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Preface

At a time when the stream of information on electronics is threatening to
reach flood proportions, one might ask why we have written a book on
what seems to be an already familiar subject. We feel hesitant in giving an
explanation, since anything we say is bound to sound a little presumptuous,

‘but nevertheless we have tried in this preface to set down the facts which

motivated us to produce it.

An ever increasing number of people are using or designing electronic
equipment in factories, laboratories or other institutions. For these people
most of the existing books do not quite reach the target for one or more of
the following reasons:

1. An inordinately large part of the contents is often devoted to the tech-
nology and physics of components, particularly of valves and transistors,
without utilizing this knowledge in a practical way throughout the re-
mainder of the book.

2. A disproportion between the elementary knowledge assumed in the
reader — particularly in mathematics — and the complexity of the elec-
tronic phenomena discussed. This leads to verbose over-simplified dis-
cussions, excessive calculations and a loss of general clarity.

3. A tendency towards completeness by including as many as possible of
the circuits which have been developed during the history of electronics.
Conversely, fundamental aspects of the subject are often treated rather
superficially, thus presenting the non-specialist reader with the achieve-
ments of the main exponents of electronics without adequate explanation
of how these results were derived.

4. Too little attention is paid to practical difficulties — especially to the
secondary phenomena which can upset the performance of the practical
design. The theoretically trained engineer who attempts to design meas-
urement apparatus and who meets with constant failure because of the
unwanted presence of a mains frequency interference signal in the mate-
rialization of his “brain-child” is seen all too often in laboratories.

5. Too much attention is paid to the application of electronics to radio and
television, usually illustrated with a profuse quantity of circuits. This
clouds any insight into the much wider scope of electronics and sacrifices
accuracy in the process. For the mentioned groups of people the problems
related to accuracy are, however, of prime importance,

We hope we have been able to overcome the aforementioned disadvantages
in our approach to the subject in this book. We first discuss the most common
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components, methods of calculation and basic circuits in electronics, and
then turn to principles and methods with special attention to the limits in the
design of electronic measurement equipment. The first part of this book is
therefore general in character, whilst the remainder devotes special attention
to problems met specifically in measurement electronics.

We have tried to avoid the dryness of an over-systematic approach by
giving the impression of a stroll through the field of electronics, sometimes
making a slight detour to have a closer look at an interesting point, but always
keeping the main objective in sight, which is to give the reader the correct
approach so that he may be successful in his attempts at designing electronic
equipment.

When explaining circuits, we have tried to keep to basic principles and
have intentionally avoided giving complete lists of possible circuits. Once
the reader is acquainted with these principles, he will certainly be in a
position to discover the solution needed for his specific purpose and he can
consult the circuits given in the available literature when he feels it necessary.
We have, however, taken care to mention a great number of practical and
useful points, mostly in the form of simple examples. A disadvantage of our
method of presentation may be that it is sometimes difficult to locate some
specific point. We have tried to overcome this by making the index as
extensive as possible. »

One danger of the rapid progress made in electronics is that any book will
soon be outdated. However, a critical analysis of this development reveals
that progress is chiefly technological and progress in electronics as a science
(principles, basic effects and concepts) is extremely slow. We could even say,
without wanting to belittle their importance, that the invention of transistors
has had a restricting effect on the progress of basic electronics. By placing
the main emphasis on the basic aspects, we hope that this book can be
usefully consulted for many years to come.

Any success which this book will have depends not only on the contents
and presentation as first conceived, but also on the way in which our ideas
have been criticised and further elaborated. In this respect we are most
grateful to many colleagues who have been so helpful in carefully studying
our first drafts.

In particular we would like to- thank Ir. J. te Winkel for his especially
valuable contributions.

Finally we extend our thanks to all those who have contributed in any
other way to make the publication of this book possible.

G. Klein
J. J. Zaalberg van Zelst

Preface to the English edition

Translating a technical work is always difficult and we are very grateful
to Mr. Ankersmit for the care and skill he has devoted to the English version
of our book. We believe Mr. Ankersmit produced a lively work in English
and at the same time retained much of the original style.

Our thanks are also due to Mr. G. F. Steele who has checked the English
manuscripts at all stages during their preparation for printing.

In electronic literature the use of international standardized symbols is
fortunately under way. For English readers this makes little difference since
the standardized symbols agree very largely with those already in use in the
English literature. In this book the symbols used show only one notable
departure from English practice and this is in the symbol for a transconduc-
tance. Here the reader will not find the English g, but the symbol S. We
expect that this substitution will not cause any inconvenience.
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1. Introduction

It is difficult to give a good definition of electronics because of the rapid
development of this science and the variety of subjects it comprises. Several
definitions have been attempted over recent years, ranging from the brief
and inaccurate to the wordy and almost philosophical.

A common definition which is easily understood and which offers a
reasonably comprehensive explanation is that “Electronics is the science
concerned with the study and application of external electrical phenomena
occurring when electrons pass through low-pressure gases and semicon-
ductors™.

One might assert that a great deal of what falls under this definition is
outside the scope of “electronics proper”, and that the applications are
certainly not restricted to electronics alone. However, by combining this
rather wide definition with the more current one, that “Electronics is the
manipulation of currents, voltages and impedances by means of valves and
transistors”, we achieve a sufficiently accurate definition.

In any case the concept “electronics” covers such a wide field that in
practice further subdivisions are usually required. These are often made in
a rather haphazard manner - radio, television, medical electronics, micro-
wave technique, digital circuitry etc. which results in a certain amount of
overlapping. After discussing the more general aspects of electronics, this
book will devote a large section to those techniques where a greater accuracy
is demanded than normally required in common applications, especially

radio and television. Measurement of a value usually infers its determination
with a certain minimum accuracy (about 1 per cent). The techniques and
their associated circuitry used to perform this measurement may be called
“measurement electronics” and we can consider this concept as a separate
field which is rapidly developing.

When a value is measured by means of electronics, it is always possible
to recognize a few or all of the following signal operations:
1. Transformation of the signal to be measured into an electrical signal.
2. Amplification of the electrical signal.

3. Application of this amplified signal for control or other purposes.
4. Presentation of the measurement.

The above operations are illustrated by the schematic representation
of the measurement of the temperature in an oven (Fig. 1-1). The
thermo-couple produces an electrical signal, that is, a voltage which
corresponds to the temiperature of the oven. Such a voltage has a
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magnitude of millivolts, which is too smail for most applications. How-
ever, the amplifier now produces such a large signal that it can control the
heat passing to the oven after further conversion (e.g. to an h.f. current).
A pen recorder ensures that the electrical signal, which corresponds to
the oven temperature, is recorded.

Oven
i .
Thermocouple Amoli fier - Pen recorder
Heating
controller
Fig. 1-1

Without discussing this subject in detail, it can be seen that in principle
there are unlimited practical solutions for the operations mentioned. In
practice, however, one usually attempts to achieve a solution that is as simple
as possible, that is, a linear relation between the amplified electrical signal
and the original measurement signal. To obtain a clear understanding of
what takes place during the signal treatment, especially as far as complications
and possibilities are concerned we are well justified in restricting ourselves to
a study of this linear relation. We shall not in fact treat the transformation
of the signal to be measured into an electrical signal in this book. It is
assumed that the electrical signal present is such an accurate conversion of
the original signal, that it justifies great accuracy in amplication and further
treatment. This is certainly not so in many measurements, where the lack
of accuracy in the conversion limits the accuracy of measurement. This
explains why so much research in the technique of measurements is being
undertaken on the improvement of transducers.

Regarding further treatment and recording, we should mention that the
normally rather low accuracy of recording apparatus does not necessarily
impose a limitation on the accuracy of measurement. By using compensation
methods or additional amplification it is nearly always possible to achieve
a scale enlargement which correspondingly reduces the inaccuracies in the
recording. We shall therefore not dwell on the various recording methods.

For many of the operations mentioned under 3., the same auxiliary
apparatus are often used, such as oscillators, multivibrators and other

1
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relaxation circuits and it is th

; erefore necessary to di .
will be obvi S ary to discuss these in detail.
circuitszzrgus 'that Only.a lllmlted number of examples of actual operat:ign:;
to indicat el glV;in, arllltli 1n view of the nature of this book, we have attempted

e clearly which practi ti ! ¢

great accuracy. P cal solutions are available for achieving

Bef i i : .

ore discussing amplification, we shall first have a close look at the

most important component
s, as well as som i i ircui
and the usual calculation methods. ® propertics of linear cireuits



2. Components

We can divide the many kinds of components used in electronics into
passive and active components.

Passive components are not capable of supplying epergy to the circuit
of which they form a part. This group includes the resistor, the capacitor
and the inductor as two-terminal components, and the transformer, the
gyrator and the cable as four-terminal components. Here, the gyrator is
mainly of theoretical importance. Transformers and inductors appear to
have so many disadvantages (low versatility, sensitivity to interference, etc.),
especially at low frequencies and low energy levels, that it is nearly always
worthwhile considering if their use can be avoided. Apart from making
connections between circuits, cables are only used in special cases, SO that
primarily one will meet only resistors and capacitors as passive components
in electronic measurement circuits.

Active components, unlike passive components, are capable of supplying
energy to the circuit of which they form a part. By energy, we do not mean
any random form of energy, but the type which can in some way be used
for the intended purpose, that is energy containing information. These
components are not themselves sources of energy, but are only able to supply
it by abstracting electrical energy from supplies such as accumulators or
. batteries. This section of active components comprises transistors and elec-
tronic valves, including magnetrons, klystrons and similar valves.

“Normal” valves and transistors are primarily used in measurement
circuits. In some aspects they exhibit similar properties, but in others they
are totally different. When one has to choose between a transistor and a
valve, it is advisable to consider all aspects and then make a selection that
best meets the specific requirements. In particular, one should not exclude
in principle the possibility of combining vaives and transistors.

Until a few years ago, greater accuracy could be obtained with valve
circuits than with corresponding transistorized networks. This difference in
accuracy has now been largely offset by the development of types of junction
transistors that have excellent amplification properties, even at very small
currents (high current amplification factor and high cut-off frequency), and
of various types of field-effect transistors. The accuracy of transistorized
circuits is now even greater in some applications.

Since the operation of a valve is usually easier to visualize than that of a
transistor (grid current is normally negligible), most circuits illustrating
some principle are shown with valves. As the properties of the field-effect
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transistor used as an amplifyi ‘
: mplifying element full
: . y corres
(t:(‘)lzs: or pentode, its use in circuits will not be dealt vI;lfr}idset oarthf Sle i
TS ircui
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such as transformers, cable: i
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until they are applied for the first time ii a ci:iju?tnd sener diodesis deferred



3. Resistor, capacitor and inductor

Ohm’s Law applies to the ideal resistor:
V() = R- K1) @3.1)

where V(f) = voltage across the resistor at time ¢, I(f) = current flowing
through the resistor at time #, R = constant of resistor’s value.

The signs of current and voltage of components and combinations of
components are always chosen so that the current enters at the terminal
with positive voltage, and leaves at the terminal with negative voltage
(Fig. 3-1). Constant R is then positive for resistors.

The unit of resistance is the Ohm ().

The normal resistor values lie between approx. 10 and 108 ohms; in

some cases values up to approx. 10-2 and 1012 ohms are used.

In practice it is particularly important to take into account the follow-
ing departures from the ideal case:

a) The practical resistor whose value depends on temperature. The
temperature coefficient (relative change in resistance per °C) usually
lies between approx. 10-3 in the case of carbon resistors and 10-5
in the case of high-quality metal resistors. The effects of air pressure
and humidity are generally so insignificant that they can be neglected.

b) The relation between ¥ and I is non-linear. This can be allowed for
by assuming that R in (3.1) is not a constant, but depends on Vand 1.

©) A fluctuating voltage in series with the applied voltage is also present.
This is caused by the thermal motion of the current carriers in the
resistor, the “thermal noise”. The magnitude of this voltage depends
on the resistance value and the temperature of the resistor.

d) Some resistors, particularly the carbon type, exhibit a fluctuating
voltage caused by fluctuations in resistance value. Since the value
of this voltage is in the first instance proportional to the current
passing through the resistor, this voltage is usually called “current
noise”.

€) A resistor also possesses a certain capacity and self-inductance, which
can produce an important effect at high frequencies.

The following formula applies to the ideal capacitor (Fig. 3-2):
o) =C- V(o) (.2)
where Q = charge, C = capacitance of capacitor.

The unit of capacitance, the farad (F) is too large for practical use.
Capacitances are therefore usually expressed in micro- and picofarads
(10-% and 1012 F respectively; symbols uF and pF). Values used in
electronics vary between approx. 1 pF and several thousand uF.

The most important departure from the ideal case is caused by
dielectric loss in the capacitor. These losses can be allowed for by
assuming a resistor R to be present in parallel to the capacitor, whose
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+ + +
Vielb R lm) Vi) C:'r. if(t} (I lm)
- LY o — -

Fig. 3-1 Fig. 3-2 Fig. 3-3

Zhalue ,becgmw smaller when the losses increase. As losses increase with
me capag}t:.hn:fl u‘gltl;f z;ntg frequency w, the product wCR is a good

easure ) o e capacitor above a given minimum fr
A good-quality capacitor has a “loss factor” 1/oCR of aboutelqou—:nclsg
the pr?;nlclnle of a d.c. voltage between the terminals, a certain leak.age
curren 'oocur.Thismnalsoberepr&sentedb, i i
parallel to thf: capacitor. In this case, product CRisa tieasura r&:l:;(zu:iit;n
4 A sgcond 1n;ptc':rtant deviation from the ideal case is the temperatun;

ence of the capacitance value. The corres i

epend 3 pondin, pera
coefficient h?s a value of approx. 10-5—10—4, dependent intetllllle quat.llzye
of the capacxtor§. Moreover, some types of capacitors also have a certain
amout‘xt of sglf-mducta.nce which may become important at high fre-
quencies, whilst electrolytic capacitors show a certain series resistance

For the instant #o equation (3.2) becomes
Q1) = CV(to) -
and therefore

C{V® — V(o)) } = 0(H) — O(t0)

This change in charge must have take
- n place between times ¢ i
the form of supply or withdrawal of current, so that vand tin

mo—mm=fhmt

1

therefore
C{V()) — V(to) } = f }(t) dt
1
or V() = < f }(t) dt + (1) 3.3)

If V(?) is given, V(ty) will also be known i
. S given, ill a and I(z) will be entirely defined
But if I(¢) is given, ¥(¢) will only be fully defined when ¥V(to) is alsj:) knov:n'
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Since the integral eqﬁation (3.3) is not very attractive, it is usually dif-
ferentiated:

dv(s)
dr

In=C (3.4)

In this case too, I(z) will follow unambiguously when ¥ (¢) is given, but
in order to determine V(¢) when I(f) is known, further data must be added,
e.g. V{to) = Vo. In other words, an additional condition must be known.

For an ideal inductor the following formula applies (Fig. 3-3).
‘B() = L-Kp) 3.5

where @ = total magnetic flux through inductor, L = inductance coefficient
of inductor.

is the unit of inductance. In practice, inductors also
haz::l::ec;tryama?aitance (because of the i?nite f:ond?ctanoe“t?f thg in-
ductor) which may be visualized as being in series with thc ideal” in-
ductor. Because of “skin effect”, this resistance increases with fthuencs".
The inductance coefficient will also vary slightly with .frequency, but thls
effect is usually of little importance. Inductors with core mat?nals
show additional losses, which can be again accounted fo_r bya resistor.
Finally, the windings of an inductor are also coupled in a f:apacxnve
manner, which may become a major influencing factor, particularly at
high frequencies.

The integral relation of the inductor is derived from (3.5) in a similar
fashion as used with the capacitor

t
I = %f V(Hdt + Kto) 3.6
t :
Here the voltage is fully determined when the current is known. However,

in order to determine the current from the voltage, I(fo) should also be known.
Differentiation gives here:

_ 99 3.7)
Vo =13 _ (

which must be supplemented by an additional condition, such as I(z) = Io.
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Assuming ideal components from now on, we find that although linear
relations do exist between voltage and current for the capacitor and the
inductor, the corresponding integral or differential equations present a
considerabledifference to the simplicity of Ohm’s Law thatis valid for resistors.
One wonders, therefore, whether it is possible to reduce these equations to
a simpler form. This is not possible without introducing some restriction
in one way or another. A sensible restriction appears to be not to work
with arbitrary waveforms of current and voltage, but with those waveforms
where the above-mentioned differential equations change into equations of
the same form as Ohm’s Law; that is: '

D=2Z-Kp

where Z now represents the “resistance value” of the capacitor or inductor.

We thus obtain for the capacitor:

) = Cigfi) - cﬁ—d{zf(')}= cz Y@

dr dt
di(r) ds
or —_— = —
(3] CzZ
t
therefore: InXt) = — +1
erefore )() CZ+DA

or Kt) = Aet/CZ — [ept

where, because no restrictions have been made for Z in this respect, p = 1/CZ

may obviously be an arbitrary constant. The corresponding voltage then
becomes:

V) = ZI0) = — den,
rC

For current and voltage waveforms where the time-dependent part of the
waveform is e??, we can thus say that Ohm’s Law is valid for the capacitor:
V() = ZI()

with Z = 1/pC.

Similarly it can be shown that the same applies to inductors, but in this case
Z = pL.
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The widest range of these current and voltage waveforms is naturallly
obtained by taking the widest choice of p, that is by selecting for p a complex
number a + jo. At first it may appear strange that complex cutr;ent:a?nd

ur i i ' demonstrate that calcu-
will occur in this case. We shall, however, ;
;l:tlit:fsescan be carried out successfully and to advantage with complex

currents and voltages. . ' .
This gives us a third manner of describing a capacitor and inductor,

namely: 1 .
V() = p_é I
d
- ¥(t) = pL K1) 3.9)
respectively.

These equations thus only apply to a certain class of current and volt:’:::::l
waveforms, but fortunately this class happens to be of very great lgactlth
importance. Without conditions, the undefined terms are here also the
i inductors.
Itage for capacitors and the current for in _ ' _
onugantities slzmh as pL and 1/pC, with the d1mens101'1 of a resistance, are
called impedances, their reciprocals 1/pL and pC admittances.

4. Current and voltage sources

Apart from components, as discussed above, we must also consider
sources of current and voltages in electronics.

