross coupled error take-

off amplifier', the bridge version , of not having a low output 

impedance. A low output impedance is of course a desirable fea-

ture if the load impedance varies widely with frequency as it 

does with a loudspeaker coil , for example ,since the output 

voltage is unaffected by this variation. ( See the section on 

Practical Implementation fig.3.5 ).

It is a classified as a 'Modern amplifier' since it can 

defeat the limits of the 'Nyquist diagram', by which I mean the 

limitation that the necessity to never enclose -1 on the Nyquist 

diagram of a negative feedback circuit places on the amount of 

gain that can be employed before closing the loop.

This is, perhaps, a good point to emphasise that feedforward 

and its modern derivatives are free from this limitation since 

although their sub-amplifiers, in their modern guise, may employ 

negative feedback and are, of course subject to the Nyquist 

diagram, the overall final configuration of a 'feedforward' 

circuit, because there is no feedback, is not.
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Error takeoff

Although having the disadvantages of a floating

output and an error amplifier which had to carry the full load 

current (IL) (fig.2.3), whilst still contributing little output 

power itself, the original ’Error addon ’(fig.2.3) amplifier had 

the substantial advantage of low output impedance as well as 

having an easy to understand method of operation. Due to the 

small voltage swing the error amplifier does not itself add 

significant distortion. Although the current swing is substantial 

this does not affect distortion due to the effect of local nega-

tive feedback around amplifier B in fig.2.3.

Mode of operation

The output with respect to earth of the top amplifier con-

sists of the ’pure • output voltage -Vin*R2/Rl plus Vd, the error 

voltage.

Now the input Vin balances exactly against the output 

Vin*R2/Rl at p leaving a measurement of Vd, value Vd*Rl/Rl+R2, at 

p. This measurement of error consists of a signal arising from 

finite gain, phase change, non-linearity, noise etc. This simple 

measurement is one of the easiest to make as Black realised so 

very clearly and is a true measure of the error. Needing only two 

resistors, it is immensely superior to, say, distortion measure-

ment using a spectrum analyser which requires complex tuned 

filters.

Having measured this error voltage it will now be applied to 

reduce distortion. In the circuit of fig.2.3 the attenuated error 

voltage Vd*Rl/Rl+R2 is restored to very close to Vd at the lower 

subsidiary amplifiers output (this restoration is not exact due 

to tolerances on R1 and R2 as well as finite gain in B) and is
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applied in such a way as to subtract or 'takeoff* the error which 

appears across RL, the load resistor.

In the pass band as the frequency drops the performance 

(including distortion reduction) improves at 40 dB per decade 

instead of the 20 dB per decade of a negative feedback circuit 

(Fig.2.4.) until the point at which the gain becomes constant 

typically, at about, 10Hz.

From this followed ’Current Dumping’ (ref.2.5) which has 

already been mentioned as a rather unsatisfactory circuit and 

then the author’s 'Error takeoff',(ref.2.4) circuit.

In October 1974 (ref.2.4)(fig.2.5). I published an article 

in 'Wireless World' which contained an iterative amplifier which 

had the advantage of allowing in principle (although only imper-

fectly, in the sense of having an upper limit due to non ideal 

resistors) an arbitrary reduction in distortion (in practice 

probably 60 dB per decade of frequency reduction, as compared to 

the 20 dB per decade which is obtainable with negative feedback).

But more serious, than component tolerance, as a design 

problem, are the resistors Rb and Rc.(fig.2.5). Although the 

error correcton currents pass through them they also serve as 

loads in parallel with the load proper. This has the effect of 

reducing the efficiency of the circuit. In addition the resistors 

Rb and Rc suffer from a similiar effect which calls for more gain 

from A2 and A3.

Although the 'Cross Coupled Error Takeoff' circuits to be 

described are limited to 40 dB improvement factor (fig.2.4), 

(the improvement factor being the reduction in distortion per 

decade of frequency reduction in the passband compared to 20 dB
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for negative feedback), either are partially free of loading 

effects due to a finite output impedance or are completely free 

but at the cost of a floating output.

Using a combination of negative feedback and feedforward, 

in conjunction with appropriate filtering, the result, is an 

amplifier which is stable in performance as well as having an 

easily understood mode of operation.

Consider a circuit of two separate amplifiers joined at the 

input and connected at their outputs via Ro and Ro’ (fig.2.6).

As they stand the gain of the overall combination is R2/R1 

(since R1=R1' and R2=R2’) whilst the output impedance is Ro/2 

(since Ro=Ro’). In other words, two amplifiers are apparently 

used to provide the same performance as one, with the small 

disadvantage of a finite (Ro/2) output impedance and the advan-

tage of being able to provide twice the current in the load as 

well as having an output one side of which is earthed. Since Ro/2 

« RL this means that the output voltage swing is hardly affect-

ed.

The first point to observe is that at pl and p2 there is a 

measure of the distortion (see point p of fig.2.3). By amplifying 

each value and applying it to its opposing amplifier (fig.2.7) 

this error can appear at both outputs simultaneously as the error 

proper of the originating amplifier and as an inverted correction 

of the error of the same amplitude at the opposing amplifier. 

These opposing voltages ideally cancel at the output.

THIS IS THE BASIC APPROACH EMPLOYED THROUGHOUT ALL DESIGNS 

OF 'CROSS COUPLED AMPLIFIERS’.

OQ
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What follows are the results a computer simulation study 

using a ’Spice’ (Simulation Program with Integrated Circuit 

Emphasis) like Analogue Circuit design package called ECA2.

As the circuit stands in fig 2.7a and using realistic models 

for the operational amplifiers the response has a pronounced peak 

at the pass-band edge of 4 dB (fig. 2.7b) This is due to the 

’virtual earth' at the inputs of 'main amplifiers' 1 and 2 de-

parting significantly from the ideal of zero impedance at the 

band edge. It is doubtful if the phase shift has much effect as 

this does not change appreciably until ten times the frequency at 

which the op.amp's own gain has fallen to zero dB. Before this 

happens, the phase shift is close to 90 degrees.

Fortunately something can be done to cure the problem of the 

gain peak. It is important to note that this is not as readily 

possible with analogous problems in negative feedback. A three 

section Butterworth filter with a nominal 120 dB per decade cut-

off above its passband may be inserted in the feed from one 

subsidiary amplifier input to the opposing main amplifier input. 

( Although LC filters are shown the standard op.amp. Sallen and 

Key-type of active RC filters may obviously be used in practice.) 

(LC Filters were used for ease of computer simulation as in prac-

tice they require fewer nodes and this speeded up the computa-

tions.) This use of LC filters is repeated for the remaining pair 

of amplifiers.

The resultant circuit is shown in Fig.2.9a.

Above a defined frequency within the passband the filters 

disconnect the cross coupling so eliminating the effects of
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finite gain, which are the cause of the deviation from virtual 

earth conditions at the amplifiers band edge which cause the 4 dB 

peak (fig.2.7a the circuit without filters). Within the passband 

of the filters the circuit performance is close to the idealised 

operation previously described.
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A simple theoretical approach.

The performance at the edge of the passband is not readily 

calculated using a manual computational approach since, because 

of the low amplifier gains at the band edge, the impedances of 

the 'virtual earths ' at the inputs to the appropriate amplifiers 

have departed from the ideal of zero to some finite value which 

produces interaction between the two main amplifiers. Although an 

iterative, algebraic solution could be derived, it would require 

a numerical solution to tell us much of value. For this reason, 

as already mentioned, a commercial electronic circuit simulation 

package was used. This is a modern approach which lifts a heavy 

algebraic and numerical computation burden from the designers 

shoulders, much increasing the efficiency of the design process 

compared to pre-computer times.

However, it is instructive to investigate the operation 

using conventional circuit analysis of the system for frequencies 

well within the passband where ideal virtual earths are a reason-

able assumption, equivalent to high amplifier gain.

This has been done by myself for relatively simple circuits 

(ref.2.4) and the result for the simple Error Addon circuit of 

fig. 2.3 is that the distortion is reduced k.A2 (where k is a 

constant) times compared to a conventional negative feedback 

circuit consisting of Rl, R2 and amplifier one alone.

A very significant improvement over negative feedback.
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SOME COMPUTER RESULTS.

The system under study calls for two lines of investigation, 

the first is the performance from input to output, and the second 

is the reduction of error with reducing frequency.

A computer aided design study is ideal for both these pur-

poses since ideas can be tried out reasonably quickly using 

realistic models, whereas due to the slowness and difficulty in 

setting up and solving the equations manually only simplified 

models are feasible. The results as the collective experience of 

industry has shown can be relied on. Fig.2.11, shows a realistic 

model for the op.amps, having two break points in the frequency 

vs. gain plot.

In addition, a well tested computer package such as ECA2 has 

the important practical advantage that provided the list of 

components, their associated nodes and their parameter values are 

entered correctly (which is in my experience is quite feasible 

for circuits of these types) the results can be relied on. In 

addition they can be presented graphically in a good quality 

format and easily printed out.