An ideal voltage source supplies across its terminals a voltage which is
independent of the current taken. Similarly, an ideal current source produces
a current which is independent of the voltage across the terminals. The
voltage and current supplied may be dependent on time. In practice, how-
ever, no ideal source exists. What we call a voltage source produces a voltage
which decreases with increasing current taken, while in the case of a current
source the current supplied decreases with increasing voltage across the
terminals. In normal circumstances, these dependences can usually be al-
lowed for with sufficient accuracy by considering the voltage source as the
series-circuit of an ideal voltage source and a relatively small “internal
resistance” ry, and the current source as an ideal current source with a
large parallel internal resistance R;.

One should note that in practice this makes it impossible to differentiate
between the behaviour of non-ideal voltage and current sources. The only
characteristic which can be determined external to a source is the relation
between voltage and current. For the voltage source of Fig. 4-1 this is:

V = Vo - Ir¢
and for the current source of Fig. 4-2:
V = (lo — I)Ry = IyRy — IR;.

and these expressions are identical when R; = reand Vo = IR,

In the following we shall often refer to the elimination of current and
voltage sources. This should be understood to mean that the current or
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voltage of the source is made zero. With a non-ideal current' sox.xrce, th;
part representing the ideal current source will therefore be ot;;len c:;:;lwdi ::; :
i nting the i Vo,
ith a non-ideal voltage source, the part Teprese
:::urce will be replaced by a short-circuit. The non-ideal sources should thus
be replaced by their internal resistances.

Tl or em

voltage current
Fig. 43 Fig. 44 Fig. 4-5

We should also mention that the symbols' of Fig. 43 will be used in thte
rest of this book for indicating an applied signal voltage or s1gna.l 'cmf:e:
The polarity or positive current direction assmcd for calcjulau(;‘ns is szs -
times indicated in the circuit (Fig. 4-4), wh'ﬂst the reading o c1rcu1 I
often facilitated by a brief indication of the time dependence of the sign

(Fig. 4-5).

5. Superposition

We shall now consider a circuit consisting of linear passive components
and current and voltage sources. Kirchhoff’s Laws (S = 0 for each point,
ZV = 0 for each loop) and the relations between current and voltage for
all components, will enable us to determine the equations for the currents
which flow in the various branches, and the potential differences which
exist between several points of the circuit. The known terms will consist of
linear combinations of the given (applied) source currents and source
voltages and, as appropriate, their integrals or derivatives. As these equations

. are linear in all voltages and currents, it follows that the value found for

each of the voltages and currents equals the sum of the values which would
be found if each of the given source voltages and source currents were
operative individually. This property of linear electrical systems is known as
superposition. We should add that the above reasoning is only valid when
the coefficients of currents and voltages do not change. Since these coefficients
may include the values of the various internal resistances of the current and
voltage sources, the convention mentioned in the previous section for the
elimination and re-insertion of these sources, should be taken into con-
sideration.

—0 +

R
I I Ry Vout

Fig. 5-1

Example (Fig. 5-1)

Vour = Voul(l = 0) + Vour(V = 0).

2 RiRs
2T 5 and Vou(V =0) = f
R + R, ou( ) Ri + Re

Vol =0) = Vv
Rs RiR;

theref( V. =y .
crelore ont Ri + R Ri + R




6. Equations

If, in deriving the equations for a system, we make use otfl'1 the ?;elia;il
’ i tions thus ol
i inductors and capacitors, the set of equa} . .
l:zt;‘z?ls tc‘;)t:-stl:ribe the circuit. The solving of a set of mtegfal equations is
ually zone indirectly by first determining the general solution of the set (;fl'
us - . . . . f the in tegl'
i i i duced by differentiation o!
differential equations which is pro . fon of the nteer
jons. Values for the integration constants are c '
;?tta tl:::)lnof)quations are satisfied; in other words, we adapt the solutu?n .of the
diﬂ':'renﬁal equations to the additional conditions. In f<i)rur cas:.:1 1t.1s r:}c::
i i i tial equations by first producing
necessary to derive this set of differen : ' \
integral equations. These differential equations can be ob’famed directly by
using the differential relation for each inductor an.d capamt.or. . b
The general solution of a set of linear differential equaﬁor%s is foun. y
eliminating all unknown voltages and currents with the exceptlon‘ of a single
one. Differentiation will be necessary for this elimination, anui;flgher-olr:;l::
inear di i ion i duced for the remaining own, W]
linear differential equation 1s pro e ret 1 "
i i bination of resistance values,
constant coefficients consist of a com! : : .
tc:};:)acita.nces and inductances. The known righthand side of this equatlog
is a linear combination of the given source voltages and source currents, an
ibly their derivatives. . .
po:)sxlloey the solution of this equation has been detemed, the solutions of
the other unknowns can be derived by substituting in the oqgnm sct: .
The general solution of a linear inhomogeneous differential equation o

the n-th order with constant coefficients

dﬂx d”—lx

Bn—_—+B

o +F Box = £(f) (6.1)
dre n1 dm-1 + + o

consists of the sum of a single “particular solution” of ﬂ‘.liS equz}tion am:tli the:
general solution of the corresponding homogeneous differential equation:

dnx ‘ d"—lx

Ba -——-—dt” + Bn—1 dm-1

...+ Bx=0 (6.2)
The solutions of this last equation, that is the solutions whi‘ch mealpossxzi)i:
i liminated, are called the “natural mo
the system if all sources are e ,
tc.:::'roscilla);io.ns” of the system. These natural modes are usual.ly of the form
x = xoePst, where xo is a constant and py a root of the equation
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Bnpn —+ Bn_lp"—l +... + BO =0 (6.3)
There are thus 7 natural “frequencies” Di.

Only when (6.3) has multiple roots, can solutions of the form tkerg
occur. If p; is a k-fold root, we have:

x = {xo+ c1t + cat? .. Cx-1t5"1} eyt
with & constants: xo, c1, ¢z. . . ci-1.

The word “frequencies” is used in this context because complex roots
Pt = & + joy occur in many cases, so that we can write

erd = e (cos wyt 4 j sin wgl)

which will produce damped, constant, or increasing sinusoidal oscillations
according to whether ay is smaller, equal, or larger than 0. With all passive
systems occurring in practice, the natural modes will be damped oscillations
because the energy will always be decreased by dissipation. If active com-
ponents are also used, oscillations with constant or increasing amplitude
may occur. We then speak of oscillating systems.- We shall later refer to
the necessary calculations for these systems, so that we shall limit ourselves
here to systems whose natural modes are damped.

The extent to which natural modes will occur is determined by the
additional conditions. In the general solution of (6.2), the n constants which
occur as coefficients of the natural modes, must be chosen so that the
general solution of (6.1) satisfies the additional conditions. It often happens
that the latter refer to the initial situation of a system; they are then called
“initial conditions”. By choosing in this case the particular solution of 6.2)
in which no natural modes occur, this solution will describe the situation
in the system if the initial conditions have been eliminated i.e. the “steady-
state” situation has been reached. “Switching-on phenomena” which belong
to the initial conditions are then completely allowed for in the coefficients
of the natural modes.

In many cases, especially when dealing with sinusoidal signals, we are
chiefly interested in the steady-state situation. It is easy to determine the
corresponding particular solution when the righthand side of equation .1
can be written as the sum of a number of terms Ae?*, where p is not a root of
equation (6.3), that is the terms do not correspond to the natural modes
of the system.

The particular solution of a linear differential equation whose righthand
side is a sum fi(f) + fa(t) + . . ., is equal to the sum of the particular solutions
obtained by considering each term J1(9), f2(?) separately. This means that
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we can limit our attention to the particular solution of equations of the form

dnx dnix e
—_ oyt ...+ Bx=4Ae
Bn am + Bn 1 dt""l
Following the theory of linear differential equations with constant coeffi-

i we can put
cients, P x = De?t,

where D {Bap™ + Bap®l+...+Boy=4 6.9

In this case all currents and voltages in the circuit thus .possess exz;ctl(y:
that time-dependence for which the simple algebraic relz:ltloils VE:ua t/f; -
i d the inductor.
— LpI can be used for the capacitor an ! .

?2 i) I:ould l’;ave been obtained directly from these relations which means
' braic equations have to be solved. . . .
thi: ;n::’o;lxgigl ptac;'(clze to depart from the algebraic rela’aor?s f01j capacltc‘;r
and inductor. We thus obtain equationsin the “operator” p W&;h cot;rcss;::; ;

ration “di iati i ct to time”. en the
ith the operation “differentiation with res.pe !
jlv:)tiltlages anpg currents do not have the required form Ael’f, this method can
be regarded as a quick way to arrive at differential equation (6.}). 1
As stated, the righthand side will usually contain all the applied vo tie:ig::
f derivatives. However, superpos
urrents, as well as a number o . . :
:;lliv:s us to restrict the righthand side to a single applied va}ue f(t)‘ anfl 1’€s
derivatives. The general equation which must be solved for linear circuits 18
_ therefore:

ant) a1 L 4 Box() =
n d m Bn—-l dl a1 +
4O Aps dmS) 4 Auf )
™ dm m T gmet
i B(p) = Bup® + Ba-1 p»* + ...+ Bo
o e {A((g = Amp™ + Apap™t+ ... T Ao
{B@)}- x(t) = {4} ) (6.5)

where brackets are used to avoid misunderstz.mding and to indlcited /t::
symbolical way of writing a differential equation with operator. p= hﬁ-
Functions A(p) and B(p) have no common roots because otherwise simp:

ion would be possible. . '
catlll(:xtlhe next section we shall consider the calculanoq mgthods w.hlczl:1 gfreljsl.lt]l:'
facilitate the solution of (6.5) for a few of the most important signal 10rms.

7. Calculation methods

Amongst the most important of the signal forms which occur in practice
are those which have a sinusoidal form when expressed against time.

It appears from cos wt = } (el*¢ + e~1o%) and sin wt = %] (elot — e-lot)
that these signals belong to the class where the time-dependent part has the
form e?*. Since we are normally only interested in the steady-state situation
of these sinusoidal signals, it is useful to determine the corresponding solution

for f(f) = Voe?* from differential equation (6.5), which can also be written
in the symbolical form:

*(1) = {;—((:%} ) 1)

We have seen in the previous section that in the presence of a single
function e?* in the righthand side of (6.5), the function {B(p)} could be
replaced by the algebraic form B(p), provided that e?* does not correspond
to a natural mode of the system. However, from d¥/d* - 7t = p* - e?tfollows
that we can also replace{ A(p) }in the righthand side by A4(p), which gives:

A(p)

x(t) = 36 Vo ept (1.2)

This means that with the time-dependence e??, the steady-state solution

is found by replacing the operation {A(p)/B(p)} by the algebraic form

A(p)/B(p). This obviates any necessity for solving differential equations in
this case. ’

If e?* does correspond to a natural mode of the system, that is
B(p) = 0, the solution will be:

14D
0= Fm

where B'(p) is the first derivative of B(p). If p is a k-fold root of B(p) = 0,
we have likewise:

Vo ert

t*A(p)
x(t) = B”—(w VO ert

where B®)(p) is the k-th derivative of B(p).

Let us now consider the most important practical case, when p is purely
imaginary, p = jw, and signal ¥ e}t js the sum of a real voltage Vy cos wt
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and an imaginary voltage j¥o sin w?. Since the natural oscillations of the
system are damped, these signals cannot coincide, so that equation (7.2) is
always valid. In this case we find:

x(f) = ‘;82; Vo elot

We can write (see Fig. 7-1):

_@— .ﬁgﬂ)_ . ele
BGw) | B()

where lA(jw)/B(jw)[ is the modulus and ¢ the argument of A(w)/B(w),
so that

Imag.

@)

Aljw)
8(jw)

Real
Fig. 7-1
'x(t)=\ ;2:3 \Vo oot + 9 =

\ AGew) Vo {cos(wt + @) + j sin(wt + @) }

B(jw)

In this case the real part will correspond to the real part of Vo e?t, ie.
to Vo cos wt, and the imaginary part to jVo sin wt, which brings us to the
following result:

40)

" “0={B@)

J-n0

is valid for the relation between the “response” x(f) and the “signal” f(f)
in a system with a “transfer function” A(p)/B(p) and if f(¢) is-a sinusoidal
signal with frequency o, we find: ,

7
] CALCULATION METHODS

19
ampl x(¢) =l ;((JJZ)) ampl A7)
and ’ .
arg x(f) = arg ;82)) + arg f{o).
T B T e e b o

Fig. 72
For the circuit in Fig. 7-2:
R
Vout= ﬁ—pRC n = R + LR Vi
pL 4 ———— pL -+ pPLRC T
1+ pRC

IfVia=Vo sin w?, we must calculate the transfer function forp = jow:

R R(1 — 02LC) —
. _ — joLR
R — w2LRC + joL R%(1 — w?LCY + L2
The argument of the fraction is angle @:
cos @ = R(1 — w2LC) .
VR — 0’LCY + ity B9
It follows that @ is also defined by:

- —oL
V R —w?LCy + w*L*

R(1 — w2LC)

provided g is chosen in the correct
The modulus becomes: quadrant.

R
VER( — o?LC) + il

therefore:

Vout = R .
VRl — 0L § wils oSin @t + 9).
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has only to deal with sinusoidal signals, it is of course possible to

If one
ating the equations, which means

apply the substitution p = jw when formul
that instead of the relations

I
=-— and V=pLI
rC P

for capacitor and inductor respectively, the relations

I
V=—— and V= _](x)LI
joC

are used, thereby giving these elements an impedance 1/jwC and joL
respectively.

With regard to the other signal forms belonging to the class e?¥, the
above is also valid for damped sinusoidal signals provided that they do
not correspond to a natural oscillation of the system, as well as for
sinusoidal signals of increasing amplitude, if A(jw)/BGw) is replaced by
A(a + jo)/Bl@ + jo) when e« is the corresponding damping term.

These cases are of no great practical interest, neither are increasing
exponential functions (e#* with p real and positive). For decreasing
exponential functions the interest lies mainly in switch-on phenomena
rather than in the steady-state solution.

Apart from sinusoidal signals, electronics has a great deal to do with
transient phenomena, namely those occurring when signal sources are turned
on or off, and when introducing open and short circuits in a system.

It is obvious that in this instance it is not the easily determined steady-
state conditions which are the most important but rather the phenomena
occurring during switching on and off.
Since these phenomena are completely allowed for by the system’s natural
oscillations, and the time dependence of these is known (see Section 6),
only the coefficients of the resonant frequencies need to be determined in
these cases. However, since we deal in the first part of this book exclusively
with sinusoidal signals, we shall defer discussing the calculation method
promulgated by Heaviside to Section 22.

There is little need in electronics, as discussed in this book, for solving

methods for more general signal forms.

Laplace transforms can be used where necessary, and are capable of giving
gnal forms in a direct manner. Because

method, we shall not discuss

the solution of a large number of si
of the very comprehensive literature on this

it in this book.

circuited, the «
defined by

8. Thévenin’s theorem

AnOtheI theOI ¢m 1n ClIClllt f.heOI y Whlch 18 OflmpOI tan(x tO (] e]ect[ onic
th

current and voltage sources, a c
. s UIT 3
determined by the equation: ent I, will flow through Z which is

Vo

I, =
A (8.1)

vs'rher'e Vo is the voltage between the t i

;:t:u; :otlttl:gtev,v Fig.8--1) and Z, the mz;zzl;wo?e:;znc;n;re::izgxf (OPC;'

w2 o, e vl e

' su i

::11(11:11'1 c:tz;taiieFIi’o c80121nected to one of the two pﬁir;l:, l:’lﬁ t‘;;lt:i‘;aii:ume

it impedagl;ce-z. 'The voltage between the remaining terminals is ii:s

o o podance & t;)sr now connef:ted between these remaining terminalsn

tworom s o Ol:,ih zZ (Flg. 8-3). According to the superposition’

frst o of thas e an : consxder'ed as the sum of the two currents. The

aoor one of ¢ : ents. is that which would pass when only the igi
perative, while the second would occur if only the adgirtligolzz

+ VD VO

v + +C - + 4
7 ¥
b 7
(4 z
—.(_) Oy
Fig. 8-1 Fig. 8-2 Fig. 8-3

n)

alone. The latter’s value is given by equation 3.1

Taking th i
g the special case Z = 0, that is when the two points are short

short-circuit current” passing through this short circuit, is

Jo=—
(]
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i ” ined
Conversely, it follows that the “internal impedance”™ Zo can be determi

from the open-circuit voltage and the short-circuit current:
T

9. Electronic valves

Vo

Zo=—1:—

intes : two
in’ terpreted as follows: any
é s theorem can also be in
st onsidered, observed externally, as the
urce voltage

Therefore 0’s U  can

ints of a linear circuit can 0¢ ‘
fcormlm'nals of a non-ideal voltage or current sou;lcerthai\;‘lcngjti Z:r e voage

curr -circuit voltage or short-C :

nt equal to the open-circur between

:l: e :)intsqwhile the internal impedance of the source equals the

es . ‘
im dI:mce of the circuit between these two pfm.lts. ter the cincuit

gVec should note that although it is permissible to con1 the cireut

imultaneously for more than one pair of points as a YO t:grzsults
Zloml;roe it is not necessarily possible to combine these derive .

R
Fig. 84

in Fig. 8-4 between points 1 anddZ.cimml:al
replaced by the voltage source with the open-cirf:mt voltage —}V.{ an 21n ed Y
ep' ance 1 me applies to the circuit between points . an
fesmtanc_e i Th;:g circuits in series would result in the pOSS}blllty of
Connecnntgh:h c(i:::uit between points 1 and 3 by a voltage so.urc:e Wl:hii topte;;;
::?:Z;n\lriltage V; and internal resistance iR + 3R =R, while in reality

resistance is zero.

Example: The circuit shown

In any discussion on active components, we should first deal with elec-
tronic valves; not only for historical reasons but especially because the
mechanism of current conductance is much simpler with valves than with
transistors. The action of electronic valves is based on the properties of
metals and metal oxides which emit electrons, particularly at high tempera-
tures (Edison effect). If these electrons are emitted in sufficiently rarefied
gases, they are able to cover great distances. This flow of electrons can be
“controlled” by electrical fields both in direction and in size.