Of the greatest importance is the fact that vastly more 

calculations can be done within a reasonably short time, indeed 

the development of the 'cross coupled ' circuit, would, as far as 

getting reliable graphical results is concerned have been impos-

sible without ECA2.

The results of using ECA2 to analyse the circuit of fig.2.9a 

( shown in more detail in fig.2.9b.) give the overall frequency
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response , assume an infinite load, and are shown in figs.2- 

12,13,14 & 15. They will be discussed shortly.

As for the sake of simplicity the operational amplifiers 

(fig.2.9b) are assumed to have zero output impedance and the load 

to be infinite the values of R17 and R18 may have any value.

They are taken entirely arbitrarily as 1 M ohm but could as 

easily be 1 ohm.

A slightly more realistic model with a realistic load imped-

ance would unnecessarily add to the difficulty of understanding 

the behaviour with no real benefit in significantly improved 

accuracy.

Choosing different values for the low pass Butterworth 

filter cut-off frequency shows that with no filter, that is to 

say an infinite pass band width equivalent to a direct connec-

tion, the result already mentioned of a +4 dB peak in the fre-

quency response is obtained (fig.2.12.).

With a passband for the filters of about 30kHz (fig.2.13.) 

the peak is about +0.25 dB with a sudden fall to about -0.6 dB 

before a partial recovery.

At 10kHz (fig.2.14) the peak is only slightly reduced but 

the fall is now only about -0.3 dB,whilst at a cut-off frequency 

of 3kHz an improvement to about ± 0.1 dB is obtained. Also, at 

3kHz (fig.2.15) the ripple is reduced to less than ± 0.1 dB. It 

can be seen that above this frequency the amplifier functions as 

a conventional negative feedback amplifier because the filters 

eliminate the cross-coupling
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As fig 2.16 (Fig 2.13 replotted with extended Y ordinate) 

clearly shows, outside the immediate vicinity of the band edge 

the performance is unaffected.

By inserting an oscillator directly between one amplifier 

output and its feedback resistors and keeping its amplitude 

constant while varying the frequency a plot may be made of the 

effect of error against frequency (figs.2.17,2.18 & 2.19).

This measurement enables an exact forecast to be made of the 

effect on harmonic distortion which the circuit has since, by 

Fourier analysis, a waveform, may be analysed as consisting of a 

collection of sine waves each of which is subject to distortion, 

each sine wave may be analysed separately in the sense that 

because of the amplifier distortion it will have added to it a 

series of harmonics. Each harmonic member of the series will have 

its value reduced by the amount given by the value of the im-

provement factor, for example in fig. 2.17 at 1 kHz. the second 

harmonic of 500 Hz. wave generated by amplifier distortion will 

have its value reduced by 76 dB.

Examining these figures which are associated with figs.2.13, 

2.14, and 2.15, (fig.2.13 corresponds to fig 2.17, fig 2.14 to 

2.18 and fig.2.15 to 2.19) the fundamental improvement due to the 

’Cross Coupling is obvious.

Below about 30kHz. for fig.2.17, 10kHz for fig.2.18 and 

3kHz.for fig.2.19 the improvement is 40 dB per decade and above 

it is 20 dB per decade.
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FIG.2. 18

1 VAI 3 2 1.
2 RAI 28 0 l.u
3 VB1 0 6 l.M
4 RBI 4 0 1. u
5 VA2 2 0 1.
6 RA2 29 0 l.u
7 VB2 0 13 l.M
8 RB2 31 0 1. u
9 VA3 15 0 1.

10 RA3 23 0 l.u
11 VB3 0 25 l.M
12 RB3 26 0 1 .u
13 VA4 16 15 1.
14 RA4 30 0 1. u
15 VB4 0 19 l.M
16 RB4 17 0 l.u
17 R1 0 2 l.M
19 R2 0 15 l.M
20 R3 16 17 l.M
21 R4 16 0 500. K
22 R5 15 10 l.M
23 R6 15 26 l.M
24 R7 23 24 100.K
25 R8 24 25 l.M
26 R9 30 18 100.K
27 RIO 18 19 l.M
28 Rll 17 20 1.
29 R12 29 12 100. K
30 R13 28 5 100.K
31 R14 5 6 l.M
32 R15 4 7 1.
33 R16 12 13 l.M
34 R17 11 27 l.M
35 R18 26 27 l.M
36 R19 3 4 l.M
37 R20 3 0 500.K
38 Cl 5 0 1.59u
39 C2 6 0 15.9E-15
40 C3 12 0 1.59u
41 C4 13 0 15.9E-15
42 C5 24 0 1.59u
43 C6 25 0 15.9E-15
44 C7 18 0 1.59u
45 C8 19 0 15.9E-15
46 C9 8 0 7.579u
47 CIO 9 0 15.53U
48 Cll 10 0 15.33u
49 C12 21 0 7.579u
50 C13 22 0 15.53u
51 C14 14 0 15.33u
52 LI 7 . 8 2.5 8 8u

1



53 L2 8 9 12.02u
54 L3 9 10 17.59u
55 L4 20 21 2.588U
56 L5 21 22 12.02u
57 L6 22 14 17.59u
58 VI 0 0 1.
59 RI 11 31 l.u
60 R21 2 11 l.M
61 R22 2 14 l.M

2
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40 dB per decade is in practice unobtainable with Negative 

feedback, since such a slope would correspond to a phase shift of 

180 degrees and would imply an amplifier on the verge of insta-

bility. Indeed in practice such an amplifier would almost cer-

tainly oscillate due to the difficulty in controlling the phase 

response.

The 20 dB segment of fig. 2.17 shows that when the ’’Cross 

Coupling’’ is removed by filter action, the amplifier functions as 

a normal Negative feedback amplifier in the range concerned.

In other words a stable amplifier using standard components 

such as resistors, capacitors and operational amplifiers, has 

been designed using Cross Coupled Error Takeoff with a vastly 

improved performance, even with the deliberately pessimistic use 

of 1MHz op.amps. 1MHz was chosen on the basis that if the system 

worked well with what are now obsolescent components it would 

work even better with more modern devices, provided that the 

tendency to oscillation to which modern higher frequency devices 

are prone was controlled even though they are internmally compen-

sated. (See also page 301).

The relative ease of design should also be noted, compared 

to the design of complex phase and gain compensators in the case 

of negative feedback amplifiers.

What has been discussed so far has been a computer aided, 

’paper’ design. The next chapter will deal with the practical 

implementation of these designs and present some experimental 

results.



CURRENT DUMPING

As the task of writing up was proceeding it occurred to

me that it was quite possible to use ECA2 on Current Dumping 

(ref.2.5) and so present performance details in a comparable form 

while avoiding discussion as to how it did, or did not work.

The justification for a new scheme for Class B amplifiers 

may be questioned on the grounds that an existing scheme, Current 

Dumping, works perfectly well. However my investigations have 

shown that Current Dumping has defects which the new scheme 

overcomes.

It occurred to me (fig.2.20) that there is a distinct range 

in voltage between the values at which T1 ceases to conduct and 

T2 starts conducting and that within this range the circuit 

changes from the fig.2.20 structure to the fig.2.21 structure.

I.E.  the two transistors are effectively out of the circuit. (In 

my computer simulation I have substituted a voltage follower for 

the transistors during the region of conduction in the circuit of 

fig.2.21, for both convenience and also in fairness to Current 

Dumping, to demonstrate that any anomalous results cannot be 

attributed to a low gain transistor.

If the circuit did not suffer from cross over distortion the 

gain frequency response would be the same for both circuits, 

since cross over distortion is caused by a change in amplifier 

characteristics as the amplifier output changes range.

In a nutshell it is not!

ECA2 was used to plot the results shown in the following
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diagrams.

Fig.2.23 gives the results obtained from fig.2.20 and 

fig.2.24 gives those from fig.2.21. The gain ascribed to amplifi-

er A is 100 and that to amplifier B is 1,000,000 in order that 

the voltage follower should work close to the ideal.

The difference between the two responses is obvious.

Apart from the amplifier gains, the component values are 

selected from Walkers paper, (ref.2.5).

Current dumping is not a solution to the problems of Class B 

cross over distortion.

217



i
co

i
eo

04 csa oo ■<3* oa cd -
OJ 04 ■—I —4 —-I —4 —4 OO KO 04

10
0,
 316.2

 i.K
 3.162 1

0.
K
 31.6

23
 100

.K
 31

6.
23

 l.N
 3.162 

10
.M

 
Fr

eq
ue

nc
y in

 Hz

I
I

X2 
TJ



_Q 
■o



PRIOR WORK.

In a survey of the field by Vanderkooy and Lipshitz 

(ref.2.8) they have clearly described the essential difference 

between negative feedback and feedforward.

They have also given details of the history of feedforward 

in which I am mentioned.