The electronic valve with the simplest design is the diode, which only
contains two electrodes in vacuo, the cathode and the anode. The design
of the diode and other valves with more electrodes is usually concentric
(Fig. 9-1). The cathodes of most valves suitable for our purpose are heated
indirectly, that is by means of a filament which is situated in the cathode, a
hollow metal cylinder.

heater

cathode

anode
Fig. 9-1

The primary . electrons emitted by the cathode are able to move about
freely. If they arrive at places that are isolated from the cathode, they will
give these places a negative charge and make it more difficult, and gradually
even impossible, for electrons following them to reach these same places.
When the anode is isolated from the cathode, it will acquire a negative
charge and eventually become unattainable to electrons. Further emitted.
electrons have no alternative but to return to the cathode. However, one
nearly always provides an external conducting path between anode and
cathode, in which supply sources may or may not be incorporated. The
electrons can then return from the anode to the cathode and no permanent
electrostatic charging of the anode occurs, so that the anode will continue
to attract new electrons from the cathode. The electron flow travels inter-
nally from the cathode to the anode and externally in the opposite direction.
This external flow can be measured and is defined by the number of electrons
which are able to reach the anode. This number in tarn depends on the
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potential difference between anode and cathode. If the :‘mode is m\i;h
more negative than the cathode, almost mo electrons will 'ﬂorlvfﬁ t? tle
anode and the current will therefore be almost zero. If the anoc'ie issu cu:nt hy
positive with respect to the cathode, all emitted electrons will axr.lv;:u :
anode. There is a point at which a maximum currf:nt qccurs and this " '1?1(:
increase when the anode voltage is raised. The d.loc-le is the'n §aturatt‘:i h e
saturation current also depends on the cathode ¥1eatmg. Emission, and hence
the saturation current, greatly increases at higher cat.hode tempe:l:tl:rersé
Apart from a few exceptions, diodes are always used with currents that a
much smaller than the saturation current.

Ll

k __./ - -
=15V de
Fig. 9-2

" Hence at a fixed operational temperature, we have a fixed relation be-

tween current and voltage. This is illustrated in Fig. 9-2.. The Yoltage ﬂz:t
which almost no curfent passes is about —1.5volt. Ata given point on the
current-voltage characteristic curve of a diode, the latter will behave as 2
resistor in series with a d.c. voltage if the voltage and current chanhgelfn arar
sufficiently small for the curvature of this curve to be n'egle.cted. ?1:;:1 " ede
behaviour is however of little interest. Almost all ap.phcatlf)ns ol eh o e
are therefore based on the non-linear behaviour obtained with large chang
in current and voltage; these will be discussed at a later stage.

10. Triode

The triode offers far more possibilities than the diode. It differs from the
latter by the presence of a third electrode in the shape of a thin wire spiral
between anode and cathode, Fig. 10-1. This electrode is called a “grid”. By
giving the grid a negative potential with respect to the cathode, it is possible to
influence the electric field between anode and cathode, and hence the anode
current. The “controlling” function of such a grid is based on this fact.
The grid is usually indicated in diagrams by the letter g.

Fig.10-1 shows the three voltages and three currents which occur in a
triode. The following relations exist between the three voltages:

Vaa + Vak = Vak
and between the three currents:
Iy -+ Iy = Iy

so that the properties of a triode can be described by the relations existing
between two currents and two voltages. For the voltages, the grid-cathode
voltage Vgx and the anode-cathode voltage Vg are usually chosen, and
for the currents the grid current I, and the anode current Z,. It is usual to

cathode o
"ria o T
anode S,
o) Vak
Yok T 4k
k
Fig. 10-1

give the currents’ dependence on the voltages. Fig. 10-2 shows I, and I,
against Vg at various voltages Vax for a conventional triode at voltage and
current values which are usual in practice. The grid-cathode voltage has a
small negative value of a few volts, whilst that of the anode-cathode voltage
may amount to several hundred volts positive. The magnitude of the anode
current may have values between a few and several tens of milliamps.
A much larger variation occurs in the value of grid current, at least in the
interesting region of Vgx< —1 volt. For example the industrial high-quality
valve EBOCC (=6085) has a grid current between 10~° A and 10-11 A where-
as in the cheaper “entertainment” valves, this current varies between 10-6 A
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g (0¥ A)
E80CC

VW 4 3 2 4 o

Fig. 102

and 108 A. This is explained by the fact that the grid current is made up
of several components: 1) A diode current from the “diode” formed by
grid and cathode; 2) A current of positive ions produced during the ion-
ization of the residual gas in the valve by the electrons forming the anode
current; 3) A leakage current through the insulator between anode and grid.
The “diode current” has the usual characteristic, and the leakage current
is mainly determined by the insulation of the valve base. On the other
hand, the magnitude of the ion current is closely connected with the quality
of the vacuum, which may vary greatly for different valve types. It is im-
portant in many applications to operate the valve so that the grid current is
small, which means that the negative grid-cathode voltage must be more
than about —1.5 volt.

Although there is a point at which the grid current is zero, the
influence of changes in the grid voltage on the grid current is there very

great.
A closer look at the I,— Vg curves of triodes shows (at least within certain
limits) that it is possible to make the curves for various anode-cathode
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v?ltages almost coincide by a displacement parallel to the Vyz axis; this
displacement is in the first instance proportional to the change in al;ode-
cathode voltage. In other words: we regain the same anode current if we
combine a change in anode-cathode voltage, 4V, with a change in grid-
cathode voltage AVyx = —AVax/u, where p is almost constant over a large
part of the operating region which interests us. This constant is called the
“amplification factor” of the valve, for reasons which will be given later.

The. amplification factor g is mainly determined b:

i y the geome: f
the va]ve. design, namely the mesh width of the grid and tﬁe disgcgs
of the grid to anode and cathode. The value of u for most triodes lies

between 15 and 60. Extreme values found in isti
between 15 and some existing types are

There will be no change in the anode current if:

AV,
Ang+ ak =0
U

Var
or Vor + ——;—— = constant.

Iz can thus be written as a function of V,=V,
s=Vgr+ Var/u, the “contr
voltage” of the valve: e !

I, =f(V3) (10.1)

The relation between grid current /; and voltages Vyr and Vg is more
complicated and cannot be expressed as a function of one simple variable
However, I, and especially the dependence of I, on the voltages, is of Iittle;
importance for most applications. Nevertheless, we shall meet cases where
the grid current has to be taken into account.



11. Amplification

An important property of the triode is that it can amplify voltages, that is
it can produce a new voltage showing the same proportional variations as
the original signal, but having greater absolute values. Fig. 11-1 gives an
example of an amplification circuit.

Ia

Vok
Fig. 11-1

At the selected voltages Vg (—2V) and Vax (100V), a given anode current
Ioo (1 mA) flows through the valve; this is the “steady-state, standing or
quiescent condition” and we say that the valve has been adjusted to a given
“working point” (P).

When active elements are being used, one must accept the fact that
d.c. voltages and currents are present in the standing or quiescent
condition. This follows from the fact that the energy supplied to the
system by these elements is derived from these voltages and currents.
The signal voltages and currents are deviations from this quiescent
condition.

An increase in the grid-cathode voltage will produce an increase in the
anode current and hence a decrease in the anode-cathode voltage, because
of the presence of a resistor in the anode circuit. This decrease in anode-
cathode voltage can be made to be larger than the increase in the grid-
cathode voltage. In a given circuit the amount of this “amplification”
depends on the relation between the anode current and control voltage as
given in (10.1): I =£(V,). The amplification can be calculated by expanding
this relation in the vicinity of the working pointinto a power series convergent
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to .V,— Vso, where Vo is the value of the control voltage at the working
point. We thus obtain:

daf 1 7 d2f

La=Ino + (), - (Ve— —
o= Too (37 )y o= Vo0 + 5 (7 )y e — Vel +

+... L

Dependent on the required accuracy and the value of ¥,— Vg, this series
may. be terminated after a certain number of terms. The need for ampli-
fication is, of course, greatest for small signals and the following linear
form is therefore adequate for most cases (V;— V50 <0.5 V):

ds
Ig = Igo + (d—V,)Vco. (Vs — Vi) (11.2)

For a given valve and working point the derivative (df/d¥,)y,, is a constant
usually denoted by g or S. We shall use the latter notation.

Ia—Iao=S(V6“V80)

or Al = SAV, = S(A Vor + (11.3)

A4 Vak )
where A1, is the anode signal current and AV, the signal control voltage

In the following pages we shall be concerned mainly with signal voltages;
and currents. We shall omit the 4-sign, but write i, for the anode signal
current, vge for the grid cathode signal voltage, etc. From now on capital
letters I and ¥ will be used exclusively for quiescent currents and quiescent
voltages.

We can now write for (11.3)

g = S(v,k + ’:" ) (11.4)

This relation is known as the triode equation. The quantity S is called
the sl‘ope or trans-conductance of the valve at the working point and has
the dimension of a conductance: ohm~! (mho). It is usually expressed in
mA/V.

The triode equation can also be derived without usin;
1e tri u ] g the constant s b,
consxdcrmg I, as a function of the two variables Vg and Vg, expanginz
the latter into a power series terminated after the linear term. This

method is in any case necessary for deriving the correspondin g i
for the grid current ig. ® pon Felation
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When 25z = O, that is when there is no signal voltage between grid and
cathode, we have iz = S/u - vax, and the valve will therefore behave for
signals between anode and cathode like a resistance of value u/S. This is
called the anode or plate resistance rq of the valve. We thus have:

4= Sra (11.5)

which is known as Barkhausen’s relation.

The amplification factor is almost constant over the whole working
range and it does not change appreciably during the life of the valve.
On the other hand the mutual conductance S and the anode resistance
ra can change quite considerably in the course of time. One sometimes
finds valves in radio receivers where, at fixed voltages, the mutual
conductance has been reduced by a factor of 2. The anode resistance
is then increased by the same factor of 2.

For many practical calculations it is convenient to multiply the triode
equation by r, and to write:

raia = Iuvgk + Vak (11.6)

Furthermore it is often cumbersome to measure the voltages with respect
to the cathode, particularly in circuits with more than one valve, where the
various cathodes have different potentials. Here it is almost inevitable that
we relate the voltages to a single reference potential, often the earth po-
tential. We shall therefore denominate this reference potential as “earth”.
Without indication to the contrary, the signal voltage will always be assumed
to be positive with respect to ground.

Using va, v and vy, respectively, for the anode, grid and cathode voltages
with respect to earth we obtain for the triode equation:

S 1
ia = Sv, -|———va——S(1 +———>vk (%))
2 JZ

or Faia = ptg + va— (u + Dog (11.8)

An example of a circnit with only one valve to which this last equation
can be applied is given in Fig. 11-2. A resistor Ry is inserted in the cathode
lead of the valve, across which the quiescent current of the valve gives the
desired grid-cathode d.c. voltage. (We shall discuss the adjustment of valves
to the correct working point in Section 13.)
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Fig. 11-2

Applying a signal voltage ; to the grid we have th i i
i Tpving gri ve the following equations for

Ua = —Raiz; vg = Riia

When substituted in (11.8) we obtain:

"aia, = ,uvi - Raia - (‘ll + I)Rkia

or [ra + Ra + (4 + DR]ig = HU; (11.9)
Therefore:
Ug = _ /‘Ra /]
ra + Re + (u + 1)Rg ‘ (11.10)
= luRk
re + Ra + (4 T DR L1y

Itis inte}'esting to see how these voltages v, and v; depend on the resistor
values while the valve retains the same working point by adjusting the

supply voltages accordingly. We then find for th il

: e amplification fi ;
to anode A, = vg/v; that it : p on from grid
1. is negative;

2. increases in absolute value with decreasing Ry, the limit being
Ag(Ry = 0) — _—HRa_
Ta + Ra
3. increases in absolute value with increasing Ry, the limit being

Aa(Ra = OO) = -u
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v ifs therefore tt;le limi; ::t ltll;iza atlix;zliéc;:’izn can reach in this configu-
ir:t;:;; :;iivectgaiange: in the anode resistance of the valve with
Weig:::)i:%h:ﬂal:p‘;i;ﬁt;g‘;:;R;d to cathode Ax=uvx/vs that it

; ii;cl:’r(;zslist:s’e;rith decreasing R, the limit being

4.

MRy
AR =0) = =0 T DR

3. increases with increasing R, the limit being

p 11
ARe=00) = T Y T

The amplification to the cathode is hence always smaller than 1 Neve;
theless. the “cathode follower™, that is a circuit where the ?athode is fusedthis
output’ terminal is often applied. We shall discuss the main reason for

in the next section.

12. Output impedance

When deriving the superposition theorem and Thévenin’s theorem, we
made use of the linearity of the components, but not of their nature. These
theorems thus also apply if active components are included in the circuit,
provided they behave linearly. We have already seen that this is the case
with triodes for sufficiently small signals, and thus for such signals both
theorems can also be applied to circuits containing triodes. It is obvious
that when we speak of eliminating voltage sources, we should not assume the
supply voltages to be eliminated; the valve must remain at its working point.

Let us now consider Fig. 11-2 where the voltage is taken between anode
and earth. These points may therefore be considered as the terminals of a
voltage source. The source voltage equals the open-circuit voltage, given by
(11.10). The short-circuit current is derived from (11.9) by putting R; = 0
(for signal currents and voltages the battery can be replaced by a short
circuit, so that R, is then in parallel with the output terminals):

S —pvy
TR =0 = TR

The internal impedance is found from the quotient:

Ralra + (& + DRy]
Za =
Ra+ra+(u+ 1R

Because of the output nature of the pair of terminals, this internal impedance
is also called output impedance; as seen from the equation it consists of the
parallel combination of R; and a resistance Rp=ra+(u+DR:.

However, Fig. 11-2 also shows that Z, corresponds to the parallel com-
bination of R, and the resistance of the anode through the valve to earth.
This latter value is therefore Rp=ra+(u+1)Ry (see Fig. 12-1). If Rx=0,
Ryp will equal the anode resistance r; of the valve analogous to what we
found previously.

When writing

Ta

u+1

oG+ DRe = ) ( -+m)m

~ @+ 1) (—:“5+Rk) — @+ (%Hﬁ)
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we see that for normal conditions (1/S=100--1000 £ with an extreme value
of approx. 20 2in the case of very high-slope valves such as the E810F = 7788),
Ri need not be made very large in order to let Rp be mainly determined
by (u+ 1)Rx and acquire very large values.

- Rp: ra+(p+1)Rk

R

Fig. 12-1

We take advantage of this property when a high resistance is required for
the signal currents, but not for the quiescent currents. For example, in the
voltage divider in Fig. 12-2 signal v; appears at the anode with a loss of only
three per cent, because the combined resistance of the valve and the cathode
resistor amounts to approximately 3 M£2 (28 x 100 kR + 30 k). We would
need a negative voltage of approximately 3,000 volts to obtain the same result
with an ordinary resistance voltage divider. This circuit can therefore be
used to bring a signal to a lower quiescent voltage level, if it not possible to
apply indirect coupling by means of capacitors.

The ratio of the resistances for the signal and to quiescent currents becomes
still greater in the twin-valve circuit shown in Fig. 12-3. In this case, the
upper valve has a resistance in its cathode circuit which is the same as the
above calculated 3 MQ. The internal resistance of the upper anode has now
a value of approx. 80 MQ (28x3 M), but the d.c.resistance is only
300V = 1 mA =300 kQ. The loss in signal is now only approximately 0.1
per cent.

Let us now consider the case that the cathode is used as output. The open-
circuit voltage is given by (11.11), and the short-circuit voltage follows from
(11.9) by putting Rx=0:

ig(Re=0) = pve/(ra+ Ra)

which makes the output impedance:

.ra+Ra

g RetR) el
¥ e+ Ra+ (u + DR: Yo + Rq
R+ ——°

u+1
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+200V

0.97v; +100V

E£80CC:
H=2rp =30k

=200V
Fig. 12-2 ~ Fig. 12-3

We recognize in this equation the parallel combination of Ry and a resistance
(ra+Ra)/(+1). The latter resistance is therefore the impedance of the

valve viewed from the cath i -
been omitted). cathode (see Fig. 12-4, where the d.c. supplies have

Ra

I'alrﬁa
H+l

— .

Fig 124

As w? have seen that the largest amplification occurs for Rz=0, and that th
outp‘ut 1m.pedance is then at its smallest, this circuit is normally l,lsed with i
a resistor in the anode circuit. The output impedance will then be r. J(u 10'll
ra/u=1/S, which in normal operation is between 100 and 1 0(')10 .Q+ ]?h:
means that the cathode follower does not produce any ampliﬁ,cation ;)f ths
signal voltage, but offers the facility of transforming a voltage source witl:
a large output resistance into a voltage source with virtually the same open-



36 OUTPUT IMPEDANCE (12

circuit voltage but with a very small output resistance. It is thus possible to
extract more current from the terminals while the voltage only differs slightly
from the open-circuit voltage.

+

Ra
C
l___.-——o
[ Vo
vi(t) ;]R Yo(t)
v;(t)

o~ — o

R =

Fig. 125 : Fig. 12-6

Fig. 12-5 shows an application of the low impedance on the cathode side of
the valve where, analogous to that of Fig. 12-2, no control on the grid occurs.
If it is required to obtain a voltage which is proportional to the derivative
of another voltage, with respect to time, it is theoretically possible to use
the circuit shown in Fig. 12-6. The relevant equation is

doo(r) . du(f)
a

vo(t) + RC

By making the product RC small enough, it is possible to neglect the
second term on the left-hand side of the equation with respect to the first
term:
du(®)

dt

vo(f) &~ RC

v6(2) is then actually proportional to the derivative of vi(f), but the ratio is
small. Tt is of course possible to amplify v,(f), but often better results can
be achieved with the circuit shown in Fig. 12-5. This circuit can be considered
as the result of replacing R of Fig. 12-6 by the cathode impedance of the valve,
which has the value (rq+ Ra)/(u+1), provided R is large with respect to
this value. To obtain the same accuracy in differentiation as in the first
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::lz:rse, we must Put R=(ra+Rq)/(u+1). The current which previously passed
ough R, will now' flow through the valve and resistor Ra, and gives a
voltage across R, which is larger by a factor of

Ra  Rap+1) #+1
R rs + Rg Ta
R,
With R, > ra, this method gives a gain of at least I

+1

—L— —o

EJRk

-A similar circm:t can be used for adding voltages including certain weighting
factors. We obtain for the circuit of Fig. 12-7 as a good approximation:

_ U1 123 U3
Va= —R
. “<R1+R2+R3)

Fig. 12-7

provided that Ri, Rz, Rs and Ry > (74 +Ra)/ (1t +1).