These references (their references. Macalpine (24), 

Ketchledge (25), McMillan (20) and Davis (29)), show very clearly 

that all work starting with Black’s (my ref.2.1) original feed-

forward circuit onwards uses as essential circuit elements trans-

formers with all the disadvantages they have, especially in power 

applications.

This dropping of transformers is my contribution to the 

field (ref.2.4) and has made the application of feedforward much 

more practicable, even without my latest contribution, dealt with 

in this thesis under the heading of 'Cross Coupled Error Take-

off' .
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3 RESULTS FROM THE PRACTICAL IMPLEMENTATION OF A CROSS-

COUPLED AMPLIFIER

My initial plans did not include any experimental models on 

the grounds that modern circuit analysis packages could demon-

strate all that was needed to know about a circuit and its opera-

tion. In addition the practical problems of actually getting a 

circuit to work would be avoided.

However in the course of assessing the simulation results 

the temptation to see ’Cross Coupled’ Error Takeoff working 

proved too much for me.

It seemed to me that what was required was 'Cross Coupling ’ 

combined with my 'Class S' amplifier scheme (ref.3. 1) which in 

turn was to be combined with an improved 'Class B' amplifier.

The attempt to implement this caused me considerably more 

practical problems than I had expected. This was because I had 

mistakenly assumed that the TL071 and TL074 op.amps, which I 

chose would be as well behaved in terms of stability as the now 

somewhat old fashioned 741 op. amps. It was only when I recog-

nised that this was not so and replaced the TL071 and TL074's 

with 741's that a working circuit with 'Cross Coupling' was 

achieved.

There is no reason to believe that modern op. amps would not 

work even better. The problem is that modern components have a 

much higher frequency response and so need much better physical 

layout if oscillation is to be avoided as well as more care in 

the design of the output stages in the present case. As the 
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object was to demonstrate that the principle worked, not to have 

the best possible results, 741 op.amps, were used.

However the extra effort was not wasted as one outcome was a 

circuit operating on a very good principle first described by 

Blomley (ref.3.2). Unlike the original circuit of Blomley, my 

development works without needing any setting up, a very worth-

while improvement.

In addition this effort produced an improved version of a 

much earlier attempt of mine to overcome ’Class B’ bias problems 

by the use of automatic control of current.

These are all methods of reducing the value of errors in the 

outputs of amplifiers.
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Class S

Although described at length in Wireless World (ref.3.1), 

(included in appendix) , a brief description of the Class S 

amplifier is given below.

This amplifier is based upon two ideas.

1) That high impedance loads, for a given voltage swing, are 

easier to drive with low distortion than low impedance loads 

(fig.3.1, reproduced from ref.3.1) and

2) That with the aid of a subsidiary amplifier a high imped-

ance load is provided to the basic amplifier which provides the 

voltage swing. In other words the low impedance load appears to 

be a high impedance load thanks to the action of the subsidiary 

amplifier, (fig. 3.2 & 3.3, ref.3.1).

Assuming that A2 in fig.3.3 of ref.3.1 has a very high gain 

(the standard assumption about op. amps.) then the voltage at 

junction of Rm and Rm' will be the same as at the junction of Rg 

and Rg'.Since Rm=Rm' and Rg=Rg’it follows that IL-IL' (the cur-

rent drawn from Al and its feedback resistors) is close to zero, 

ideally zero, and hence the impedance seen by Al will be high. 

With idealised components this current would be zero and so the 

impedance would be infinite.

An important point which was overlooked in the original 

article was that the output, Vo, will appear across RL attenuated 

by Rm whether A2 has gain or not and whether its output impedance 

is zero or infinite (ignoring the very small effects of Rg and 

Rg') which is justified due to their high value compared to Rm 

and Rm'.
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(b)

Fig. 1. In the basic voltage-amplifier stage, a high-resistance load provides a larger swing 
with less distortion.

Fig. 2. If the current from the current 
amplifier equals that into the load R1f the 
voltage amplifier sees an infinite 
impedance. Voltage VM controls the 
current amplifier.

Fig. 3. Basic circuit of Class A amplifier. A2 
is current amplifier.

FIG. 3.1,2, 3



From this it follows that if Al has a sufficiently low 

output impedance the effects of A2 and its distortion may be 

ignored.

The results of using this circuit in a 'Cross Coupled' 

system will be described at the end of the next subsection.

As an aside, the first time that the term Class S was used 

was at some time before the second world war in a circuit which 

has no connection with my innovation except that of name. This 

was not known to me at the time. However as this circuit has not 

been used for many years my reuse of the name may perhaps be 

forgiven.
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'Cross Coupled * balanced output circuit.

The overall scheme uses two ’Class S’ amplifiers and four subsid-

iary amplifiers. (Fig.3.6).

At first glance the scheme seems too complex to work, what 

ever computer aided studies may say, since the complex transfer 

functions of real operational amplifiers and the effects of 

circuit strays often results in configurations with multiple 

loops being unstable in practice.

The answer to this is to constantly bear in mind the fact 

that the virtual earth point on an op. amp. is called this be-

cause it is already at virtually zero volts i. e. virtually at 

earth. Because of this the virtual earth point acts to isolate 

one part of the overall circuit from another and so prevent 

unwanted signal coupling which could otherwise cause instabili-

ty.

However let us first briefly survey the results of an eca2 

computer aided study.

The circuit can be considered as being a conventional bridge 

amplifier (fig. 3.4) with a floating load but with cross coupling 

added to greatly reduce errors ( fig.3.5) in a simple way. In-

stead of using a full equivalent for the ’Class S’ output stages 

(fig. 3.6) an assumption is made that op. amps. 5 and 6 together 

with their pairs of output transistors and associated resistors, 

function ideally and increase the load impedance to such a degree 

that it can be ignored.

Under these conditions an analysis using the equivalent 

circuit of fig. 3.7 is justified.

Now from the work of the previous chapter it must be obvi-

GO 305



$

FI
G

.



SOK■ ——1

NOTE. ALL RESISTORS 10 KILOHM UNLESS 

OTHERWISE SHOWN.

FIG. 3.5



MOTE. ALL RESISTORS 10 KILOHM UNLESS 
OTHERWISE SHOWN.

CROSS COUPLED BRIDGE AMPLIFIER

FIG. 3.6
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ous that, unlike a conventional negative feedback amplifier, the 

improvement factor is not 20 dB per decade but 40 dB and that the 

circuit is stable. However in order to demonstrate this a comput-

er aided study was undertaken of the complete circuit.

Fig. 3.7 is the circuit used for the ECA2 simulation and 

Fig. 3.8a is the output across the load (a plot of gain against 

frequency) (fig.3.8b lists the ECA2 data). Fig.3.9a is the im-

provement plot which was discussed for the single ended amplifi-

er. It will be observed that between 100Hz. and 100kHz. the slope 

is 40dB per decade.

It is at first sight not at all obvious that the circuit is 

not unstable. The reasons for its being stable can be understood 

from the following explanation.

Consider the loop formed by amplifiers 1 & 4 in Fig. 3.6.

The virtual earth inputs of amplifiers A & B in effect 

almost short circuit the loop gain, reducing it to a very low 

value, over the frequency range for which the gain of A & B is 

significant.

Only when the gain of A & B falls and as a consequence the 

impedance at A & B’s virtual earth rises, does the loop gain 

increase.

This effect accounts for the rise at the band edge.

However the circuit is still stable.

Once this principle has been grasped what looks like a very 

complex design suddenly is seen to be quite simple.

All that has to be done is to decide which amplifiers in the 

circuit are producing significant distortion, (in this case it is
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Fig. 3.8b

1 R1 29 2 l.M
2 R2 1 2 l.M
3 R3 2 30 l.M
4 R4 1 10 l.M
5 R5 30 31 5.M
6 R6 42 32 100.K
7 R7 32 33 l.M
8 R8 31 34 100.
9 R9 2 15 l.M

10 RIO 2 6 l.M
11 Rll 3 4 100.K
12 R12 4 5 l.M
13 R13 0 7 1 .M
14 R14 7 11 l.M
15 R15 43 8 100. K
16 R16 8 9 l.M
17 R17 11 12 100.
18 R18 10 19 l.M
19 R19 16 17 100.K
20 R20 17 18 l.M
21 R21 19 20 l.M
22 R22 20 37 l.M
23 R23 20 41 l.M
24 R24 38 39 100.K
25 R25 39 40 l.M
26 R26 20 21 l.M
27 R27 21 25 4.M
28 R28 22 23 100.K
29 R29 23 24 l.M
30 R30 25 26 100.
31 Cl 32 0 1.59u
32 C2 33 0 15.9E-15
33 C3 4 0 1.59u
34 C4 5 0 15.9E-15
35 C5 8 0 1.59u
36 C6 9 0 15.9E-15
37 C7 17 0 1.59u
38 C8 18 0 15.9E-15
52 LI 34 35 1P
53 L2 35 36 IP
54 L3 36 37 IP
55 L4 26 27 IP
56 L5 27 28 1P
57 L6 28 29 1P
58 L7 12 13 1P
59 L8 13 14 1P
60 L9 14 15 IP