We sl_1all see. later on that the cathode follower possesses other favourable
properties. It is therefore understandable that this circuit is very popular,

despite the fact that the volta; i ion i
. ge amplification is smaller than unity. W
discuss examples of these applications later. > Weshall



13. Selecting the working point

Before discussing various aspects of amplification, we should first look
at the ways in which the valve can be made to work. In order to place the
valve at the selected working point, a particular grid-cathode bias voltage
is required for a given anode-cathode voltage. For example, a negative
grid-cathode bias voltage of 2 volts is required in Fig. 13-1 to obtain
a quiescent current of 1 mA at V=100 V (point P). This can be achieved
as indicated in Fig. 13-2 where the grid-cathode voltage is independent of
any other voltages. However, the disadvantage of this method is that the
quiescent current, and hence the slope and various amplification characteris-
tics can undergo considerable changes when changes in the emission occur.
Changes in emission can occur either because of ageing of the valve or by
changes in the heater voltage and ambient temperature, or because the valve
has been replaced. The change in the quiescent current will then be from P on
the old curve to B on the new one in Fig. 13-1.

Ia
Vg = 100V,
P
% 1mA
A = +100V
4 -3 -2 -1 0 Vare (V)
Fig. 13-1

The negative grid-cathode bias voltage can also be obtained by inserting
a resistor Ry of the correct value (several hundred to several thousand ohms)
in the cathode lead (see Fig. 13-3). This results in a relation Vyx=—IaRs
between this bias voltage and the anode current, represented by line oP.
In this case, with the same change of the curve, the working point shifts
from P to C and the change in the quiescent current is smaller than in the
first case. The improvement becomes considerably greater when connecting
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+100V +102V +102v
2V ==
+ 2k0 102k
= = ~100v
Fig. 13-2 - Fig. 13-3 Fig. 13-4

the cathode via a la}ge resistor to a highly negative voltage, e.g. —100 V
(see Fig. 13-4 and 13-5). The relation between the bias voltage and the anode
c.urrent then becomes: Vgx=100 V—1I,Ry, represented in Fig. 13-1 by the
line P—+100 V, so that the working point shifts from P to D when the
curve is changed. The change in the anode current is now only very small;
the quiescent current is largely determined by the values of the cathode
resistor and the negative voltage, and not by the characteristics of the valve.
We shall see later how this type of circuit can be adapted to the amplification
of signal voltages.

) Regarding the changes in the valve characteristics, we should note that
in the case of normal heater voltages, the emission decreases only very
slowly as the valve ages. Typical values are the following: 10-2 — 10-3 %
per hour. °

Heat losses of the cathode occur both by radiation and conductance.
Wlﬂ‘l the usual types of valves with a power of 1—2 W for the filament
heating, both losses are of the same magnitude. Since the radiation losses
vary as the difference between the fourth powers of the cathode and
amblgnt temperature, while the conductance losses are proportional to
the d1ﬂ'e_rence between these temperatures, a change in ambient temper-
ature w111 mainly affect the conductance losses. A change of 1° C in
the ambient temperature was found to correspond to a change in grid
voltage of between 0.3 and 1 mV.

\_’a{iations in the heater voltage have of course a great effect on the
emission. A change of 10 per cent in the heater voltage corresponds to
a change in grid voltage of between 100 and 150 mV.

We shall refer to this behaviour when discussing d.c. amplifiers,
where these phenomena are most evident. ’

The working point should be selected such that the various maximum
ratings, indicated by the manufacturer, are not exceeded. In the case of a
linear amplifier, these ratings refer, amongst others, to anode voltage, anode
dissipation, cathode current and voltage between heater and cathode.
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Here we should draw attention to the maximum permissible value of the
resistor in the grid circuit, which is usually indicated by the manufacturer.
Because the grid is close to the cathode, some emitting material can relatively
easily be deposited onto the grid. If, by means of radiation from the cathode
and anode, the grid becomes sufficiently hot, it will commence to emit
electrons itself, which will also pass through the resistor into the grid circuit.
This renders the grid less negative, with the result that the current in the
valve increases. This may produce a greater anode dissipation and hence
higher anode temperature, thus increasing the grid temperature still further.
In this way, thermal runaway can destroy the valve.

The maximum value of the grid resistor indicated by the manufacturer
refers to the case where the current through the valve is not stabilized (Fig.
13-2), while the anode dissipation is at maximum. In all cases where stabili-
zation is present and/or the anode dissipation is smaller than the maximum
value, this value is therefore certainly not critical.

14. Signal amplitude

The triode equation was derived assuming the condition that the signal volt-
ages were so small that the higher-power terms in the expansion of i5 in terms
of vs: ia = Svs + fvs? + yus8 + .. ., could be neglected. How far this con-
dition is satisfied depends on the desired accuracy, quite apart from the
value of the coefficients S, §, y, etc., and of the control voltage v,. If the
working point of the valve is chosen approximately in the middle of the
linear part of the I,— Vi characteristic, the effect of B, v, etc. will be
small in comparison with that of S. The accuracy will then be adequate for
most applications, provided the control voltage remains restricted to a few

“tenths of a volt.

In order to gain an impression of the amplitude of input signals that
can be dealt with in a linear fashion by the circuits shown in Figs 13-2—5,
we can calculate the control voltage vs=vgx+ var/u by means of equations
(11.10) and (11.11). We thus find:

Te

Vg = .
' ra+Rat (e + DRe

43

and we can conclude that the relation between the permissible input voltage
(v)max and the permissible control voltage (v5)max is given by:

a DR y
(v)max = ra + Ra —t(ﬂ + DR : (vs)max (14.1)

It will be noted that the effect of R on (vi)max is very great.

When we now take as an example the valve E80CC (u=27, rs=20 kQ)
in two different circuits (Figs 14-1 and -2) it appears, assuming a value
of 0.5 volt for (vs)max, that equation (14.1) will lead in the first case to a
permitted input signal of approx. 5 volts, and in the second case to one of
approx. 70 volts.

Since a control voltage s produces a current Sv; through the valve, the
permissible output voltages will be

(Ua)max = SRa(vs)max and (vlc)max = SRk(Us)max

These voltages are therefore the same for the circuits shown in Figs
14-1 and -2.
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W<B15V

V<5V V<70V

100k V<675V

Fig. 141 Fig. 14-2

The “paraphase amplifier” (Fig. 14-3) is an example of a circuit in which
both the anode and the cathode voltages are used as output signals. Here
the anode and cathode resistors, have the same value, so that the two output
voltages are also the same but of opposite signs. Provided the resistor values
are sufficiently large both will approximately equal the input voltage v;, and
the permissible output voltages will be virtually the same as those produced
with the cathode follower circuit of Fig. 14-2.

Of course all this only applies if the supply voltages allow for such large
signals. In Fig.14-3 this is not the case: there a signal voltage of 10-20 volts
would be permitted.

Fig. 14-3

We can therefore conclude that — as far as distortion is concerned —
circuits with a large cathode resistor can cope with large signals. We shall
see in Section 23 that the actual situation is even more favourable than
represented here. This is because a large cathode resistor produces feedback
which results in a smaller distortion for the same signal size.
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Anticipating the discussion of the frequency-dependence of amplification,
we should also mention the necessity of replacing the various resistances in
the formulae by the corresponding impedances in the case of a.c. voltages.
For example, when cathode resistors are used in a circuit, this means that
a possible parasitic cathode capacitance in parallel to Re will decrease the
value of (v¢)max at high frequencies. At very high frequencies the cathode
impedance will be solely determined by such a capacitance and may become
very small. According to (14.1), (v¢)max Will then be of the same order of
magnitude as (vs)max for not too large values of R,. This obviously means a
considerable limitation, particularly so for the cathode follower.



15. A.C. amplifiers

We have seen that d.c. voltages and currents are always present in valves
in the quiescent state. This also applies to amplifier circuits using these
components. In a broad sense, an amplifier is therefore a device with input
and output terminals, in which an alteration in the quiescent state at the
input, causes usually a greater alteration expressed in the quiescent state
at the output. Especially in the case of small signals, difficulties will then
become immediately evident, because even relatively small variations in
the quiescent situation, (e.g. as a result of changes in emission) can be of
the same magnitude as these signals or even larger, which makes it difficult
or impossible to distinguish between them. Fortunately it often happens
that one is not interested in deviations from the quiescent situation but solely
in the amplitude of changes of an appreciable frequency, and in consequence
the level on which they take place is irrelevant. It is possible in this case
to make considerable simplifications in the design of the amplifying mech-
anism. Amplifiers designed in this manner are called a.c. amplifiers, and
amplifiers where the absolute level is also amplified are called d.c. am-
plifiers. The latter therefore not only amplify d.c. voltages, which would
not be of much interest, but also a.c. voltages. We shall later refer to the
specific problems encountered with d.c. amplification. Let us first discuss the
many complications which arise already with a.c. amplifiers.

In the case of a.c. amplifiers we thus deal with the amplification of
voltage changes. Dependent on the velocity at which these changes occur,
signals must be amplified, whose frequencies lie between certain limits, the
“frequency bandwidth”. We can make further subdivisions of a.c. ampli-
fiers according to the nature of this bandwidth (loosely: low, middle, high,
very high, etc. frequencies) and to its relative or absolute width (selective,
broad-band amplifiers). We shall return to these subdivisions later.

When using the triode as the amplifying element in the circuit of Fig. 15-1,
where the anode voltage is used as output signal, the amplification 4,=1v,/7
will be rather small, especially at large values of Ry:

pRa
ra+Ra+(,u+1)Rk

Ag=— (15.1)

The effect of Rx can be virtually eliminated for a.c. voltages in a certain
frequency band by inserting a capacitor parallel to Re. We thus obtain the
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Fig. 15-1 ' Fig. 152

circuit shown in Fig. 15-2. The amplification can be calculated from the
above equation by substituting Z; for Rg, when Z; is the impedance of the
parallel combination of Rx and Ci. We have for a frequency w:

1 Rk

Zy = R, =
¥ k// JwCyg 1 4+ jwRxCx

It is thus possible to reduce Zj in absolute value as much as required by
increasing the value of Cg. The maximum amplification which can be obtained
with a given y, ¢ and Rg is, for Zx=0:

rs + Rg
If it is necessary to approach this value, equation (15.1) shows that (u+1)Z;

should be small compared with rg+ Ry for all frequencies in the band,
that is

re + Ra

Z,
k P

<

Except for the case that Ry < (ra+Ra)/(u+1), when no capacitor is
necessary, Cy must therefore satisfy:

! <—ra+Ra or oC >————'u+1
oCyg ,u+l ¥ re + Ra
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for all frequencies in the band and therefore for the lowest frequency wmin
where the requirement is the most stringent:

+1
®min Cx > ’_‘:‘TRG
How many times &minCe must be larger thanp -1 = (1 + D/(ra+Ry)is deter-
mined by the required amplification 4. If Ry is large, we can write for this
amplification:

AQN

et joCg

If wminCp is very much larger than g1, the amplification at wmin will
hardly have changed either in magnitude or phase. If we are only interest-
ed in the magnitude of the amplification, the form v/ 02+ (1/0?minCy?)
will be the determining factor. At the assumed large values of ®@minCr, this
can be approximated by o(1+1/202w2minCs?). The reduction is then
inversely proportional to the square of Cy.

The condition wmmCx > 1/Re which is found in some books is in-
correct. -

Example: Consider an audio amplifier (wmt = 100 rad/s) using an
E80CC valve (u = 27, rs = 20 k), an anode resistor of 50 k& and a
cathode resistor of 100 k<2 (connected to —100 V). @miaCe > (s + 1)/
(ra + Ra) yields: 100 Ci > 28/(20 + 50). 108 or Cx > 4uF.

©minCi > 1/Ri would yield: 100 Ci > 1/105 or Ci > 0- 14F.

If the requirement for C; is satisfied, one might expect that the ampli-
fication produced by the circuit of Fig. 15-2 would be almost constant for
all frequencies above wmin. However, the actual behaviour is illustrated in
Fig. 15-3: the amplification begins to decrease above a certain frequency
®max. At still higher frequencies, this decrease is inversely proportional to
the frequency. The reason for this decrease is that the anode resistor is
shunted capacitively: the anode and its connections form capacitors with
the other electrodes, the surrounding earth, and the supply source leads.
The effect of these capacitors can be imagined as being allowed for in the
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1Ad|

Ef=———m o=

:
{

— )

Fig. 15-3 Fig. 15-4

first instance by a “parasitic” capacity C, to ground (Fig. 15-4). 1t is then
necessary to replace Rg by

1 R,
Z = ==
s =Raf joCs 1+ joRsCa

and the amplification will then be:

4 — —4Zs —pRg _
¢ ra + Zg ra+Ra+jwraRaCa
"‘,uRa . 1
ra + Rq . raRq (15.2)
1 -
tie re + Raca

The decrease becomes noticeable for those frequencies where wCaraRaf
(ra+ Rq) approaches unity.

In calculations the product of resistance and capacitance often occurs.
It has the dimensions of time and determines the duration of a phenomenon;
it is called the time constant and is usually designated by the symbol 7.

In the above, the time constant is CargRa/(rs+Ry), i.e. the product of
Ca and the value of r; and R, in parallel.

A normal value for C, is 10-30 pF, dependent on the type of valve and
on the method of wiring. Long leads considerably increase Ca, especially
when they run close to earthed points. But even with the best arrangement,
we still have to contend with the capacitance of the anode itself with respect
to the other electrodes and immediate surroundings; this alone usually
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amounts to several picofarads. It is then no longer possible to achieve an
increase in wmax by reducing C,, but only by reducing Rs. However, this
also decreases the amplification in the region between wmin and wmax, where
the effect of the capacitance is not noticeable. If we call the absolute value
of this amplification 440, we have according to (15.2):

#Rq
A W
a0 re + Ry

Since wmax i1s proportional to (ro+ Ra)/raRaCa, we find that the product
Aq0@wmax does not depend on r, and R,, but solely on
,llRa . ra + Rq _ E_
ra + Ra  raRaCs Ca

This is the product of amplification and the maximum bandwidth obtainable,
which has a constant value for a valve and is proportional to S/C,. One
should therefore select valves with a great mutual conductance and small
anode capacitance for the amplification of wide frequency bands.

If it is necessary to amplify over a prescribed frequency band, and a
single valve does not supply the required amplification, the process must be
repeated by placing several “stages” in series. Fig. 15-5 shows a two-stage
amplifier circuit.

Here the input of the second stage is not directly coupled to the output
of the first stage. Although this would be possible, the inherent disadvantage
of this would be that the d.c. voltage level of the second stage would be
higher than that of the first stage. Progressing in this manner would lead to
even higher d.c. voltage levels, which would necessitate high supply voltages.
The output signal is transmitted through capacitor C, which has the advan-
tage that the input of the second stage can be at a different d.c. potential
than the output of the first stage, for example once again at earth potential.
This is achieved by inserting resistor R,. To obtain a good transfer in the
frequency band, the impedance of C must be small compared to R,y. This
requirement is once again most stringent at the lowest frequency. Therefore:

1
wminRg
If this condition has been satisfied, the impedance of C will be small for

all frequencies in the band, and the input of the second stage will then
be connected almost directly to the output of the first stage. In other

L fen oo
]wmjnc
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Ra

words, R, will be virtually parallel to R, for these frequencies. Because
of this, Ry is usually selected large compared to R,. Since the “coupling”
of the two stages occurs by means of a “coupling capacitor” and a resistor,
we speak of resistor-capacitor coupling, abbreviated to RC-coupling. In
order to be independent of a possible d.c. voltage level from the signal
source connected to the input of the amplifier, it is normal to use such an
RC-coupling for the first stage as well (Fig. 15-6). Whilst in the case of
“direct” coupling without a capacitor a certain amplification of d.c. voltage
signals will occur, this is not so with indirect coupling, so that the effect
of slow changes on the point of operation is eliminated.

vi

Fig. 15-6
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One would expect that for each frequency the amplification of a two stage
amplifier would be equal to the product of each stage considered separately.
However, measurement of such an amplifier shows that the amplification
already begins to decrease at much lower frequencies than is consistent with
this expectation. Its cause is found in a phenqmcnon which has not been
considered so far, the “Miller effect”.

16. Miller effect

Not only does the anode of a triode show capacitance with respect to the
other electrodes, but the grid also possesses this property and has, amongst
others, a capacitance Ca; to the anode, and a capacitance Cgx to the
cathode. Once again, both capacitances are of the order of a few picofarads.
The result is that the grid will drain current from an a.c. signal voltage
source to which it is connected. These capacitances therefore contribute to
the input admittance of the circuit containing the valve, but not to the same
extent, as we shall see.

In order to calculate the input impedance we should consider Fig. 16-1,
where capacitances Cqy and Cyg are indicated. Current i1+ iz is drawn from
signal source v, where i1 represents the current flowing through C,y, and
iz the one through C,x. We obtain for current ii: h=jwCay(v1—0g)=
joCag(1—Aa)vi. The same current would be drawn from the signal source

Fig. 16-1

by an impedance vifir=1/jwCag(1—A,) to earth. For frequencies in the
band to be amplified, 4, is approximately equal to the amplification — A 49
calculated in the previous section, so that this impedance corresponds to a
capacitance of (1+ A440)Cag. This apparent magnification of C,, is called
the Miller effect.

For the current iz we find: is= JOCop(vi—vg) = JjoCor(1— Ar)vs. The value
of Ay varies between nearly 1 in the case of a cathode follower and virtually 0
for a circuit with cathode decoupling, so that the corresponding impedance
to earth i/ia=1/jwCyx(l—Ayx) always has a rather high value, and even
very high in the case of the cathode follower.
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The triode amplification circuit has a large input capacitance (1 +4q0)Cag
which, when successive stages are used, will be parallel to the anode
capacitance Cg of the previous stage, thus increasing the effective anode
capacitance and correspondingly decreasing the bandwidth.