61 VAI 30 0 1.
62 RAI 42 0 1. u
63 VB1 0 33 l.M
64 RBI 31 0 l.u
65 VA2 2 0 1.
66 RA2 3 0 1. u
67 VB2 0 5 l.M
68 RB2 6 0 l.u
69 VA3 7 10 1.
70 RA3 43 0 1. u
71 VB3 0 9 l.M
72 RB3 11 0 1. u
73 VA4 10 0 1.
74 RA4 16 0 l.u
75 VB4 0 18 l.M
76 RB4 19 0 1. u
77 VA5 20 0 1.
78 RA5 38 0 1. u
79 VB5 0 40 l.M
80 RB5 41 0 1. u
81 VA6 21 0 1.
82 RA6 22 0 1. u
83 VB6 0 24 l.M
84 RB6 25 0 l.u
85 R31 6 44 100.M
86 R32 41 45 100.M
87 R33 45 0 100.M
88 R34 44 46 100.M
89 VA7 45 44 l.G
90 RA7 46 0 1. u
91 VI 0 0 1.
92 RI 0 1 1. u
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amplifiers A, 3 and B), then to measure the voltages at their 

virtual earths, restore, with the aid of amplification, the error 

which the voltage at the ’virtual earth is an attenuated measure 

of and if the sign of the gain is right to ’cross couple' it to 

the other side of the amplifying system when the result will be 

to subtract the error from the voltage appearing across the load, 

so cancelling it almost exactly.

When this has been repeated once for amplifier A, once for 

amplifier 3 and once for amplifier B the circuit exhibits an 

apparent complexity which is much greater than the reality which 

as already pointed out is based upon a relatively simple design 

repeated three times.

Obviously the distortion of amplifier 4 and amplifier 1, 

insignificant though it is could be dealt with in the same way by 

cross coupling to an appropriate point with the aid of an addi-

tional amplifier.

A practical problem then arose after a complete ’Cross 

Coupled’ system had been designed in outline. The 'real' circuit-

ry used for the power output stage of the subsidiary amplifier 

has to provide sufficient drive capability.

In the event I failed to reach the amount of power which I 

would have liked to achieve but successfully showed that the 

basic ideas underlying the system were sound, and hence capable 

of developing into a fully engineered higher power design.
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Results using 1 Class S' in a 1 Cross Coupled * arrangement.

The results clearly show that ’Cross Coupling' works.

Since unlike power feedforward systems such as error take-

off, with the bridge circuit the error correcting voltages are 

not applied at the output where resistors are needed to make then 

work but earlier in the system, where signal processing opera-

tions at low power level are possible.

The photographs, figs.3.6b and 3.6c taken from an oscillo-

scope screen, are referenced to the circuit diagram (fig.3.6) by 

alphabetics corresponding to points on the circuit diagram.

I had at first planned to use a circuit based on an idea by 

Blomley (ref.3.2). Although not ultimately used in the final 

circuit, for reasons already discussed, never the less the idea 

and results are of some interest.
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A modified Blomley circuit: deliberate error generation and cor-

rection applied to an amplifier.

Background.

For signals of a widely varying amplitude with time, Class B 

has great advantages compared to Class A, since over a period of 

time when the signal to be amplified has only a small amplitude 

the power dissipated is low compared to the Class A amplifier. 

Indeed in the Class A amplifier dissipation actually rises with 

decrease in output power.

As typical real audio signals (such as speech and music) 

have very ’peaky ' waveforms, as well as periods of silence and 

low level from the point of view of heat dissipation and thus of 

keeping the heat sink size low, Class B has great advantages over 

Class A.

In addition there is the advantage of economy of current 

consumption in battery equipment as well as the fact that the 

high temperature associated with high power dissipation much 

reduces the life of many electronic components.

However even with the great advantage of power efficiency 

compared to Class A, Class B has been used with reluctance for 

high quality audio applications because of its inherent problem 

of cross over distortion.

Current Dumping is a well known attempt to solve the prob-

lem which has previously been mentioned but which will not be 

used in this thesis as part of a 'Cross Coupling scheme'.
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What follows is a clear example that a brilliant idea is not 

enough, but that the details must also be right. In 1971 Blomley 

(ref.3.2) designed an amplifier in which two current output 

amplifiers were combined together, one to provide positive output 

current the other to provide negative output current, with the 

essential feature that at all times these amplifiers operated in 

the linear region. In order to obtain proper operation it was 

necessary that a very well controlled distorted signal waveform 

was generated for the phase splitter and a very stable pair of 

power current amplifiers used in the output stage (Blomley, 

ref.3.2. p. 57, fig. 1.).

On both counts the circuit failed.

By the use of my 'Error Takeoff' concept and a standard 

constant current circuit these problems have, to the best of my 

knowledge, been overcome, for the first time.

The first of Blomley's errors was (Blomley p. 59, fig.6) the 

assumption that by using a constant current source it was possi-

ble to have instantaneous switching from one diode to the other 

in his fig. 6. Although at frequencies below a few Hz it is a 

good approximation, it is not at higher frequencies since an 

unavoidable shunt capacitance appears at the junctions of the 

diodes of his fig. 6b so producing unavoidable distortion as the 

diodes change state. It is significant that his fig. 2. p. 128 

is at 1 kHz and not 10 kHz.

The second error was the need for initial setting up by 

adjusting R20 and R21 (last paragraph Blomley p. 128). This a 

serious production problem since setting up costs time and needs 

either skilled staff or special automatic equipment. In addition

~7U 31°



such circuits are sensitive to ageing, component tolerances and 

temperature effects.

Component sensitivity makes maintenance a problem because 

setting up needs to be carried out every time a component is 

changed and temperature sensitivity could introduce problems 

every time a burst of high power output raised the equipment 

temperature.

The requirement is a circuit which is inherently insensitive 

to parasitic capacitance, needs no setting up and retains its 

performance with ageing components.

Such a circuit would depend for its operation upon opera-

tional amplifiers because of their good bias voltage input sta-

bility as well as upon diodes matched to themselves alone, that 

is to say no diode would be required to track the Vbe (emitter to 

base voltage) temperature coefficient of a bipolar transistor,as 

well as the effect of variations in base current of such a power 

transistor.

Apart from ageing and component to component variations 

another reason to avoid trying to get diodes to track transistors 

with temperature is that it is difficult to ensure that as the 

power in an output transistor varies (so varying its actual tem-

perature) the temperature of this transistor and a matching diode 

is the same.

In any case the circuit to be described does not depend on 

any of these difficult to control effects.

It needs no setting up uses ordinary readily available 

components and as functions as a good approximation to a true 

Class B amplifier.
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Operation of sub-circuits

The first requirement is an accurate phase splitter of such 

a design as not to need any setting up.

An essential element of such a circuit is an accurate half 

wave rectifier capable of high speed, high amplitude (10 V peak) 

operation. The circuit to be described is my own design, which 

has been put into commercial production working at up to 20MHz. 

Unlike the conventional circuit (Fig 3.17.) it is insensitive to 

stray, parasitic, capacitors.

However in this application the high speed facility is not 

required but the low d. c. error which it possesses is.

Consider fig.3.10. When Vs is positive (assuming ideal 

diodes) DI conducts and D2 is cut off, so Vo=Vs.

When Vs is negative, DI is cut off and D2 conducts.

The result, for ideal diodes, is that only positive values 

of Vs appear at Vo.

Now in reality of course, diodes are not ideal and a drop of 

roughly 0. 5 volts for a Schottky diode may be expected, so that 

for the waveform shown the output will be from +11. 5 to -0. 5 

volts.

This problem is readily overcome using a third diode and 

resistor (fig.3.11) and a second supply. (In practice both sup-

plies would often already exist). Although the maximum voltage 

swing will be reduced, in the present case it does not matter. 

The result is a high accuracy amplifier which is insensitive to 

parasitic capacitors since even as Vs approaches zero, about 0. 6 

!nA is still flowing through DI this current being sufficient to
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charge or discharge any parasitic capacitors effectively, unlike 

the close to zero current flowing through D in fig.3.12, which is 

the conventional circuit.

The power dissipated in DI, D2 and D3 (Fig.3.11) is so small 

that even though it varies with signal amplitude it is less than 

lmW and so may be ignored. As a result it is necessary only they 

be physically close together to main temperature matching. (This 

is a recipe for integrating the diodes on a single chip. The only 

diodes so integrated that I have been able to find were, unfortu-

nately already joined together in a bridge configuration and 

therefore unsuitable for this application).

An alternative approach would be to utilise the input diodes 

of a quad transistor integrated circuit chip on which the tran-

sistors are electrically isolated from each other but thermally 

closely connected, such as the Motorola MPQ2907.

Using cheap off the shelf diodes the matching of the static 

I vs V characteristic is better than 30mV in the case under 

consideration, without selection of individual diodes.

An alternative scheme would be to use the circuit of 

fig.3.12 the so called ’ideal rectifier' circuit. However it has 

the serious problem that it produces significant distortion at Vo 

since when the input goes from positive to negative it takes time 

for the output of the op. amp. to swing from about -0. 5 volts 

(determined by the drop across DI) to about +0. 5 Vin order to 

enable D2 to conduct. This produces distortion at Vo. The circuit 

of fig. 3. 11 is free from this serious defect.

Using the circuit of fig. 3. 11 and a standard op. amp.
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inverter together with a voltage follower produces a circuit 

which has a low output impedance.

At this point the author’s fig.3.13 ’Error Takeoff’ scheme 

(ref.2.4) is used in modified form.

Having generated a precisely distorted waveform i. e. that 

of a half sine wave, all that has to be done is measure the error 

and subtract it from the deliberately distorted waveform to 

produce a very good approximation to the original waveform. This 

distorted waveform, which I shall call an 'Error Takeoff phase 

splitter’ is a clear example of the deliberate introduction of 

error into a system and its use in a controlled way.

Referring to fig. 3.14 the positive going output V01 will 

balance off against the input source voltage Vs so as to produce 

no contribution to the current Iin3 flowing into op. amp. 3 

during this time.

The sum of V01 and V02 add up, to a very close approxima-

tion, to the input voltage Vs.

The current generator circuits, although not as well known 

as they deserve to be, are in fact standard circuits.

They work on the principle that Vo, the output voltage, 

(fig. 3. 15) is the same, in magnitude, as the input voltage Vs 

for the values of the resistors shown.

It follows that for ideal components Io=Vo/Rs and in partic-

ular that Io is independent of the load resistance RL.

A more realistic analysis is to assume a 1MHz. value for fl 

(the frequency at which the op. amp. gain is 1) and thus a gain 

at 20 kHz (the maximum audio frequency of interest) of 50. As 

calculated using standard negative feedback theory, this gives an
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output impedance of -j50 ohms which is so much greater than lohm 

as well as being reactive that the assumption of an infinite 

output impedance is justified).

As well as the sub-circuits already described another stand-

ard circuit, that of an integrator with a resistance in series 

with the feedback capacitor(fig. 3.16) is used. Its only relevant 

feature that needs special mention is that it also acts as a 

summing junction.
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Overall operation of a Blomley circuit.

The combined summing junction and inverter ( part of 

fig. 3.16, the complete circuit) amplifier 1 and its associated 

components), ensures that the small d. c. offset that could 

otherwise appear at the output is much reduced because the op. 

amp. employed has a much smaller offset error than the errors in-

volved in using discrete diodes in the three diode rectifier.

The output of amplifier 1 is applied to the phase splitter 

which in turn drives the two output current amplifiers, amplifier 

4 and its associated components and amplifier 6 and its associat-

ed components. Amplifier 4 is driven from the phase splitter at 

amplifier 3 and amplifier 6 is driven from the phase splitter 

output at amplifier 5.

As they are both current amplifiers with high impedance 

(compared to the impedance levels in the circuit at this point) 

neither sub-amplifier loads the other appreciably and the basic 

’Blomley’ design objective is obtained without setting up or the 

production of undesirable switching transients in the phase 

splitter.

The 100 ohm resistors and lOnF capacitors stop the output of 

the TL071 op. amp. from oscillating. They work by making the load 

the op. amp. sees at the band edge resistive (100 ohm) rather 

than a capacitive load of stray capacitance and Miller effect.

This oscillation was the cause of considerable trouble in 

the sense that this modified Blomley circuit would only work 

stably by itself but not as part of a pair in a ’Cross Coupled*

316



arrangement. This difficulty persisted in other designs including 

an automatically adjusting ’Class B' amplifier (ref.3.3) as well 

as a close copy of the original primitive ’Class S’ circuit.

On changing to 741 amplifiers the primitive circuit became 

stable.

In other words the more modern TL071 appears to have a much 

less desirable phase response at its band edge than the old 

fashioned 741 op. amp.

However as it resulted in an improvement to the automatic 

’Class B’ amplifier and in order to be able to demonstrate a 

working implementation, a much simpler circuit (the ’primitive 

’Class S’ amplifier) the consequences were positive in the sense 

that both the automatic ’class B’ and the Blomley circuit were 

improved.

Returning to the Blomley circuit of fig.3.16.

R1 and R22 together provide overall feedback as well as 

being the combined input resistance to the integrator formed by 

op. amp. 1 and the 300 pf. capacitor and its 100 ohm series 

resistor. The 100 ohm series resistor so alters the phase as to 

stop oscillation of the ’Nyquist’ type, that is to say oscilla-

tion caused by the point -1 being enclosed on the Nyquist dia-

gram. It and the 300 pF capacitor were found experimentally.

The accurately rectified half wave output of op. amp. 3 

drives current amplifier 4 and similarly but in opposing sign, 

amplifier 5 drives its associated current output amplifier 6 the
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two currents from 4 and 6 combining to provide the total output 

current. Figs. 3, 18, 19, & 20 are photographs which show the 

significant circuit waveforms. The two external resistors in fig. 

3.20 are adjusted to balance the output to zero at their junc-

tion. This is a measure of the error in the output waveform.

It will be observed that no setting up potentiometers are 

required and no sudden changes in voltages occur either.

Both such faults, as already pointed out, are to be found in 

Blomley.

Although this circuit certainly worked, and the original 

'Wireless World’ article contains proof of this in the form of 

photographs (ref.3.1.) it now appears to me that it must have 

been only marginally satisfactory, and defects in the design were 

overlooked.

This was because the problem of measuring the minimum cur-

rent that flowed in the circuit was not solved in a reliable way.

The problem has now been solved and the circuit now func-

tions in a satisfactory manner.

Postscript

At a very late date a survey of the Field (ref. 3.4) was 

Published which shows that ’Current Dumping’ is derived from my 

'Error Takeoff’.

Of more interest is the information that ’Class S' has been 

adapted by several Japanese manufacturers. In particular Messrs 

Technics have, using ’Class S’, produced an amplifier with a THD 

of one part in 500,000.

This is referred to in ref.3.4.
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4 RAILWAY SIGNALLING

Introduction.

Before describing the proposed scheme, a discussion of the 

limitations of the present scheme and the obstacles to changing 

it, will be made.

This is because, in my view, the technical problems of 

Railway Signalling are not the real difficulty standing in the 

way of a much improved system.

In an age when space vehicles can be sent out into the 

planetary system and years later produce impressive results the 

Railway System with its drivers and minimum separations of hun-

dreds of yards between trains travelling at speed is not just an 

anachronism, it is also an example of refusing to change modes of 

thinking which tolerate this. For this reason I debate the back-

ground to my proposals before coming to them.

Towards the end I present as succinctly as I can an outline 

of a reliable communications system, to pass measured information 

between vehicles adjacent to each other and for them to use this 

information to determine the maximum speed of each vehicle, which 

in my view is what Railway Signalling is about.

It is deliberately an outline since such a task will require 

a large team to complete the details, in addition it may well be 

that a better way to achieve the desired result, which is to make 

it possible for individual vehicles to run at speed under auto-

matic control whilst almost touching, could be found. The real 

problem is to believe it can be done.
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For these reasons I have deliberately allowed myself more 

space than I might, in order to emphasise that the difficulties 

with Railway Signalling are of attitude not of technology.
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General Discussion

The Engineering Problem is by no means in the top league of 

difficulty, many more difficult problems have been solved in the 

past. In a nutshell the problem of Railway signalling is the 

problem of knowing the distance between a vehicle and the one in 

front and reacting accordingly.

In other words the problem may be changed to that of design-

ing a very reliable communications system between fixed and 

moving points.

This problem is in my view one of the most important of all 

Engineering problems, because we do not have sufficiently safe 

transport.

Who has not met people whose lives have not been changed for 

the worse by a road accident either because of an injury to 

themselves or a close relative or because a relative has been 

killed on the roads.

In my view something could be done to significantly increase 

safety. The solution is to make the use of transport both as 

simple and as safe as using a lift. A modern transport system 

should involve no more than entering an address, or for frequent-

ly used destinations a name into an on board computer and the 

rest would be done automatically, the vehicle going to its desti-

nation without further intervention from the passenger or passen-

gers. Anyone able to dial a telephone number would be able to 

travel, what ever their age, in speed, safety and comfort.

A modern railway system would be a first step towards such a 

scheme.
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Let us examine why we are not making progress towards 

achieving this.