T T,

< ]

A cathode follower without anode resistor has an input impedance Cgy
in parallel with a greatly reduced Cgg; therefore a much more reduced
capacitance value than in the case of the above amplification circuit. If a
cathode follower is placed between the two stages of a two-stage amplifier
(Fig. 16-2), the Miller effect will no longer be objectionable. The anode
capacitance of the first stage is hardly increased at all, and the large input
capacitance of the second stage is now in parallel to the very low output
impedance of the cathode follower and has therefore very little effect.
Indeed, amplification now equals the product of the individual gains of each
stage.

Let us finally note that the Miller effect which has here been considered
between the first and second stages of an amplifier, can, of course, occur
also between the signal source and the first stage when the signal source
possesses a sufficiently high internal resistance.

The capacitance Cag of valve ECC81 is approx. 1.5 pF, Cyx is approx.
2.5 pF and the capacitance of the grid with respect to points with fixed
potentials is approx. 2 pF. When I, = 3mA in the circuit of Fig. 16-3,
S will be 3.75 mA/V, so that, with # = 60 and R; = 33 k€2, the ampli-
fication at frequencies for which the cathode is sufficiently decoupled
will be approx. 40.

16]
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The input capacitance is therefore: 40 x 1.5 -+ 2.5 + 2 = 65 pF,
or approximately 70 pF including the wiring capacitance. The outpu;
impedance of the anode is Raz//rs ~ 11 k. If two such stages were
connected directly, the amplification would already be considerably
reduced at a frequency @ = (11-108 x 70 - 107121 = 1.3 - 108 rad/s
or f ~ 200 kc/s.

.In the case of the cathode follower of Fig. 16-4, the input capacitance
w;ll amount to approx. 4 pF without the wiring, and to less than 10 pF
with the wiring.

We should emphasize that the above-mentioned

| property of the
cat%lode follower only applies to those frequencies for which Ay is almost
entirely real.

At high frequencies, the amplification from the grid to the cathode will
pave a phase shift due to the cathode capacitance, resulting in an
input impedance having both a real and an imaginary part. The real
pz}rt can even become negative for certain combinations of values
with the inherent danger of parasitic oscillation. ’



17. Tetrode and pentode

There are two properties of the triode which must be considered as dis-
advantages for many applications. The first of these is the small gain to be
obtained with a triode; g is rather small, that is the effect of the anode
voltage on the anode current is, in comparison with the grid voltage, not
as small as could be desired. The second disadvantage is that, although
Cag is not great, it nevertheless becomes troublesome because of the Miller
effect. It would be helpful if this value were much smaller.

Both disadvantages can be reduced by placing a second grid with a
fixed voltage between the grid and the anode. This second grid both reduces
the effect of the anode voltage on the valve current and screens the capacitive
effect to the grid. It is therefore called the screen grid. In this case, the first
grid is called the control grid. The valve with two grids is called a tetrode.

Even if this screen grid is rather wide-meshed and does not have more
than 10 per cent “filling”, it can drastically reduce the grid-to-anode
capacitance, for example, from 5 pF to 0-1 pF. Similarly, the effect of the
anode voltage on the electric field in the neighbourhood of the cathode,
that is on the space charge, is also reduced. In order to prevent this not only
applying to current changes but also to the current itself and therefore to
the slope, the loss in the constant part of the anode voltage in this electric
field is compensated for by giving the screen grid a fixed, positive voltage
with respect to the cathode. The result is that part of the electron flow will
be collected by this grid, so that the screen grid will carry a current which,
in contrast to the control grid current, forms, an appreciable fraction of the
anode current.

The tetrode has an unexpected property which is sometimes useful, but
must be considered more often as a serious disadvantage. Measured at
fixed control grid voltages and fixed screen grid voltages, the relation be-
tween anode voltage and anode current gives curves as shown in Fig. 17-1
{(where g1 = control grid and gz = screen grid). This proves that the anode
current is reduced over a great part of the normal field of operation when the
anode voltage is increased. It may even become negative. This is caused by
electrons freed from the anode.

When an electron has just been emitted from the cathode, it has a low
velocity and therefore low kinetic energy, but on arrival at the anode, its
potential energy is reduced by ¢qVux (g=charge of the electron) and its
kinetic energy has gained the same amount. This means that it arrives at
the anode at a higher velocity than it had on leaving the cathode.
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Fig. 17-1

If the anode voltage is low, this kinetic energy at the anode will become
available in the form of heat. Above a certain value of the anode voltage,
however, the kinetic energy of the electron will become sufficiently large to
free further “secondary” electrons from the anode. There may be 3-5 sec-
ondary electrons for each primary electron but their average energy is smaller
than that of the primary electrons. If the anode voltage is lower than the
screen grid voltage, these secondary electrons will be attracted to the screen
grid, and since the anode looses more electrons than it gains, the anode
current will be negative. The current at the screen grid will be large and
positive. If the anode is positive with respect to the screen grid, almost all
secondary electrons are re-attracted to the anode and the anode current is
then aimost independent of the anode voltage, as desired. But, even when
the anode material has a smaller secondary emission than assumed above,
there is nevertheless always a region where the anode current is very strongly
dependent on the anode voltage and also a region where the current will
decrease when the anode voltage increases; the anode resistance of the valve
is then negative.

Two solutions have been found to eliminate these defects. The first is
the beam tetrode where a suitable arrangement of the valve electrodes
ensures that the secondary electrons cannot return to the screen grid. How-
ever, nowadays the beam tetrode is solely used as an output valve, that is
as a valve which is capable of delivering a considerable power, and where
the relatively small anode resistance of a few tens of kilo-ohms is an advan-
tage. The second solution is much more important in practice. It consists
of the inclusion of a third grid between the screen grid and the anode. This
third grid is usually kept at cathode potential, so that the secondary electrons,
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which as we have mentioned possess little energy, are forced back to the
anode. For this reason, the third grid is called the suppressor grid. It can
have wide meshes without affecting its operation, and because of its low
potential it carries hardly any current. A valve with three grids is called
a pentode.

Fig. 17-2 Fig. 17-3

With the pentode we have, in principle, to deal with four independent
voltages and four independent currents (Fig. 17-2). However, it is usually
possible to simplify matters considerably because Ij; and I3 are so small
as to be negligible, whilst the suppressor grid is usually connected to the
cathode, so that Vy3x=0. The relation between the remaining voltages and
currents (Fig. 17-3) is usually expressed as the two functions Iy=Is(Vyix,
Vook, Vax) and Iga=I;9(Vg1x, Vgox, Vax). As with the triode, these functions
can be reduced to linear relations for small signal voltages This yields
the following equations:

ig = Slavglk + SZangk + Saavar

igz = S12vg1x + S220g2k + Sa20ak 17.1D

ik = jg + iyz
where all coefficients S;; have the dimension of a conductance. Similarly
to the triode, where the amplification factor is almost constant for the entire
region of operation, the ratios S1a/S2a=pg2g1 and S14/Saza=p show little
tendency to change, so that once more the anode current can be written as
a function of a “control voltage” v

. Ug2k Uak
ig = S1a¥s = S1a (vglk +

Hg2g1 u

As a result of the screening caused by the three grids, the effect of the
anode voltage on the cathode current is extremely small. The anode voltage
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only affects the distribution ig to igzto a small degree. The internal resistance
of the anode (ia/vax)~1 = 1/Saq will therefore be very great; for most pentodes
its value lies between 0.5 and 3 M. Since the slope S14 is of the same order
of magnitude as in the case of a triode (milliamps per volt), the amplification
factor will also be very large (maximum about 10%). Factor ug21 of an
ordinary pentode has a value between 20 and 40, and in the case of power
valves between 5 and 20.

We can state of the ige-equation that Si2=aS14 and Sez=aSs, apply
in very good approximation. In the region of normal operation, a is almost a
constant determined by the valve’s geometry; its usual value is between
0-1 and 0-3. Since the anode voltage has almost no effect on i but exclusively
on the distribution i, to 7,2, it follows that S;2 almost equals —Sqq and is
therefore also very small. In most applications it is thus permissible to
approximate equations (17.1) by:

Ug2k Uak
ig = Sla(”glk -+ g + ‘ )
Hg2g1 14

(17.2)

igz _ aia
ir = + a)ia .

Only when high calculation accuracy is essential are the approximations
of (17.2) not allowed. Especially the ratio a=1igs/i, cannot be assumed to be
constant in this case. If a is known, I, can be expressed as a function of
Vg1x at various values of Fyax, and as a function of Vg at different values
of Vgix. This usually gives us data for a sufficiently accurate calculation
of the behaviour of the pentode as a component for linear amplification.
Fig: 17-4 shows these characteristics for valve EF86 (=6267).

Iq(mA)
W =0V
9.k
10 7 3k= 140V
v 250V ng
ak = | =
v 8 LtmA) \_ f‘k ov

-3V
-4V
lge1-8 6 -4 -2 0 o 100 200 300 40 500 V(W

Fig. 174
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As the cathode current, that is the sum of Iyz and I, is almost independent
of Vi, the right-hand side of the diagram shows that the distribution
between I and Iz undergoes drastic changes if the anode voltage becomes
considerably lower than the screen grid voltage. In our example this would be
for Var<60 volts at Vgexr=140 volts. In this case the above-mentioned
approximations are no longer valid.

For the valve EF86 (= 6267) with the quiescent voltages
Voik = —1.5V, Vger = 120V and Var = 200V
the following values were found for the quiescent currents and the
coefficients of (17.1):
Is = 3mA; Ipz = 0.5TmA;
S1a = 1,9 mA/V; Sas = 47 uA/V; Saa = 0.5 uA/V;
S12 = 0.38 mA/V; S22 = 10.5 uA/V; Saz = —0.2 pA/V;
This gives:
a =~ 0.2; pyepr ~ 40;
B~ 3800; rg = 1/Sus ~ 2 ML,

" As the positive supply voltage is often too high to serve directly as screen
grid voltage, it is usual to connect the screen grid to this supply voltage
through a resistor, so that the quiescent current flowing to the screen grid
provides the required voltage drop (Fig. 17-5). However, this would cause
a signal voltage to appear on the screen grid, which would be opposite
in phase to the one on the control grid and would therefore both reduce the
amplification of the control grid to the anode, and increase the imput
capacitance of the valve because of the consequent Miller effect capacitance
between g1 and ga.

For this reason, with a.c. amplifiers, the screen grid is decoupled by means
of a capacitor (C2) in a similar way as was done for the cathode. The imped-
ance of the capacitor at the signal frequency should be so small that the
signal voltage appearing at the screen grid has negligible effect on the screen
grid current and anode current. Both these currents are then almost entirely
determined by the control grid voltage. This makes it very simple to derive
the condition that Cz must satisfy. We have in this case ig2=aS140;. When
the screen grid impedance is Ca//R2=Zys, the screen grid voltage will be:
Vpe=—igaZyz=—aS1aZs2v;. Compared to the effect of the control grid
signal, the effect of this signal on the anode current is: aS1aZg2/ptg241.
This factor should therefore be small with respect to 1. Once more, this
requirement is most stringent for the lowest signal frequency wmin, so that,
assuming a large value for Rz, the decoupling will be effective when:

aS la 1 aS1¢

<1 or Co2» —«——
HUg2g1 ®ninCs Hg291Wmin
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Example: Audio amplifier stage, ®min =~ 100, using the valve EF 86:
I. = 3mA; a = 0.2; S1a = 2 mA/V; ugp1 = 40 give for Cz;

02-210-3
02-2107 ¢ L 01u4F
C> —60-40 #

If the screen grid is decoupled to the cathode instead of to earth
(Fig. 17-6), and the value of the screen grid resistor is sufficiently large,

Fig. 17-5 Fig. 17-6

the signal current 7, which flows through cathode terminal k, will be equal
to the anode signal current. The pentode then behaves as a triode with a
very high amplification factor. Because, when Vg2 =0, we have:

Uak
ia = Sla, (vglk + ¢ ) (17.3)
©
L R Uk
= g — —
and iy = ia s

The property of a triode, that the anode and cathode currents are the
same within very narrow limits, is used in a great number of measuring
circuits. The above formulae show that the pentode is less suitable for this
purpose.

As long as v is much smaller than uovge (which is usually the case
because u is very large), equation (17.3) can be approximated to:

ia = S1aVg1% 17.4)
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The amplification given by the circuit of Fig. 17-5 then yields:

Ua
Ag = = — S1aRa
43

The d.c. voltage drop through anode resistor Ry is V., — V= Rgls, where
I is the anode standing current.
After elimination of R, from both equations:

_ Sla

A =
a Ia

Vi —Va)

The ratio S1a/la can have a theoretical value of 10 volt-1 (at very small
current densities), but in general practice one finds values smaller than
2 volt1, so that the gain in this case will be of the same magnitude as the
d.c. voltage across the anode resistor in volts. This affords gains of a few
hundred; the amplification factor u (103-104) is therefore not reached at all.

S14/la can be increased by decreasing the value of I. (Fig. 17-7).
This is achieved by using a very large anode resistor if this is permissible
in relation to the bandwidth required. The valve is then adjusted to a
very small quiescent current (less than 0.1 mA). This is called a starved
amplifier, which can yield a gain of more than 1000 from a single valve
at a voltage of, say, 200 V across Rs. However, at normal adjustments
the gain in amplification obtained with the pentode, in comparison with
the triode, is much smaller than the ratio of the amplification factors

would lead us to believe.
S 1a 4
T v7)
‘_ 586
Vo ke =80V
3 Vit =150V
2.
1
02 1! 1 0_g To(ma)
Fig. 17-7

As the signal frequencies are reduced, adequate decoupling of the screen
grid can be achieved by using still larger capacitors. This can be avoided
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by using a cathode follower for decoupling in the manner shown in Fig. 17-8.
Here we use the fact that the cathode of the triode follows the grid accurately
and has a low internal resistance. This circuit has the additional advantage
for many applications that the pentode cathode is hardly loaded by the
voltage divider Ri—(C//Rz2), for which large resistors can be used.

x>0

Fig. 17-8

We can thus conclude by saying that, although the pentode has some
very real advantages over the triode, on the other hand the pentode often
introduces a number of complications in measuring circuitry, The pentode
should therefore primarily be considered as an amplifier valve for not too

low frequencies.



18. Cascode

Especially in instrumental electronics, a valve combination is often used
that combines a number of pentode advantages (high gain and small grid-
anode capacitance) with the accuracy given by the triode. This combination
consists of two triodes in series and is known as a cascode (Fig. 18-1). Both

triodes are adjusted so that their grid currents are negligible and therefore
carry the same anode current i,. By applying the triode equation to both
valves, we obtain for this current:

Talig = 10y -+ Va1 — (,lll -+ l)vk
Fagia = p2lge + Vg — (,MZ + Doar

where rq1 and rg2 are the anode resistances u1/S1 and ug/Sa.
After elimination of v41 from both equations, we find:

[(u2 + Drax + razlia = pa(s + 1)vg + pavge + va— (1 + D(uz + 1) vk

One now asks if such a linear combination avg+ bvg+ cvg can be selected
for g2 so that this equation for the anode current becomes once more a
“triode equation”, that is that i, is exclusively determined by the voltage
differences vgx and vax, so that the sum of the coefficients of v,, v, and
g is zero. This proves to be the case for a+b+c=1. Of all possible com-
binations, only two are of practical interest: a=1, b=c=0; and especially
a=c=0, b=1.
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In the first case, vgz=1,, and the cascode then behaves as a triode with:
re = (u2 + Drax +raz , gt = papz + p1 + pe

_ pape g+ pe
(uz + Dra1 +raz

In the second case, vga =1z, and the cascode behaves as a triode with

and

~ S

"a=(,u2+l)ra1 + rag , u= pius +/11

ma(pz 4+ 1)

= —— S
(u2 + Dra1 +raz &

and

The properties of the combinations do not differ much in either case. The
difference is the control of the grid of the upper triode, which is usually
effected more easily with vz than with v,.

Although the characteristic values of the cascode are therefore of the
same magnitude as those of the pentode, the cascode shows a number of
advantages.

Because the grid of the upper triode carries neither a direct current nor a
signal current, decoupling is much easier than that of the screen grid of a
pentode. Moreover, the anode current is exactly the same as the cathode
current, which is important for some applications in measurement circuits
as we have already stated. We shall see in Section 31 that the noise properties
of the cascode are better than those of the pentode. Finally, the Miller effect

M= 60 M = 3660
2x9 §= 2mAlV = S=2ma/v  practical
Fg= 30kO. rg= 18MA design

Fig. 18-2
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is also rather small in the case of the cascode. One could even think that
it had completely disappeared because the upper anode and the lower grid
do not necessarily possess a mutual capacitance (two separate valves), but
this is not correct. The lower anode also carries a signal, although approx-
imately a factor ug smaller than that on the upper anode. This signal still
gives cause to a Miller effect because of Cqag of the lower valve.

A disadvantage of the cascode is that the series connection of the valves
necessitates approximately twice the anode d.c. voltage of that used for a
single pentode or triode.

In theory there is no reason for stopping at a cascode consisting of
two triodes only. A three-element cascode with still more striking
properties can be obtained by connecting a third valve in series. When
the upper grids are controlled by the cathode, we obtain:

ra = rez + (ua + Drez + (us + 1) (u2 4 Draz
and pu=pi(pz + 1) (us + 1)

S has once more approximately the same value as S1.

Fig. 18-2 gives an example of a cascode circuit.

If, in a practical design, the cathode must be completely free from the
load imposed by the voltage divider, a cathode follower can be inserted,
(Fig. 18-3). This circuit can, of course, also be used with the pentode.

19. Balanced amplifiers

Apart from the cascode, other combinations of valves can also offer
attractive properties. One of these is the balanced amplifier, where two
valves (triodes or pentodes) are connected, not in series, but in parallel
(Fig. 19-1). These valves have a common cathode resistor connected to a
voltage supply. The latter is negative (sometimes zero) with respect to
the d.c. voltage level of the two control grids. As will appear from the
analysis, this circuit possesses a certain degree of symmetry, even -with
differing valves. This symmetry is greater when the cathode resistor is larger.
Therefore, a design with a very large cathode resistor is most frequently
used, particularly for measurement circuits. This circuit is known as “long-
tailed pair” because of the high value of the cathode resistor.

15} Vi Vz

Fig. 19-1

We can visualize a balanced amplifier as originating from the single
triode with a cathode resistor, but where the cathode is not decoupled by the
low impedance of a capacitor, but by the low internal resistance of the
cathode of a second triode.

This decoupling is not only effective for frequencies down to a certain
@min, but to direct current as well.

The following equations apply to the circuit of Fig. 19-1:

raify = p1v1 + va1 — (g1 + Doz
ragie = pavs + vaz — (uz + Dog
Uk = Ru(ir 4 ia), a1 = — Rg1i1, Vaz = — Rasiz
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By substituting the values of v, 7a1 and a2 from the last equations in the
first two equations, we obtain after division by (41+1) and (uz+1):

(Re + @1)ir + Reiz = 01’ (19.1)
Rii1 + (R + g2)iz = 02 '
J251 b2
where = 0, 2= o2,
TmAl T Tt
o rai + Ra1 0 ra2 + Ra2
=, g =
73 +1 H2 +1
We have from (19.1)
[Re(or + 02) + 010211 = (R + e2)vr’ — Revy’ (19.2)
[Ri{o1 + 02) + @102]ia = —Rev1’ + (R + e1)ve’ '

01 and g3 are of the same magnitude as 1/S and 1/S2. It is therefore easy
to make Ry large compared with these resistances. In this case we may write
for (19.2) as a first but good approximation:

(o1 +edii= o —
19.3
{(91 + g2)ie = —u1’ + v (193

so that iy = —is.

By connecting a signal to one or both grids, we obtain currents in both
valves which are equal in value but opposite in phase. They are proportional
to the difference v;'—u2’, and thus approximately to the difference 21—ue,
because u/(u+1)~1. The proportionality factor (o1+2)~! is for anode
resistors of the order of the internal resistance, approximately equal to $S
and increases to 15 in the case of smaller anode resistors.

The calculation shows that the degree of symmetry and the extent to
which currents #; and iz are proportional to the difference v1—uve, are
determined by the ratio o/Rx and the difference between ua/(u1+1) and
pz/(uz+1). It is possible to render the factor /R small by giving a large
value to Re. Hence the “long-tailed pair” circuit. The consequent degree
of symmetry is adequate for many applications. In Section 28 we shall
discuss in detail the measures which can be taken, when necessary, to improve
the symmetry so that the valve currents and therefore the output voltages
Val, Vg2 OF Va1—70a2 Will be very accurately proportional to the difference
v1—v2. A possible improvement is indicated in the following example.

A “long-tailed pair” circuit using the valve ECC81 (=12AT7) with a
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0 +250V
[leOkn d]lzom
-0 O

ECCE!
vy V2
L ECC8? -
- 150kfL {4 =60
: S=1.5mA[vV
~300V rg= 400
Fig. 19-2

cathode resistor of 150 k2 and anode resistors of 120 k@2 (Fig. 19-2) gives the
following values for the quantities g1 and gz in (19.2):
ra + Ra (40 + 120) - 10°

2.6 k2
PENS 61 ~

so that Ri+p1 and Ri+ g2 differ from R by approximately 1.7 per cent.

If a valve circuit is used for the cathode resistor (see p. 34), we obtain the
circuit of Fig. 19-3. Here we have: Re60 - 75 kQ2=4.5 M, and the differ-
ence between (Rx @) and Ry is now only 0.06 per cent.

The difference between the factors u1/(u1+ 1) and pa/(u2+ 1) is determined-
by the values of 3 and ps. Presuming the most unfavourable case, that u:

—O+ 250V
[:]uokn [J,]uokn
O O~

ETC8!

" A

||]|—<

-300Ve-
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is 10 per cent larger, and pq is 10 per cent smaller than the nominal value 60
(the maximum deviations occurring in practice) we find: p1/(u1+ 1)=66/67
and p2/(uz+ 1)=54/55, the difference being approximately 1/300.

-t
-

Apart from its use as “difference amplifier”, the “long-tailed pair” is also Y V,
often applied because of its favourable behaviour regarding large signal ‘

|
voltages. %’ &
. If I

Fig. 19-5a

~25V ; : T2

Vi .
1 ; -

-5 -4 -3 -1 —_— t{qk
Fig. 19-4 '

We assume in Fig. 19-4 that valve Bj, having a large cathode resistance Ry,
is adjusted to point P of its characteristic. The valve current is 2 mA and )
the cathode voltage + 3 V. If we now adjust the cathode of the corresponding |
valve B; also to +3 V and the grid to —25 V (Vgz=—28 V), the current
flowing through this valve is negligible, so that no change occurs in the
situation when connecting the cathodes of both valves. All the current
flowing through Ry continues to flow through the first valve and no current
will pass through the second valve. An increase in the grid voltage of Bz only ‘
causes a change in this situation when a value of approx. —2 V is reached !
(Vgx=—5YV), because this valve now commences to pass current. When the “

Vi-V,
Fig. 19-5b

grid has attained earth potential, the currents through the two valves are }
about equal, and Vj is then approx. 3.6 V. If the grid voltage of Bzis increased V= [)(flv
still further, the situation will reverse itself: Bs will take over an ever in-

creasing part of the current until at approximately +2 V B will pass almost

all the current and B; will be cut off. At still higher grid voltages of Bs, By

no longer takes any part, and B; will now behave as a cathode follower. w
The cathode thus follows the highest grid voltage and the current transfer

between the two valves takes place in the short range from V;—7V2= ~300VO
—2Vto V1—Vz=+2V (Fig. 19-5). The width of this range may be 1—10

||"-—4
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volts, depending on the type of valve and its adjustment. The steepest slope
in this current characteristic is about (01 +p2)~* ~ 2/S. The circuit there-
fore operates as a difference amplifier for small signals, but it will operate
as a limiter for larger signals. In the ideal case of a perfectly constant
cathode current we obtain curves I1 and I» of the diagram. Fig. 19-6 shows a
possible design of such a limiting circuit. We shall discuss its applications
in Section 37.

20. Semiconductor diode and transistor

Apart from the valve types discussed earlier, transistors also play an
important part as active components. It is commonly thought that the
transistor is basically different from the valve, but this is not true, at least
with respect to its external behaviour. As an active amplifier element, there
is hardly any principle difference between the behaviour of the transistor
and that of the valve, and any differences that do exist, are mainly quantitative.
On the other hand, the physics of the transistor are entirely different. The
physics of a valve are so simple, apart from some refinements, that it is not
difficult to explain its physical action, but the physics of the transistor are
much more complex and certainly need much more explanation.

Although it is possible to present the transistor as a component with
certain properties that can be measured at its terminals, this would appear
rather unsatisfactory, especially in a book which devotes attention to accu-
racy and limitations. On the other hand, a comprehensive discussion of
semiconductor physics is not desirable. This section will therefore compro-
mise by giving those facts from the wealth of information in this field,
which help to form a picture of how the idealized semiconductor diode and
transistor operate. We shall also devote some space to various transistor
manufacturing techniques, and to the operation of a rather different type,
the field-effect transistor.

In the next section we shall discuss the same points in relation to transistors
as we have done with valves: operation as linear amplifying elements,
simple fundamental circuits, properties at high frequencies, and choosing
the working point. Because of the high temperature dependence, this last
subject will be discussed in greater detail than for the valves.

The current carriers do not move in vacuo (or rarefied gases) in semi-
conductor diodes and transistors, but in solid state crystals, usually ger-
manium or silicon. These materials belong to the category of semiconductors,
a group of substances which have a conductivity which lies between that of
a conductor and that of an insulator.

Only valence electrons of the atoms can take part in current conduction
in solids. The difference between good and poor conductors is determined
by the energy necessary to make the atoms lose these electrons, and by the
ratio of this energy to the average thermal energy of the electrons. The latter
is proportional to the absolute temperature.

For good conductors the situation is that with a single, isolated, atom, the
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valence electrons are tied rather strongly to this atom, necessitating con-
siderable energy to free the electron from the atom. If this has succeeded,
there will be a “hole” left in the atom which has a great affinity to other
electrons. On the other hand, the mutual exchange phenomenon between
the atoms in the crystal lattice makes the adherence of the valence electrons
to the atom very weak, so that hardly any energy is necessary to liberate
such an electron. This can be visualized as follows: no real hole is formed
in the atom by the absence of an electron, but the absent negative charge
has been spread out. The energy of thermal motion is sufficient at room
temperature — and even at much lower ones - to liberate all valence electrons;
these can move quite freely through the solid. These “free electrons” have a
random thermal motion, as well as a field movement directed by an electric
field, if present.

The velocity of this directed movement is determined by the “mobility”
#n of the electrons in the material, which is defined as the mean velocity in
the field direction per unit electric field strength. The conductivity of the
material is therefore determined by the product of the number of free
electrons per unit of volume and their mobility.

Good conductors are characterized by the fact that their conductivity
decreases at higher temperatures. When the temperature is increased the
mean velocity of the free electrons also increases and hence their chance of
colliding with the atomic crystal lattice. This diminishes the mean velocity
in the direction of the electric field.

In the case of the semiconductors germanium and silicon, the four valence
electrons are not only strongly bound in the individual atom but also in a
crystal lattice. The bond between two adjacent atoms in the cubic lattice
of these elements is ensured by the interchange of valence electrons. An
energy of about 1 eV is required to liberate such an electron, and their
average energy at room temperature is approx. 25 meV. As a consequence
there are relatively speaking very few free electrons and the conductivity
of these elements is very low, although the mobility of the free electrons in
these substances is of the same magnitude as with good conductors. As
the number of valence electrons which have sufficient energy to become
liberated, increases roughly exponentially with the temperature, the con-
ductivity at high temperatures will increase rapidly in this case.

The specific resistance of Ge and Si at room temperature is approx.
50 £ cm and 200 k2 cm respectively, compared with 1.7 42 cm for
copper. The mobility of electrons in these three elements, in the same
order, has the values 4000, 1500 and 30 cm?/V s. At 100 °C, the specific
resistance of germanium has already reduced to 5 Q2 cm.

rw
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We have mentioned that a “spread out” positive charge remains when an
electron has been liberated in a conductor. Not so with semiconductors.
Here a concentrated positive charge remains in the lattice in the form of a
“hole”. These holes have such a great attraction to electrons, that they are
“filled” quite easily. However, because of the paucity of free electrons, the
chance that a hole will be filled by a free electron is small. This task is
preferentially carried out by valence electrons of adjacent atoms, thus creating
new holes in those atoms. The result is an apparent displacement of the
holes through the material before capturing a free electron, with which
they recombine, thus causing the disappearance of both a hole and a free
electron. If an electric field is applied, the movement of the holes will
become “directional” and we can therefore also speak of the mobility of the
holes. The displacement of the holes is so rapid that their mobility up is
almost the same as that of the free electrons. The ratio x5 : un has an approx-
imate value of 0.5 for Ge and 0.3 for Si.

The charge transport in semiconductors occurs therefore by two distinct
processes, which may be described as a movement of electrons and a move-
ment of holes. In the state of equilibrium, the number of free electrons and
holes created by the thermal motion (M/cm3 s) must equal the number which
disappear by recombination. The latter is proportional to the number of free
electrons present (r/cm?®) and the number of holes present (p/cm3), so that
we have:

M
M=2A4np or np=7 (20.1)
where 4 is a constant.
With the pure material, a hole will always occur for each free electron, so
that here n=p=+/MJ). At room temperature the constant v/ M]} is approx.
1013/cm? for germanium and approx. 101%/cm3 for silicon.

An essential point is that it is possible to make the number of holes
unequal to the number of free electrons by the introduction of suitable
impurities. For example, if a homogeneous impurity of an element with five
valence electrons is introduced into the material, its atoms will be easily
assimilated in the lattice, and four of the five valence electrons will ensure
the bond with the neighbouring atoms. The fifth electron is essentially
superfluous and has therefore a weak adherence to its nucleus. It can move .
as freely through the material as the valence electrons of true conductors
and it leaves behind not a hole but a “spread out” charge. Such a “donor”
atom therefore produces a free electron but no hole. If the impurity is
N atoms per cm3, and if N is much greater than /M/2, we have
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n~ N
and with np=M/A:
p=~ M|AN

The number of holes can be made greater than the number of electrons
by using “acceptor”-elements with three valence electrons as impurity.

According to whether »n is larger or smaller than p, we speak of »- or p-
material. If n=p, the material is called intrinsic. This is not necessarily a pure
material, for even when the number of atoms with five valence electrons
equals the number of atoms with three valence electrons, we have n=p. In
other cases it is also possible that both types of impurity are present but to a
different degree. The materials used in transistors have n/p and p/n ratios
in the order of 104-108, which, as can be easily established, amounts to an
impurity of approx. 1 in 108!

We shall now see how diode action can be obtained by making use of
these n- and p-materials. Fig. 20-1 shows a piece of n-material and a piece
of p-material, as well as the schematic representation of the concentrations
of holes and free electrons. It should be borne in mind that it is not possible
to give a correct representation of the actual concentration ratios normally
encountered in transistor material.

If one imagines the two pieces combined to a single bar, the situation
shown in Fig. 20-2 is created. A sharp junction from p- to n-material occurs,
which is called a p-n junction. Such a junction is achieved in reality by
introducing impurities in one crystal, which creates n- and p-regions, which
will merge into each other. The situation sketched in Fig. 20-2 cannot be
maintained. Because of the thermal motion, more electrons will diffuse at
the junction plane from left to right than from right to left and, vice versa,
more holes from right to left than from left to right. This would continue
until the concentration of electrons and also the concentration of holes
were equal in both pieces, were it not for the fact that an electric field is
formed at the junction plane because of the displacement of charge. This
field will very soon prevent any further diffusion. A positive charge will
be formed on the left-hand side of the junction and a negative charge on the
right-hand side. The regions in which these charges occur prove to be
extremely small,

If the dimensions of the bar are greater than the width of this junction, the
potential difference between the two halves can be easily calculated. In the
n-material outside the junction, the normal equilibrium concentrations which
we shall call n, and p, will prevail; in the same way the equilibrium
concentrations n, and p, will still prevail in the remainder of the p-material.
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We now have for the junction region, in the final situation, the same
number of electrons moved by diffusion to the right, as are forced by the
electric field to the left. The number of electrons diffused to the right-hand
side per unit of area is given by —Dn(dn/dx), where Dy, =diffusion constant
for the electrons. The corresponding number of electrons forced to the left
by the electric field strength E is + uqEn, so that

’_Dn dx ='llnEn

Dy dn

or Edx = — c—
Hn h

Integration over the layer thickness gives:

Dn In Ny
Hn hp

Vd=Vn—Vp=

Einstein has derived the following relation between p and D (Einstein’s

‘Diffusion Law):

£ _ 9

D kT
where g=charge of the charge carrier, i.e. the electron, k=Boltzmann’s
constant and T=absolute temperature of the medium. The value of g/kT
for T=300 °K is about 40 volt—1.
Using Einstein’s relation, the above equation can be written as:

(20.2)
q nyp q Dn

as the same derivation is valid for the holes, and moreover (20.1) gives

AuPn=nNpPp.
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With the usual impurities the value of V3 amounts to a few hundred
millivolts. It can be calculated from this value how large the charge displace-
ment in the junction area must be to cause this potential difference. It then
appears that the junction width is very small, of the order of 1 micron.

[

Fig. 20-3

Voltage Vg is not available between the external terminals. As soon as an
external connection is established between the terminals of the bar, there
occur also potential differences across the junctions of the bar to the ter-
minals and the sum of all potential differences is zero. However, when a
voltage supply source ¥y is inserted in the external circuit, the equilibrium
will be upset and a current will pass through the circuit (Fig. 20-3). To
calculate this current we once again assume that the charge displacements
are restricted to an extremely thin layer. In this junction region, the electron
current density I, (=charge displacement by the electrons per unit area per
second) must everywhere be equal to the difference between the electron
diffusion current density and the electron field current density:

dn
n=Q('—Dn dx —,unnE)

It is difficult to manipulate this equation with exactness but we can apply a
justifiable  approximation. In view of the thinness of the junction region,
dn/dx and E are relatively large, so that current densities gDyn(dn/dx)
and g un nE are usually very large compared with the current densities I,.
The previously used equation

an— E
ndx—,unn

will therefore still apply to a very good approximation. Integration then
yields: '

Vs kT na*
d T e .

*
q np
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where Vg* is the potential difference across the junction and n,* and np*
are the electron concentrations at the boundaries of the junction region
r with the #- and p-material.

Since the potential differences at the external connections will not change
when the contacts are good, it follows that, neglecting the voltage drop due
to the ohmic resistance of the material, this new voltage must differ by an
amount — Vo from the original voltage Vg, with the polarity of Vo indicated
in the illustration:

kT Hn

i Va*=Va—Vo=—Vo+—
q n»

so that Vo= —

e In
[ I Y P

— \i,——-—P
'n o p; »

l<o

Fig. 20-4

As we have assumed that a charge displacement only occurs in the junction,
and therefore outside this region the material to be electrically neutral,
we have (Fig. 20-4):

m*—ng = pn*—pn
and
Pp*—pp = np*—np
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Dividing the first equation by ny yields:
* * __
na -1+ DPn DPn

Ny nn

We have seen that pn/n, is small (approx. 10-3). We can therefore neglect
(Pn*—pn)/nn with respect to 1 for small disturbances. Putting #,*/n,~1 and
DPp*[pp~1, we find:

kT n ave
Vo=———ln——p; or np* = npekT
q9 np
and
kT qVe
Vo=——1In Pn Of pu* = ppekT

q ) 2%

From further calculations then follows that the concentrations show an
exponential dependence on the distance to the junction.

For V<0, we obtain the situation shown in the upper part of Fig.20-4. In
the case of the “majority charge carriers”, i.e. the electrons in the n-region
and the holes in the p-region, the relative disturbance is thus much smaller
than with the “minority charge carriers”.

The advantage gained by this calculation is that the junction with its
strong potential and concentration difference no longer needsto beconsidered.
The current can now be calculated from the situation in the “quiescent”
regions away from the junction, where the electrons and holes are transported
by a much smaller concentration gradient and the weak field due to ohmic
voltage. Both diffusion and field currents are found in the neighbourhood
of the junction, while at a greater distance from the junction only field
currents will occur. .