There are numerous reasons, amongst which are the long 

history of the railways with their more modern roots in Victorian 

England. The slow evolution from a ’see and be seen' system with 

accidents being by no means unknown, via the well known system of 

operating signals with the aid of long connecting wires from the 

signal box, (a system requiring amongst other things some physi-

cal strength), and its associated features of 'fail safe 'and 

block signalling to the present system which has been described 

as 'modernising a well by attaching an electric motor to the 

winding handle.'(This phrase first appeared in a letter to the 

'Times' twenty years ago, I ask my readers indulgence for the 

lack of a more precise reference). A phrase which sums up the 

current railway signalling system, which in my view is Victorian 

'block signalling' with a veneer of electronics.(refs.4.1 & 4.2). 

ref.2 is a manufacturers leaflet which clearly demonstrates that 

an overlay of electronics does not make a modern efficient sys-

tem. ref.4.2 clearly shows that history is the root of 'Block 

Signalling' not considerations of what is possible and desirable 

at the present time. Although still current the GEC publicity 

which comprises ref.4.2 was printed in 1979, this says something 

about Railway Signalling technology.

In addition, there is the innate conservatism which long 

established ideas generate in some people, an inability to 

change, to think afresh from basic facts.

A famous example of this is the phlogistic theory of heat, 

404



in which heat was assumed to be a substance called phlogiston, 

similar to say iron or gold. This theory had such a firm hold 

that even the simplest and most convincing experiments were 

rejected at first and it took some considerable time for a more 

realistic and correct theory to be accepted. Even Joseph Priestly 

the discoverer of oxygen, remained a believer in the Phlogiston 

theory, evidence that great ability can be combined with a rigid-

ity of thought.

An identical rigidity of thought blocks progress in Railway 

Signalling.

Furthermore the current system certainly works and works in 

a safe and certain manner for most, though not all, of the time. 

The occasional railway accident shows up the weaknesses of a 

"fail safe” system in which failure, which is not safe, can and 

does occur.

The enquiry into the Clapham disaster ” ref.4.3 states that 

there were more than 100 ” wrongside failures " in the Waterloo 

area in the four years up to the crash. A wrongside failure is 

situation in which a signal does not acknowledge a fault and 

allows a train to proceed. Certainly this pointed up the weakness 

of fail safe.

Finally, modernising the present system to make it fully 

automatic, although worthwhile, is only marginally so, since it 

would not produce a very great improvement in capacity with all 

the positive benefits that would imply.

No doubt there are more reasons for the lack of major 

progress in Railway Signalling but before we deal with the real 
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issue, let us consider again reasons for its importance.

The most important reason is that if the railways could be 

made to operate more efficiently by means of radically improved 

signalling road transport could be much safer, since a modified 

version of such an improved railway signalling system could be 

applied to the roads. Indeed vehicles capable of running on both 

rail and road could be developed so that at the start of an 

evolving process the percentage of traffic carried by road would 

drop which in itself would probably reduce road deaths. At the 

very beginning when only a small part of the network was automat-

ed and Rail/Road vehicles were not available it is impossible to 

tell what the effect would be because, increasing the capacity of 

the transport system as a whole might simply increase the amount 

of usage. This factor is well known today on the roads, one 

result of increasing road capacity (for example, by building new 

roads), being that more journeys are then made.

An automatic railway capable of dual rail/road running with 

the possibility of passengers running their own car sized vehicle 

on it would of necessity beat the roads, whilst even a system 

capable only of running on rail alone with, the impracticality of 

individual passengers owning their own vehicles would certainly 

offer stiff competition to the roads for many journeys even 

though it could not offer door to door transport.

Obviously a dual track vehicle should have a high develop-

ment priority.

However a rail only vehicle system using small automatically 

controlled vehicles would give several advantages.

They are the large economic saving in not having a driver, 
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especially for small vehicles, the 'on demand' nature of the 

service by which I mean being able to travel when and where a 

passenger pleases (because with a small vehicle one passenger is 

economic). In addition the number of stations or stopping points 

could be drastically increased, since, unlike the present system 

a vehicle would only start and stop at the beginning and end of a 

journey ignoring stops in which it had no interest. This in 

itself would much shorten journey times.

Anyone who doubts that a competition, unconscious though it 

may be, does occur between road and rail should ask themselves 

why not all car owners drive to work. Certainly many train users 

own cars. The main reason is that driving to work would, for 

them, be slower than going by train.

The ideal solution, as already mentioned, would be to 

develop vehicles capable of running on both rail and road. Such 

vehicles have been designed and British Rail once had goods 

trailers which could have their wheels changed by mechanically 

switching them from rubber to steel.

This would enable the railways to then become high speed, 

automatically controlled transport arteries, with the most impor-

tant property of providing a system capable of going between any 

two points, as roads now do but rail cannot.

In order to realise such an objective, it is essential that 

a railway signalling scheme be incorporated which provides safety 

in the presence of high density traffic.

This brings us to the most glaring of all the defects of the 

current system. This is the state of emptiness on even the most 
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busy lines, lines on which there would be great advantages in 

being able to run more trains. Even if the present system were 

made truly safe, which it is not, (and for safety reasons alone 

an improved signalling system is needed), this inefficiency of 

low utilisation would by itself call for an improved system.

The reason for this emptiness lies in the history of railway 

signalling and arises from a basic assumption necessitated by 

Victorian engineering when velocity measurement and control was 

impractical. This assumption is that any train in front of the 

train being controlled by signals is stationary even when it is 

going at 125 miles an hour. This is a truly erroneous assumption 

of the first magnitude and its very grossness may be the reason 

for its acceptance since it suggests some profundity of reason-

ing which actually does not exist. Whatever criticisms can be 

made of what I propose, they will be as nothing compared to this 

error.

I ask my readers to ponder on this fundamental error inher-

ent in the current system before proceeding.

The following basic assumptions should underpin any modern 

railway signalling system:-

1. Constant self checking which should immediately detect 

any error as it arises and in addition make faulty installation 

impossible.

2. The system must have its complexity confined to electron-

ics embedded in integrated circuits. On no account should there 

be complex wiring outside the immediate vicinity of the circuit-

ry. Ideally all connections involving connections beyond a few 

centimetres should be made by optoelectronic coupling. A need for
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decentralised control with all important decisions being made in 

the vicinity or on the vehicle, follows from this. In other words 

there should be no elaborate medium-distance telecommunications 

links of the kind required for the present centralised 'signal 

box’ system.

3. It follows from this that redundancy and self checking 

must be an essential requirement at the heart of any modern 

system.

4. The cost needs to be low and therefore extremely reliable 

results should be obtained using components of normal reliabili-

ty.

5. For economy no special 'electronic' skills should be 

required to install it.(Ideally it should be capable of installa-

tion by unskilled workers).

6. Repairs should be easy and cheap involving very simple 

fault detection of a sub-circuit, followed by its removal and 

replacement (eventually this could be done automatically by a 

passing vehicle). From 1. quick diagnosis and correction of any 

faults is possible.

7. The performance of the actual control system must in no 

way be inferior to the human operated system employed on the 

roads. The 'Victorian' Signalling system of block signalling 

whether based upon fixed blocks or modern moving blocks is abso-

lutely unacceptable because it can never provide a high enough 

vehicle density. Rail vehicles must be able to run at high speeds 

whilst almost touching as is done on the roads, without the 

dangers of the risks taken by road vehicle drivers.
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8. It is essential that the control of vehicles is fully 

automatic. Driver error is a common cause of such crashes as do 

occur on the railways and the main cause on the roads. Drivers 

must no longer play any part in the control of moving vehicles.

In addition the economic advantages of not having drivers 

would be very great since it would make car-sized, individual, 

vehicles economically feasible something which partly because of 

track capacity and partly because of the cost of employing a 

driver, is not really practicable at the moment.

9. Breakdowns should be very rare events indeed, since 

sufficient redundancy should be built into the system to enable 

repairs to be done before the system is effected (basic assump-

tion 1.). But if they do occur rapid system recovery is essen-

tial .
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Docklands Light Railway

The Docklands Railway is a light railway, that is to say 

that it is not designed to carry the sheer weight of a normal 

railway, and some of its gradients and curves are much more 

severe than those of a normal railway which made it cheaper to 

construct and run although when the cost of tunnelling at the 

Bank extension is taken into account the saving as a percentage 

in not having main line standards is probably not all that much, 

especially as much of it was originally main line track to start 

with.

As part of its economy of construction it was originally 

built with short platforms capable of taking only two carriages 

which formed the total train.

Very soon it was decided that this was insufficient and that 

so many passengers would be using it that the capacity needed 

increasing.

A solution was required.

Under the present system of signalling it is impossible to 

run more trains even though the usual conditions of ’emptiness* 

on the track hold as well as of course emptiness as far as a 

train standing at a platform was concerned in the sense that even 

under busy conditions station platforms are empty.

As the only practical solution with the present system the 

length of the platforms is being increased to permit longer 

trains.

This has had two results.
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The first is to increase the amount of capital invested and 

the second to cause the railway to be shut down in the evenings 

and at weekends for some months in 1989 for the modifications to 

be carried out.

However with an improved, modern signalling system a very 

different approach could have been taken.

The platforms could have been left as they were and the 

number of two carriage trains doubled with the only consequences 

that the platforms would have had trains standing in them more 

frequently and the tracks between stations would have had more 

trains on them. This would have provided the required extra 

passenger capacity.