To calculate the current, we reason as follows: In the n-material the
concentration drops are of equal size for both electrons and holes in the
neighbourhood of the junction. Since there is not much difference between
their diffusion constants, the diffusion currents will be of the same order of
magnitude. Because there are more electrons than holes (at least for small
departures from the equilibrium position) the electron field current at the
junction will still be important compared with the electron diffusion cur-
rent, while the much smaller hole field current does not play any part
compared with the hole diffusion current. The latter represents here about
the entire hole current and can easily be calculated from the known differ-
ence in concentration at the junction and at a greater distance from the
junction. Similarly, the electron current in the p-region can be identified with
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the electron diffusion current, and can be calculated from the known differ-
ence in electron concentration. Assuming further that the creation and
recombination of electron hole pairs can be neglected in the very narrow
junction, it follows that the hole current at the boundary of the p-region is
equal to the current at the boundary of the n-region. As this also applies to the
electron currents, the total current I equals the sum of the diffusion currents
of the “minority charge carriers” at the boundaries of the junction.

We have attempted in Fig. 20-5 to explain the composition of the
current in the various regions. The length of the arrows is a measure of
the magnitude. This schematic representation corresponds to the situa-
tion shown in Fig, 20-4 (upper part), where the concentrations are
larger at the junction than in the rest of the materials.

n p '
e — —llz_  I_|trew
Y. I o el
particles< € == }diffusion
e| — — — -
Y - |l — - }total
electrical I
current
Fig. 20-5

The diffusion current of electrons in the p-region is proportional to the
concentration gradient np*—np=ny(e2V0/¥T—1), Similarly, the hole diffusion
current in the n-region will be proportional to py(e?V°/*T—1), so that we
find for the current in a semiconductor diode:

I = Io (e?V/kT — 1) (20.3)

where V is the voltage across the diode.

4
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Fig. 20-6

By introducing different impurity concentrations into the materials
(np # pn) we can arrange that one type of charge carrier prevails at the
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junction and one could then, for instance, speak of the “injection” of holes
from the p-region into the n-region.

The relationship between 7 and ¥ (continuous line in Fig. 20-6) shows a
great similarity to that of a valve diode (broken line). The vacuum diode car-
ries a positive current even at negative anode-cathode voltages, which ap-
proximates to zero at large negative voltages. In the case of the semiconductor
diode, however, the current reverses its sign at zero voltage, and approximates
to a fixed and relatively small value Iy for increasing negative voltages; this
value I is almost reached at approx. — 1 volt. With positive voltages, the cur-
rent increase with the semiconductor diode is approximately a factor e per 25
mV. In the case of the vacuum diode, the relation at small current densities
has the form I=1Ip e?V/*T | where T=cathode temperature and where ap-
proximately 100 mV is required for such an increase in current.

As for the vacuum diode, we distinguish between a “forward” and a
“reverse” direction. It follows from the above that the terminal of the p-
material must be positive compared to that of the n-material with regard
to the forward direction.

It is now relatively easy to explain the operation of the transistor. Let us
begin by assuming that the diode receives such a voltage that it is reversed
(Fig. 20-7).

T p U P

Fig. 20-7

The concentrations of electrons at the boundary of the p-region and of
holes at the boundarys of the n-region are both practically zero, while the
small current Iy passes through the diode (Fig. 20-6).

If it were possible to increase the concentration drops in the n-region, the
hole current would increase, while the electron current, determined by the
concentration drop in the p-region, would remain unchanged. The result
would be that the total current through the junction would also increase.

Such a change in the concentration drop can be effected by arranging
a second conductive p-n junction at such a short distance from the first
junction that the concentration drops of the two junctions will merge. The
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left-hand side of Fig. 20-8 shows the situation when the distance between the
two junctions is large compared with the diffusion area. It is obvious that the
concentration drop of the holes at the conducting junction will not affect
the concentration gradient at the reversed junction. However, this will be the
case when the distance is sufficiently small (Fig. 20-8, right-hand side). The
hole concentration at the boundary of the conducting junction is dependent
on voltage V across this junction (pn*=p,ed?/k T). When the distance be-
tween thetwo junctions is small enough, a concentration: gradient will occur
which is proportional to e?V/¥T and a proportional hole current will pass
through the reversed junction. It is thus possible to control the current -
through one junction by varying the voltage across a second junction,
similar to what happens in a valve when the anode current is controlled by
the grid-cathode voltage. A transistor is a combination of two junctions
which makes this control possible (Fig. 20-9).

emitter  base collector
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Fig. 20-9

In order to maintain the concentration gradient in the thin layer of n-material
(called the base of the transistor), we need a continuous supply of holes on
the side of high concentration. It is as though the holes were emitted by the
adjoining p-material. The latter is therefore called the emitter. The holes are
transported at the other side of the base to the other p-material, which is
called the collector.
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We have mentioned that the electron current through the base-collector
junction does not change when the base-emitter voltage is altered. This is
different for the base-emitter junction which is conductive, so that the
electron current through it will vary with the voltage across it (broken line
in Fig. 20-9). This current flows via the base contact. One attempts, of course,
to keep it small compared to the hole current by an appropriate choice of
impurities; nevertheless the base current is still a significant fraction of the
total current: 0.1-10 per cent are possible values.

The ratio of the changes in the hole current and the total current through the
base-emitter junction is called the emitter efficiency y. Moreover, a number
of holes will recombine after entering the base; only a fraction 8 reaches the
collector. For this too it is useful to make the base thin; the base efficiency then

P n P
—=I —=l=ocl,
G‘) emitter | base| collector []
‘ lb=(1-oc)I, sé(e-,

ol —f-

Fig. 20-10

approximates to 1. Changes in the emitter current I., Fig. 20-10, occur for
a fraction a= gy in the collector, while the remaining current (1 —a)l. passes
through the base contact. Originally, a was the symbol for the “current amplifi-
cation factor” of the transistor. However, it proved to be more important to
use the ratio of the collector current change to the base current change a’=
a/(1--a), which has also the advantage of a greater ease of manipulation as
a figure. Nowadays we nearly always mean by the current amplification
factor a’. Any possible misunderstanding disappears when the quantity is
mentioned: a lies between approximately 0.9 and 1; o’ between 10 and 1000.

Apart from the transistor in the configuration of Fig. 20-8 (p-n-p transistors)
it is also possible to manufacture transistors having p-material for base and
n-material for emitter and collector (n-p-n transistors). Their behaviour is
similar, except that all d.c. voltages and currents change their sign, while the
charge transport mechanism is mainly achieved by free electrons instead of
holes.

It may be useful to note that most transistors are not as symmetrical in
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design as would appear from Fig. 20-8. Not only do the dimensions vary
but also the degree of impurity of emitter and collector. Although again
a transistor will be obtained when changing over emitter and collector,
it will have poorer properties for most applications.

The usual symbols for transistors are shown in Fig. 20-11. The arrow in
the emitter indicates the direction of the d.c. current in the emitter. Under
normal conditions as an amplifying element, the collector is negative with
respect to the emitter in the case of a p-n-p transistor, and positive with an
n-p-n transistor. With both types, the base voltage lies between the collector
and emitter voltages, which is different to the comparable grid voltage of
a valve.

The elements used for transistors are germanium and silicon. The latter’s
great advantage is that current Iy (see equation (20.3)) which determines
the leakage current between base and collector, has a much smaller value.
Typical values for the leakage current at room temperature are 10-4-10-6 A
for germanium and 10-8-10-10 A for silicon. In both cases the leakage cur-
rents have a certain dependence on the temperature (Si: 15 per cent and Ge:
10 per cent per °C). This means that in the case of germanium the leakage
current will attain the same order of magnitude as the base current for

“moderate increases in temperature, which may completely spoil the operation.”

With silicon transistors this will only occur for much larger temperature
increases.

Voltages and currents are of the same order of magnitude for both
materials. They differ considerably from those met in valves. In most cases
the base-emitter voltage is less than 1 volt, and the collector-emitter voltage
does not exceed a few tens of volts. The admissible currents vary from a few
milliamps with the smallest types to a few amps with power transistors.

The most important constructional difference found in the various manu-
facturing processes is the one between alloying and diffusion techniques.
Alloying was the only possible technique to be used at the advent of transistors.
It consists of forming alloys with the desired impurities for the emitter and
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the collector on both sides of the “base”-material. The effective base thickness
is determined here by the penetration of the alloys. The variations in the
base thickness are quite considerable and result in large differences between
the parameters of various transistors of the same type. Another effect of this
great variation is that one has to be content with a relatively thick base slice.
This gives the transistor poor high-frequency properties, because any change
in the base-emitter voltage necessitates, for the corresponding change in
current, a certain change in the concentration of the minority charge carriers
in the base. When the base is thick, there is a greater change in the number
of charge carriers, corresponding to a greater apparent capacitance between
base and emitter. We shall discuss the high-frequency properties of transistors
in the next section.

Another effect inherent in the alloy transistor is the “Early effect”. In
order to obtain a transistor with good amplification properties, the collector
material must contain considerably more free charge carriers per unit volume
than the base material. When the junction between base and collector is
" reversed the space charge area is mainly in the base. If the collector voltage is
now increased, this junction region will become wider and hence the effective
base width will become smaller. The concentration gradient in the base
will now increase in the first place, causing a corresponding increase in the
emitter current. Furthermore, the base efficiency and therefore the current
amplification factor o’ will also increase slightly because of the narrowing
of the width of the base. Thus, where in an ideal transistor, as long as the base-
collector junction is reversed, the collector voltage has practically no effect
on the passage of current, is in an alloy transistor the effect of the collector
voltage still considerable.

In diffusion techniques one diffuses a thin layer into the collector material.
This thin layer forms the base and the method allows one to determine the
base thickness more directly than in the alloy process. When we also consider
that the diffusion process takes place far more gradually than that of alloying,
it will be obvious that a much greater precision in the base thickness can
be obtained. This makes it possible to manufacture transistors with very
thin base width and hence much better high-frequency characteristics.

The collector of a diffusion transistor usually contains less impurities than
the base. Here the advantage is that when the collector voltage is raised, the
space charge region at the base-collector junction will spread in the direction
of the collector, so that the effective base thickness will not alter to such an
extent and the Early effect will be much smaller. Another favourable result
of the diffusion process is that the charge transport in the base region occurs
largely by an electric field, so that the diffusion current becomes a smaller
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fraction of the total current. In accordance with what we noted regarding
alloy transistors, this means that the effective capacitance between emitter
.and base becomes even smaller than would directly result from the effect
of the thinner base.

A disadvantage of the lower conductivity of the collector material is that
a relatively large resistance is present between the collector terminal and the
collector-base junction. This can be troublesome especially in high-frequency
applications. It can, however, be avoided by making use of the “epitaxial”
technique, where a thin layer is grown on the crystal. This layer has properties
which permit the base to be diffused into it. The crystal itself can then be
more strongly contaminated and therefore be made more conductive. The
emitter can be positioned on or in the base in a similar way.

The denominations “planar” and “mesa” transistors refer to certain
variations in the techniques described above which give better electrical
characteristics for some purposes.

Another component with amplification properties, the “field effect transis-
tor” has been improved so much during recent years that it can now be
used with profit in electronics.

The operation of the field effect transistor is based on the capability of
affecting the conductance of semiconductor materials by varying the space
charge area present with a reversed junction (see Fig. 20-12). Let us first
consider the case when there is no potential difference between S and D.
If we now apply voltages across the two p-n junctions in the reverse direction,
a corresponding space charge is created because free charge carriers are no
longer present in the junction area. The width of the area will be greater
-when the amount of impurity is small, and will increase with the reverse
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voltage for a given amount of impurity (a in the diagram). If a potential
difference is applied between D and S, a current will pass through the material
and an electric field will be formed in the direction of the junction. This
breaks the symmetry in the distribution of the space charge over the junction
area, and the resulting situation is indicated by b. It now appears that
above a given value of Vps, the “pinch-off” voltage, conductance takes place
only through a narrow channel, and there is no significant increase in
current when Vpgs increases. However, the value of this “saturation current”
decreases approximately proportional to the square of the reverse voltage,
and therefore characteristics as shown in Fig. 20-12 apply to field effect tran-
sistors. The symbols used are S for source, D for drain and G for gate.
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The similarity between a field effect transistor and a thermionic valve is
striking. Not just the forms of the characteristic curves, but also the values
of the parameters (slope, internal resistance and amplification factor) are
similar to those of the triode and pentode. Moreover, the current to the
control electrode is the same as the reverse current of a p-n diode, which
need not exceed 10—° A when silicon is used. This is of the same order of
magnitude as the grid current of a good-quality valve. The only difference
is that the voltage Vps is considerably smaller than the anode-cathode
voltage in a valve. A typical value for this is approx. 10 volts. This is high,
however, when compared with the normal collector voltage of an ordinary
transistor.

The concept of the field-effect transistor is relatively old. In 1928,
Lilienfeld applied for a patent on “a device for controlling electric
current” (USP 1,900,018). His principle was illustrated by a sketch,
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corresponding to Fig. 20-14. The field-effect electrode (G) is insulated
from a thin layer of semiconductor material (copper sulphide) by means
of a layer of insulating material (aluminium oxide). When the voltage
at (G) is changed, the number of charge carriers induced capacitatively
into the semiconductor will also change, and hence the conductance
between the two terminals S and D. In order to achieve a large relative
change in conductance, it is necessary that the semiconductor slice is
extremely thin. Lilienfeld proposed making a notch in the material for
this purpose. However, due to various surface effects, which were not

* dn gy
\Y4 J—copper sulphide

—aluminium oxide
———aluminium

Fig. 20-14

understood until much later, the available control proved to be rather
small. In order to avoid these surface effects, Shockley proposed in
1952 the use of a reversed p—n:junction, which led to the development
of the above-mentioned field-effect transistor. The last few years have
witnessed such an improvement in the technology of thin layers that it is
now possible to make usable transistors which differ basically very
little from Lilienfeld’s configuration. The most advanced of this type
of transistor is now the MOS (metal-oxide-semiconductor)-transistor
where the conductance in a thin channel at the surface of a silicon
crystal is controlled by a ficld-effect electrode, the latter being insulated
by means of a thin layer of SiOz. The current to this electrode is of the
order of magnitude of 10-12 A,

Because field effect transistors bear a remarkable resemblance to valves
as amplifying elements, it will only be necessary to mention them in isolated
instances in the following sections.



21. Transistor circuits

Calculations with the transistor as a linear amplification element can be
carried out in the same way as for valves. When the collector current I, and
base current I, can be expressed as functions of the base-emitter voltage Vpe
and the collector-emitter voltage V.., these functions can be expanded into
a power series for a given point of operation. It is again possible to limit
ourselves to the linear term for small signal operation, and by only consider-
ing deviations from the quiescent position, we obtain an equation for the
collector current

o= s(v,,, 4 e ) @L.1)
©

which is analogous to that for a triode.

Because the collector d.c. current changes by approximately a factor e
for a change of 25 mV in the base-emitter d.c. potential, it means that the
curvature of the corresponding characteristic curve is much stronger than
that of the curve for a triode. The signal value for which a linear approxi-
mation of the characteristic curve is still allowed, is therefore much smaller
than with a triode and does not exceed a few tens of millivolts for most
applications. ’

The exponential relationship between collector current and base-emitter
voltage results in the ratio S/I. being hteoretically independent of the value
of the collector current: Io=1I., e?Vbe/XT, gives S=dlc/dVye=q[kT - Io;
therefore S/I;=q/kT~40 volts~! at room temperature. With the same col-
lector current, S will decrease by approximately 0.3 per cent for each °C of
temperature increase.

As a result of the voltage drop in the base and emitter material, the voltage
across the junction is smaller than the voltage V. across the terminals.
Since this voltage drop is greater at larger current values, the ratio will also
decrease at increasing current values with transistors. Fig. 21-1 shows S/I,
against I, for a small transistor (OC71). Comparison with the corresponding
Fig. 17-7 for a valve shows, that with the same current, this ratio will be
10-30 times larger for a transistor.

As long as the base-collector junction remains reverse biased, the effect
of the collector voltage on the collector current is relatively small; in other
words, the transistor resembles the pentode in this respect. This is confirmed
by the large values which the amplification factor u has in practice. ’
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Fig. 21-1

As mentioned in the previous section, the effect of the collector is
very small, especially in the case of transistors made with the diffusion
technique; # has values of 1000 and over. With the alloy transistor this
value is smaller by one order of magnitude and x appears to be pro-
portional to v/ ¥, to a good approximation.

The effect of the collector voltage on the collector current can be neglected
in many cases. Equation (21.1) can then be simplified

ic = vag (21.2)
The equation for the base current can be written:
. S Vee
iy = o (vb, —_ ,u’ ) (21.3)

‘where a’is the current amplification factor described in the previous section.
As follows from the transistor mechanism, o’ is hardly dependent on the
choice of working point.

The value g’ is of the same order of magnitude as u. According to the
definition (21.3), &’ will be positive with the minus sign in front of the term
vee/ ', because the effect of Ve on I is opposite to that of V.. Anyhow, this
term can be neglected in almost every case and sufficiently accurate results
are obtained with:

. S
Ip = —
b o Ube (21.4)

By applying the simplified expressions (21.2) and (21.4), we can replace
one of them by the relation:
ic - a’ib



90 TRANSISTOR CIRCUITS [21

When equations (21.1)-(21.4) are applied, one should take into account
the correct polarity. As the n-p-n transistor corresponds in this respect to
the valve, the same arrangement is valid here for the positive direction of
currents and voltages (Fig. 21-2).

+
e
I )
+o—= Ve —
Vbe l[b'l'fc Vbe
npn

Fig. 21-2
h | '
/3 by
- ‘ée
Yoe T I+ Yie
+ ' +
pnp
Fig. 21-3

The situation is different for the p-n-p transistor, as explained on the left-
hand side of Fig. 21-3 where the polarity of the d.c. voltages and the direction
of the direct currents are indicated. A change in V3. in the positive sense
results in a reduction of currents I and I, that is S would become negative
in the above equation if the same direction for the signal voltages and
currents was chosen as for the quiescent currents. This makes it advantageous
to choose the sign conventions for the signal currents opposite to those for
the direct current (right-hand side of Fig. 21-3). In this way, positive values
are maintained in the equation, and signal current directions will be analo-
gous to those in the triode and the n-p-n transistor, thus obtaining a uniform
description for all valves and transistors. This system has been adopted in
this book for the calculations that follow.