The word automatic is normally used for something in which 

human beings play a very small part. In the Docklands railway 

they play an essential part both in normal running and in recov-

ery from the too frequent breakdowns.

A reason often given for having a driver on board is that 

the public's 'nerves' would not stand fully automatic, driverless 

operation although its 'nerves' seem quite able to endure a lift 

with no lift attendant during the journey even though there is a 

tendency to have spells of getting stuck in mid journey in some 

cases (for example at the Angel Underground station in London)

I suspect other reasons.

The first has nothing to do with the kind of topics normally 

dealt with in most Engineering PhD. theses. I strongly suspect 

that Trade Unions would not tolerate a truly driverless automatic 

system and that the management prefers to take the easy way out 

■ • r
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by not confronting the Unions.

The second is a technical problem which arises directly from 

the inability of trains to approach each other closely during 

normal operation, so that if a breakdown in an automatic control 

system were to occur it is not possible to get a Railway Official 

on board quickly.

So in the case of the Docklands Light Railway, the ticket 

collector takes over the role of driver, who with the aid of a 

two way radio to communicate with the control centre, takes over 

from the automatic control and actually drives the train.

A number of questions arise in connection with such a sys-

tem. For example, what are the reasons for system failures and 

for those failures which do occur, why cannot recovery be auto-

mated with the aid of on board computers or using remote control 

with the help of the Control Centre.

It may well be argued that requiring corrective information 

to be taken from the Control Centre is too difficult to achieve 

technically and is therefore impractical.

In my opinion this is not the case.

The interplanetary space probes launched by the United 

States (for example, Voyager) have a history of technical break-

downs which have been partially or completely remedied by means 

of corrective action being taken from earth.

It could be said that a railway official on board is essen-

tial because he also looks at tickets and opens and shuts doors. 

He even pushes a button to start the train. However in many other 

countries passengers are expected to have the right tickets and 

if they do not the chances of encountering a travelling ticket 
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inspector are not very small indeed, as they are on the London 

Underground.

As for the doors the necessity for this operation to be 

supervised may be questioned as normal passenger lifts work 

perfectly well under passenger control. I am unable to accept 

that a sideways movement is so very different from a vertical 

movement.

The Docklands Light railway thus represents a missed oppor-

tunity to provide a fully automatic system.

I will conclude this section by making the claim that the 

Managing Director of the Docklands railway is close to agreeing 

with me as an interview with him in the 'Times', entitled " A 

railway in the dock " (ref.4.4) clearly shows. In particular I 

enjoyed the paragraph starting 'On each vehicle, the "Train Cap-

tain"-' .
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Main line operation.

The present system run by British Rail and most other rail-

way systems is a very clear example of the result of evolution of 

a kind which fails to jettison obsolete methods and ideas.

True automation using the current block signalling system as 

a base rather than a system which takes into account the veloci-

ties of the vehicles involved would have some advantages over the 

present system in its non automated form even if not as many as 

the system to be described below, if it were to be used as the 

basis of automatic control. There would be savings in crew costs, 

and because of this, it would become economical to run much 

shorter trains, (many long trains consist of separate, function-

ally complete short trains coupled together to form a longer 

train), outside busy periods. In other words, two or three short 

trains, instead of one long one, would provide a much better 

service.
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Technical Requirements

The previous discussion has clearly suggested that the 

current system has severe disadvantages both in the number of 

vehicles or trains which can use a rail route in a given period, 

and in the actual flexibility and reliability of operation.

I propose, in outline, a scheme, which, in principle, does 

not have these faults, and which in addition uses modern elec-

tronics in a modern fashion, that is to say in a manner other 

than to duplicate in electronic form the original, basically me-

chanical Block signalling system.

It is important to recognise at the outset that a complex 

high-capacity telecommunications network is not required, (unlike 

the present system, where all the information is taken to a 

central point, processed, and then used to send instructions back 

to the trains concerned), since by using a properly designed 

decentralised system the requirement reduces to communicating 

over the relatively short distance from a vehicle to the vehicle 

directly in front and no more.

Although the presence of large numbers of vehicles in close 

proximity, suggests the possibility of mutual interference aris-

ing with the aid of opto-electronic transmission such problems 

should be capable of being solved.
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Basic equations to determine permitted vehicle separa-

tion

In order to assess the possible vehicle density that is 

achievable, it is sufficient to investigate two basic equations. 

The first determines the maximum speed of a following vehicle, 

given the speed of the vehicle in front, the distance between 

the two vehicles and the system deceleration. The maximum decel-

eration is specified by the system specification and as a realis-

tic example will be taken as one tenth of the acceleration due to 

gravity, 3.2ft.per sec.2 maximum deceleration. Obviously differ-

ent values of system deceleration will not affect the basic 

arguments on which these proposals are based. British Rail take

2. 5ft. per sec. 2 . The second basic equation is the one which 

determines the improvement in capacity possible over a stretch of 

line, assuming that the two vehicles under consideration are 

almost touching, when compared to a conventional system. Of 

course the system is not limited to two vehicles as the procedure 

may be repeated for as many vehicles as there is room for on the 

railway line.

The proposed system will from now on be called the DAVE 

(Distance, Acceleration, VElocity) system.

Imperial units are commonly still used in Railway Engineer-

ing circles, and to conform with this practice, such units are 

used in the following sections.

First let the variables used in the equations be defined.

X is the distance, VO is the initial velocity, T is the time 

and A is the acceleration, whilst Vtrl and Vtr2 are the veloci-

ties of the respective vehicles and LM is the distance between
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them.

Now referring to fig.4.1.

Now X= VO.T + ^.A.T2 (from Newtons Laws) (1)

Thus dX/dT =V0 + A.t= 0 (for stationary vehicle) (2)

Whence T=-VO/A and T2=V02/A2 (3)

sub. 3 in 1 X=V0.-V0 + ^.A.VO2/A2 = -VO2/A+^ . VO2/A =

-V02/2.A (4)

succinctly X=-V02/2.A (5)

So that Xl=-^ Vtrl2 4-A (6)

and X2=-^ Vtr22 4-A (7)

now LM= X2-X1 = -Vtr22/2.A + Vtrl2/2.A (8)

=^.A(-Vtr22 +Vtrl2) (9)

Therefore -Vtr22 + Vtrl2 = 2.a.LM (10)

whence Vtr2=7( Vtrl2-2.A.LM) (11)

(11) is the first basic equation. This equation is plotted 

out in fig.4.4. and the program is given in fig.4.3.

Under braking conditions A is negative so that Vtr2 will 

always be positive. Vtr2 is the maximum speed allowed for Tr2 if 

it is to end by just touching the vehicle in front. In other 

words given the instantaneous velocity of the first or leading 

vehicle the maximum instantaneous velocity of the second vehicle 

can be calculated.

Now it is of interest to compare the efficiency of the two 

systems the conventional and the DAVE system.

The track utilisation of the DAVE system for a given length 

of track with a constant speed limit is almost 100%. Indeed if 

all the vehicles were actually touching it would be 100% effi-
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program DAVE4;
const

a=3.2; { ft.per .sec."2 }
vtrl=210; { m.p.h. }

var
Vtr2:real;
xl:real;
x2:real;
vl:real;
v2:real;
Lf:real;
LM:real;
n: integer;

begin
n:=-l; { Counter }

writelnC ’First vehicle velocity, miles.= ’,vtrl);
repeat
n: =n + l;

Lf:=n*100; { ft. };

LM:=Lf/5280; { Miles };

vl:=vtr1*5280/3600; { ft./sec.}

v2:=sqrt(2*a*Lf+vl*vl ); {ft./sec. }

vtr2:=v2*3600/5280; { m.p.h.}

write( ’Dist.between vehicles, miles.= ’,LM:2:3,’ ’ );
writeln(’Second vehicle velocity m.p.h.= *,vtr2:2:2 );{ m.p.h.} 
unti1 (n=40 );

end.

FIG. 4.3
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cient. In other words there would be no empty space on the track.

The conventional system (Fig.4.2) must always have a minimum 

distance of Vtr22/2.A, between vehicles, because of its false 

basic assumption. It follows that the ratio R of occupied to

empty track is R=Ltr24-(Vtr22 /2 .A+Ltr2) (12) 

( the second basic equation).

for Ltr2 « Vtr22/2*A (13) 

R« Ltr2 4- Vtr22/2.A = 2 . A. Ltr2/Vtr22 (14) 

Where Ltr2= vehicle length (15) 

Vtr2=vehicle velocity (16)

Where A is the deceleration and R is the ratio of empty to 

full track, from which it follows that, to an approximation, the 

capacity of a track varies in direct proportion to the length of 

a train. Hence the advantage of long trains. This results in long 

trains being advantageous using the present system of signalling 

but this advantage has to be paid for with infrequent services 

amongst other penalties.
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A suggested implementation.

This scheme hinges on the combined use of three engineering 

approaches.

The first is to minimise to the largest practicable degree 

the actual occurrence of errors the second is to immediately 

detect them and act upon them, and the third is to ensure immedi-

ate recovery from a fault in the event of one occurring.

This is why the scheme is part of the positive approach to 

errors which underlies all the work in this thesis. It should be 

compared to the approach adopted by the ’Block' system.

The task of securing reliable communication between two 

vehicles and those vehicles only, can obviously be solved in 

many ways.

I propose using opto-electronic infrared free-space trans-

mission, using digital transmission and exploiting the most 

fundamental feature of pulse code modulation to the full, that is 

that after the initial encoding errors virtually unlimited num-

bers of repeaters to regenerate the signal can be used, without 

further distortion.

This is necessary for two reasons.

Firstly it is convenient to have a large number of intelli-

gent terminals which I shall refer to as posts, which both relay 

signals and compute at the track side spaced closely together as 

I shall show, no matter how the signals were being relayed, along 

side the track whilst secondly, with opto-electronics, the prac- 

catical problems rapidly increase with distance.The line of sight
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a cutting with curves but this is not the only difficulty.In 

addition increased distance calling on more power than it is 

convenient to use as well as much increased susceptibly to 

•noise' generated by sources such as the Sun, street lamps etc.

Opto-electronics is far more suited to short distance trans-

mission of this type than radio transmission, which has the 

disadvantages of much increased susceptibly to interference from 

other users of the system these disadvantages not being relative-

ly easily overcome by directional transmission as is easily 

possible with opto-electronics, and in addition radio frequency 

is much more prone to electromagnetic interference,

For these reasons a large number of 'posts' must be used if 

any appreciable distance is to be covered. Each one will make a 

low power demand. If sufficiently low, batteries needing replace-

ment only every few months or so could be used,and so provide 

independence of an electrical mains distribution system. It is 

possible to use a trickle-charging system with indefinite battery 

life by using solar power which for very low power operation is 

perfectly feasible.

In addition the low power requirement leads to the possibil-

ity of using cheap mass produced opto-electronic components.

Let us assume that immediately after a sample the vehicle in 

front, from a steady velocity starts to brake at 3.2 ft per sec.2 , 

the maximum system braking, instead of increasing steadily with 

distance (fig. 4. 6) we have a shortfall in distance of %at2 by 

the time the next sample of distance is taken, i.e. the front 

vehicle is ^at2 where t is the sample rate time.
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For a 1 second sampling rate Ut2 gives 1.6ft. for 

a=3.ft.per sec. 2 and for 10 samples a second 0.016 ft.which is 

negligible, so let us chose 10 samples a second so that the 

effect of sampling an error is negligible.

I propose a spacing of the order of 10ft. between posts (it 

could vary according to circumstances), since such a close spac-

ing means that curves in the railway line will never be a problem 

and that the optoelectronic link should not need too much power.

This has the advantage of allowing a considerable amount of 

redundancy since if a post breaks down then the distance between 

posts will still only be 20 ft. which means (fig. 4.7) that al-

though the usual distance for a vehicle to have to transmit is 10 

ft. to a post ,breakdown increases it to 20 ft. assuming that 

dual direction transmission occurs only while a vehicle is ap-

proaching a post i. e. transmission backwards as a vehicle moved 

away from a post does not occur.

What is proposed so far is continuous post to vehicle con-

tact with a negligible error due to sampling.

Now the present system of Block Signalling is described as 

'fail safe' even though it can and does fail unsafe, (ref.4.3).

A more accurate description of it would be an open loop 

system, with all the problems that this suggests. (An open loop 

system has been described as equivalent to throwing a bottle into 

the sea in the hope that the message it contains will arrive!).

So the first requirement is a closed loop system, that is to 

say a system in which the safe arrival of information at its 

destination is conveyed by its arrival back, with the original
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values at the point of origin, with, additionally a label at-

tached indicating that the returned information has actually 

originated from the target at which it had been aimed.

Another requirement is the generous use of redundancy and 

majority voting so that even if part of a system or a part of a 

vehicle breaks down the system as a whole will go on working. In 

addition an indication of partial malfunctioning must be sent to 

appropriate personnel so as to enable prompt repairs to be made.

This requirement of redundancy will operate at two levels, 

that is to say internally in a post or vehicle and externally as 

when a post and vehicle exchange information to see if it is the 

same and has been properly processed.

Now a DAVE system using absolutely reliable parts would look 

like fig. 4.8.

Each vehicle would every tenth of a second send its position 

and velocity to the nearest post in front and receive from this 

post the position and velocity of the vehicle in front. No post 

would relay information unnecessarily. In other words once a post 

received information from a vehicle it would no longer continue 

to relay information down the line of posts. The position of a 

vehicle would be measured by counting wheel revolutions. This 

counter would be reset every 10 ft. by a passing post. Wheel slip 

could be taken into account.

How is this system to be made more reliable?

Firstly by checking that the fundamental formula 

Vtr2=y(2.a.Lm+Vtrl2) (plotted out in fig.4.4) has been executed 

correctly. This can be done by getting vehicle Tri and its near-

est post (fig. 4.9) to both execute the formula and for each to
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check that the other has obtained the same results.

If they are different an error has been detected and the 

brakes are applied.

The advantages of using both the vehicles computer and the 

posts computer are the obvious one of having desirable duplica-

tion and the less obvious but equally desirable advantage of 

having a different computer on each succeeding post to check on 

the vehicle computer as the vehicle moves down the line, this is 

an advantage because it is unlikely that two adjacent computers 

will develop a fault within one tenth of a second. In addition in 

view of the low cost of modern electronics all computers in the 

system could be triplicated.

A second method of improving reliability is more difficult 

to achieve. This is to make the communications between posts more 

reliable.

The simplest approach to this problem is to have feedback 

between posts (fig. 4.10) and to check that the signal and the 

feedback signal at the point of origin are the same, using point 

of origin labels to ensure that vehicle Tr2 has actually received 

the information sent from vehicle Tri. In addition error detect-

ing codes could be employed although experiments would need to be 

conducted to see if they were needed in practice.

If this were a system to operate in a building further 

precautions would not need be taken, since the probability of 

both a signal and a signal feedback path failing together within 

the short time necessary to bring such a system to a halt is 

remote especially if parity bits and triple redundancy voting
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were employed. But this is nor the case and the possibility of a 

post being physically destroyed must be considered.

The result would be that the system would fail to operate 

since, obviously, the necessary interchange of information would 

cease. However provided this lack of information was immediately 

acted upon, and the brakes applied so as to decelerate at the 

specified system value all would be well.

In order to overcome this problem a capability for post to 

post transmission may be added, which takes advantage of the fact 

that transmission over not just ten but twenty ft. is a system 

requirement (fig.4.11) in which connections are shown for 10 ft. 

and 20 ft., the shorter connections are the 10 ft. connections, 

the longer connections the 20 ft. connections). Obviously the 

scheme could be expanded to have more and more posts leaped over 

but whether there is much practical point to doing this is de-

batable.

Finally, in summary, it is possible to argue over the de-

tails and I am certain that there are better ways to implement a 

DAVE system than I have outlined, which will be implemented as a 

result of experience of the first system to be manufactured but 

what I am equally certain of is that even as the system stands it 

represents a large step towards something we do not have at 

present and most certainly need, safe transport.
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CONCLUSIONS

The work on ’Cross Coupling’ shows the power of a method 

which amplifies errors in order to subtract them from the dis-

torted output.

I claim that ’Cross Coupled Error Takeoff’ is a basically 

different method, when compared to Negative Feedback or Feedfor-

ward, of reducing error in a circuit, combining as it does the 

advantages of Feedforward whilst at the same time minimising the 

disadvantages of Negative Feedback.

In other words much reduced error is possible without sig-

nificantly increased stability problems.

It enables power efficient amplifiers to be designed with an 

improvement factor of 40 dBs per decade, as compared to 20 dBs 

per decade for negative feedback, as well as making the design of 

power amplifiers much easier since problems with output stages 

are much eased.

The railway signalling proposals are included to show the 

generality of ideas based upon error and are illustrated by an 

outline design for the signalling work. The use of error enables 

an outline design to be proposed which uses an efficient algo-

rithm to control speed as well as making it possible for an 

arbitrarily high degree of reliability to be achieved.

The work on the Third order polynomial has shown that an 

error controlled ’spline* function has much better fidelity of 

visual reproduction compared to the well established zero and 

first order data compression algorithms.
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FUTURE WORK

The amplifiers are the subject of a serious effort on my 

part to get Industry interested as there are obvious applications 

in both signal processing, for example A-D convertors, as well as 

in power amplifiers.

Whilst, although I intend to publicise, by means of the 

technical press, my views on Railway Signalling, I do not think 

that those in a position to do something about it will.

In my view the Third Order Polynomial is ripe for commercial 

application which as it has been published in 'Signal Processing' 

may well occur. From the point of view of performance, this can 

probably be improved since the basic algorithm and its applica-

tion are both amenable to further development
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