Much misunderstanding has been caused in recent years because,
when considering the transistor as a linear amplification element, all
kinds of combinations of the parameters and basic circuits (-, z-, y-
parameters, common base and common emitter circuits, etc.) have been

presented as essential for understanding the transistor. This can make
it a little inconvenient to use the published transistor characteristics
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which normally correspond to a few of these parameters or circuits.
However, the values used here (S, «’, # and p) can be easily derived,
if necessary, from the “‘commion emitter™ characteristic curves, where the
voltages have been plotted with respect to the emitter (Fig.21-4).

oc7t

sy

We should remember in this respect that the published data refer to
average values, and that actual values will show a more or less pro-
nounced deviation according to the transistor type.

The relation between I and I at constant collector voltage gives di-

dI
rectlya’:a’ = (—dl:) V.. = constant. It follows from the In—¥, curve
at constant collector voltage: S/a’ = (&)V and therefore S can
] dv, e/ Vee

ce

be found knowing the value @’. We can determine u’ = (g Zb ) I, from
&,

the Vee— Voo curve, while the I—Ve. curve yields at constant base

current the value S(1/u + 1/u") = (dlec)Ib’ thus permitting one to
ce.

calculate the still unknown u. For example, Fig. 214 shows that when

transistor OC71 is adjusted to I. = 5 mA and Ve, = 4.5 volts, we find

« = 50; Sla” ~ 2 mA/V, therefore S ~ 100 mA/V; g’ > 1000 and

B =~ 600,
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Since it is normally possible to neglect the effect of the collector voltage,
and to estimate the slope from the quiescent current (S=10-30 I, per voit),
it is in many cases sufficient to know a’ in order to form an opinion of the
overall behaviour of a transistor.

When comparing the properties of the transistor with those of the triode,
the following differences will be noted:

1. The slope of a transistor is much greater than that of a triode for the
same quiescent current; '

2. The effect of the collector voltage on the quiescent current is relatively
much smaller than that of the anode voltage, and the transistor behaves
in this respect rather like a pentode. The internal resistance rq=pu/S,
however, is of the same order of magnitude as that of a triode, because
of the greater slope;

3. Contrary to the grid current, the base current cannot as a rule be neglected.

Fig. 21-5

With the transistor as well, amplification and other properties of the basic
circuits can be derived by calculation from the general case (Fig. 21-5). The
full equations (21.1) and (21.3) must be used here, but we shall see that these
calculations can often be considerably simplified, and that it is possible to pre-
dict most properties qualitatively. For example, with a.c. amplifiers we usually
meet the case that the emitter is decoupled by a very large capacitor, so
that the emitter voltage may be assumed to be zero for frequencies in the
desired frequency range. This gives for these frequencies the circuit shown
in Fig. 21-6, where

S S

Uy~ —— V¢, Vb= Uy — ipRo, Ve = —icRe
a'p

’

. s .
ic = Svp + —0¢, .Ip =
7

21} TRANSISTOR CIRCUITS 93

and therefore:

1 S S 1 —S
4 —_— == 21.
Ve Rc+,u+,u'l+a' 1+1szt (21.5)
SRy !
Re
Ry v

Fig. 21-6

For values of Ry that are small compared with &'/S, the third term in the
coefficient for v, becomes small in comparison with S/u, and can be neglected.
For very large values of Rp this third term is of the same order of magnitude
as S/u’. It follows that the coefficient of v, always equals 1/R. plus a few
times S/u. R. is often considerably smaller than u/S, which gives a further
simplification of the coefficient of v to 1/R..

The sum of the second and third terms is smaller than the guantity
S(1/u -+ 1/u’) we referred to several times before. A normal value for
this with alloy transistors (e.g. OC71) is approximately 0.05 mA/V per
mA collector current. If the entire collector d.c. current passes through
R. (thus no d.c. current through a further stage or other load im-
pedance connected to the collector), simplification of the coefficient of
Ve to 1/Rc is therefore admissible if the d.c. voltage across R. is
considerably smaller than 1/0.05 = 20 volts. With transistors of the
alloy-diffusion type, such as the OC170, the corresponding value will
exceed 100 volts, so that the simplification may nearly always be applied
here. The d.c. voltage drop across R. is in practice seldom more than
a few tens of volts.

We thus obtain for the amplification:
Ue SRc 1

= kSR. . SR
U 1+ c1+ b

(21.6)

al

with k~1.
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In the case that R.<u/S, this may be simplified to:
Ue SRc

w5 (21.7)

In the case of valves it is extremely rare that the resistance of the signal
source is large in comparison with the input resistance of the grid, so that,
practically speaking, the signal comes from a current source. This occurs
much more frequently with transistors because of their low input resistance.
The relation in that case is found by substituting Ryi; for z;, where i; is the

input current in (21.5), and taking the limit Ry—co. We then find:

ve a'R.
it - 1 1
1+ SR — + — (21.8)
14 12
and if R.<u/S '
_E = a'R; or lc— =a (21.9)

113 I

With the emitter follower of Fig. 21-7, analogous to the cathode follower,
the difference between base and emitter voltage will become relatively small
when the emitter resistance is large with respect to 1/S. Just how close the
emitter voltage follows the signal voltage v; is also determined by resistor R,
in the base circuit.

Fig. 21-7

By putting R, =0, we find for the circuit shown in Fig. 21-7:
ve=0, v, =(Ip + ic)Rc, Up = U¢

which, when substituted in equations (21.1) and (21.3), yields:
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v’——S(l+1)v S(l-{—l—i—l 1
R, al" u  a a’y’)ve'
1 1 1 1
Therefore: ve( +14+—+ *__) ! = y
SRQ ; ” al a"ll-,
14—
a

or, to a very good approximation with a’ > 10 and SR, > 1:

1 1
(1)~

1
Thus: 21— (— + —1—) (21.10)

If Ry is not equal to zero, equation (21. 10) .is valid for v,/vp instead of v,/v;.
Thus: ve=0vp(1—&) where e=1/SR.+1 /u. We also have: vp=v;—iyRp.
The base current is calculated from (21.3) with . = 0:

S 1 SR
ib=—ll)b<£+—,) so that o, {l +-—Tb(e+i)}= %
a /3 a u
and therefore:

Ue 1—e¢

w SRb( 1)
I+ — e+ —
a #

which can be approximated for values of SRp/a’ which are small with
respect to (¢ + 1/u)~1 by:

v SR
—”-=1—s<1+ ,”)—&
4 a'y

a

thus:

Ve 1 1 SRy SRy
21— — (1 +=2) + 222 .
. [(SR¢+ p )( +— )+a,/‘,] (21.11)
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Example: We find for the OC71, when I. = 5 mA (see p. 91):
S ~ 10-1A/V; u =~ 600; &’ ~ 1000; a’ ~ 50 which gives for R, = 104 2
and Ry = 103 2:

Ve 1 1 2 1
=1 J— —3 2 —  |JA~1—-—
12 [(1000+ ,>( +2)+ 1000] 100

Equation (21.11) can often be approximated at the very high values of
4 and p’ with the latest types of transistors by:

Ue 1 1 Ro
u Rc(S o«

However, when R. is made very large artificially, this approximation
is no longer permissible.

From the above it follows that calculations for transistorized circuits are

more involved than those for corresponding valve circuits. It is, however,
often possible to simplify the calculations very considerably (without neces-
sarily diminishing the accuracy) by introducing permissible approximations
at the correct point in the calculations or, as in the case of the emitter
follower, by separating the effect of a number of parameters.

The output impedances of the basic circuits can be calculated in a similar

manner to valve circuits. The results can, however, be quite well predicted
qualitatively. For example, the part of the collector output impedance
determined by the transistor will be as high as with the anode output
impedance of a valve, but the effective increase of this impedance by means
of resistor R, in the emitter circuit will be less than with the triode because
collector and emitter currents are not equal to each other.

The following equations apply to the circuit shown in Fig. 21-8:

ic=S(vb——Us)+-%(vc—U¢)

S
I = —&,— (vp — Ve) - (ve — vz)

1 .t

vo = — Ruiv , ve = Relic + iv).

Elimination of all variables except v. and i. gives for the internal re-
sistance of the collector Ric = | vefic |:

R“:

@ + [a’(1+—1—) +1—-1,_] SR.+SR5+S2R,R;,(—1-+ 1,)
“ A \p &
s[al+S(R +Ra)(—l—+—l——)]

u ) v

TRANSISTOR CIRCUITS 97

Fig. 21-8

Iét this stalge :ltl is permitted to introduce a number of simplifications.
or example, the term o’(1 + 1 — 4 i

o’ at the usual values of ,(u :t;d ,/ul") 1 1l can be approximated to
If it is desired to use the circuit as a quasi-current source (analogous
to the corresponding valve circuit) we must choose Ry and R, in such
a way that Ri. becomes large. Since dividend and divisor are linear in
both Ry and R., large values of R;e are found for very large or very

;ma;l values of Ry and R.. We can approximate for very large values of
b by:

1+SR,(—1—+L)
u

Re = e e R+ —— 1 o
1 1 1 1
#oou L 4
1
~ Re + = R, Lt
€ p) ¢+2S
5 —
'3

This dm not give any advantage worth mentioning against R, or u/S
If R, is made as small as possible: '

a’(l + SR.)
S[L’+SR(1 4 1)]
u ‘Np T

It is obvio_us that R. must not be small as otherwise R;s — ulS.
Becaus; Sis lafrge we have SR, > 1 even for relatively small values of
the entitter resistance, and we can then further approximate to:

a’Re 1
a 1 1y 1 S 71 1
—+ SR ( + —) — (— —
u Nu T pke T\t
This means that Re can be considered as a parallel combination of uR.

al
and ——————— Fig. 21-9.

1 1
S (5 +5r)
u +n’

We have already seen that the quantity S(1/u + 1/u’) can be derived

Rie =
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UuRe
Ric =

-

1l
Sla+ i)
Fig. 219

from the I.— V.. curve at the corresponding constant base ‘current. It
is obvious that R will be larger when u and u’ are larger. This therefore
applies particularly to the recent types of transistors. For larger values

—_—+ ~
a a

prox. 0.5 M2 for alloy transistor OC71 at a standing current of 5 mA.
In the case of alloy-diffusion transistor OC171, this values becomes

approximately 10 MQ.

When the base is connected to a source of low internal resistance, the
emitter follower circuit of Fig. 21-7 has an output resistance of approximately
1/S which can be made very small, namely approximately 25 S?/Ic (I in
mA). It can be checked quite easily that this output resistance will become
larger when R increases. We thus find for the internal resistance of the

em.itter Rie = l vglig ‘:

a . -
of Re, Ric approximates to TN This gives a value of ap-
s(a+ )

R 1 n Ry
ie — S o
Rq. is-calculated from the complete transistor equations with ¢ = 0
and v = — Roip: ’
1 a’ 4+ SRy
Rie =

1 1 1 1 1
SRy (—,u—+ —'u,)-{-a' (l +-”—+ a'[t’)
which can be written to a good approximation as:
1 a’ + SRy
Rie = —- i 1
« + sr( )

s

In almost all practical applications

’

a
(= +)
u w

1
and the above expression will be equal to < +

Ry <€

Ro
al

For extremely large values of Ry, the expression approaches the limiting
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value 1 —-—1—— .
s(o+=7)
I
. 1 Ry .
The expression Rie = —-- + — could also be derived from the

S a’
simplified relations of (21.2) and (21.4).

1t follows from the above that the output resistance of the basic cir-
cuits with transistors hardly ever differ more than by one order of magni-
tude from those of the corresponding valve circuits. However, the difference
is very much greater in the case of the input resistance.

The input resistance of a valve is determined by the extent to which the
grid current changes with the grid voltage. Since the grid current can quite
easily be smaller than 10-7-10-8 A, and the changes in that current for
changes in the grid voltage are at the most of the same order of magnitude,
the input resistance of a valve circuit can easily exceed 10-100 MQ.

The situation with the transistor is entirely different because the base
current usually constitutes a non-negligible fraction of the collector current
and furthermore varies strongly with the base and emitter voltages. By
using the simplified transistor equations for the circuit of Fig. 21-10, where
the effect of the collector voltage is neglected, we obtain

S
fo = Stbe, Ip=—Vbe, Ve=Rellc + i) , % =10+ Ve

so that
Ui a ,
Rp=-—=—+( + 1R,
11 S .

By putting R.=0, this yields:
Ru; = a'/S .

ll‘c

[/
=&

Ybe ¢ ic+ip

Re

Fig. 21-10
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Since S~40 I, per Volt, the input resistance will be of the order of 1 k2
for o’ =30-50 and I.,=1 mA. This relation shows, however, that the input
resistance increases considerably when a relatively small resistor is inserted
in the emitter circuit. Witha’=100 and R, only 1 k&, the input resistance
has already risen to more than 100k(. The emitter follower will therefore
have quite a high input resistance when R, is large. This, together with the
small output impedance, makes the circuit, in common with the cathode
follower, therefore suitable for decreasing the impedance level of signal
sources.

When two stages are coupled by means of a capacitor or when, for
example, an emitter is decoupled, the same considerations as applied to
valves are valid. The capacitor values will be much higher because of the
lower impedance level of most transistor circuits. For example, if in one
stage of an audio amplifier (wmin=100) the emitter is decoupled with a
capacitor C, its impedance must be small with respect to the output imped-
ance of the emitter, which approximately equals 1/S for a small source
resistance. This gives for C: C» S/@wmi. At a quiescent current of a few
milliamps, S soon reaches a value of 0.1 A/V, and a value of a few thousand
microfarads is required for C. If the source impedance (including the
resistors in the base circuit) is larger, the output impedance will also be
larger, and C can be correspondingly smaller.

Amplifier stages with cascade circuitry can, in the case of transistors, be
designed in the same way as with valves. Asthe collector-emitter potential
often needs to be only a small part of the total supply voltage, a base input
can be directly connected to the collector output of the previous stage, thus
eliminating the use of a coupling capacitor. This is because the required
bias across the base-collector junction is only about 0.5volt, and for signals
which are less than, say, 1 volt, we can content ourselves with Ve.=1.5 volt,
while a value of 10-15 volts is usual for the supply. It is also possible to
follow one stage with p-n-p transistors by another stage with n-p-n transistors.

Fig. 21-11 gives an example of a two-stage amplifier with capacitive
coupling at the input and direct coupling between the stages. Once again, the
calculation of the total amplification is more complicated than for valve
amplifiers because the loading of one stage by the next must be considered.
In the example, we first calculate the input impedance Ziz of the second
stage and then the voltage amplification A; of the first stage, whereby we
take as the collector impedance Re//Zis. The total voltage amplification
then equals the product of 4; and the voltage amplification of the second
stage.

When Z;2 is much smaller than R, almost all the collector signal current
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Vi

Fig. 21-11

of the first stage will pass into the base of the second stage. In that case
ipa=—1Ic1 applies and thusics~—a’sic1, With o'z the current amplification
factor of the second stage. i;; can now be calculated neglecting the collector
feedback action. This gives ir; = S12¢, and the total amplification is therefore:
Yo ,
—v‘— = 02S1 Rcz

with possibly a small correction when R.s is not small with respect to pz/Se.

Naturally, the same combination possibilities exist for transistors as for
triodes. For example, one can make transistor cascodes (Fig. 21-12). These
are, however, rarely used because there is little need for them in view of the
already small collector feedback action in the case of a single transistor, and
because they lack some of the advantages of valve cascodes, not all of these
having been mentioned so far.

Fig. 21-12
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The transistorized “long-tailed pair” (Fig.21-13) is more valuable in this
respect because it possesses the same specific properties as the valve model.
It mainly amplifies the voltage difference between both bases and has the
same limiting effect in the case of overloading signals. Although the sum
of the quiescent emitter currents is stabilized by the common emitter resistor,
this is not the complete case for the distribution over the two transistors.
Temperature differences between the two transistors exert a great influence.
However, because of the balancing properties, considerable compensation
does occur for common changes in temperature. We shall refer to this when
discussing d.c. amplifiers.

Regarding the frequency dependence of the amplification, we can first
mention that the early transistors had large capacitive effects that had to be
taken into account in almost all applications. Modern transistors, however,
made with the use of diffusion techniques, have such small capacitances.
that it is often possible to select a transistor where the effect of capacitance
can be neglected. However, in order to enable us to make such a choice,
we must also know which effects occur and what can be expected.

We should also note that because the impedance level is so much lower for
transistorized circuits than for valve circuits, the effect of parasitic capa-
citances is usually much smaller, and the limit of the amplification at high
frequencies is thus mainly determined by the amplification mechanism in
the transistors themselves.

For the transistor we have to deal solely with capacitances whose
values, excluding those of the wiring, depend on the point of operation. On
changing the bias ¥ across a junction, the space charge present will first have
to change accordingly (Poisson’s equation). The relevant calculations show
that, at least for alloy transistors, the value of the capacitance is inversely
proportional to +/¥. This voltage dependence is usually slightly smaller
for diffusion transistors. The value is further determined by the dimensions
and impurities of the materials. For the base-collector junction this is the
only capacitative effect which, in transistors intended for very high fre-
quencies, can be kept to values as small as some tenths of picofarads.
Although the effect is larger for the base-emitter junction than for the base-
collector junction, it can, except for v.h.f. transistors, still be neglected in
comparison with the effective capacitance Caitt which results from the process,
mentioned in the previous section, for replenishment of the minority charge
carriers in the base. It appears from the relevant calculation that this
capacitance is proportional to the emitter current. For reasons to be explained,
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this relation is given in the form

where wum is the limit or cut-off frequency of the transistor.

We have now listed the most important capacitive effects and one may won-
der just how they can be taken into account in design calculations. For this we
use the original transistor equations. Especially for h.f. transistors, the
feedback action of the collector may be entirely neglected: ’

ic = vae

) Ay

= — Upe
a

As we have noted, slope S would be proportional to I, if no voltage losses
occur anywhere else than at the junction. The proportionality factor here is
q/kT=40 volt~1, Therefore:

ic = S* vprer
S* 1.12)

(2304
a’

ip =

~
Caift Sy

se’

.where S*=ql.[kT=40 I, per volt, if vp-e=voltage across the base-emitter
junction. We thus arrive at the situation of Fig. 21-14 (left-hand side): a
resistance a’/S* is inserted between internal base b’ and emitter ¢'; a current
S*vper passes between collector and emitter. We can now intr’oduce the
capacitances of the base-emitter junction (Cairr) and of the base-collector

j};mction (Cv¢) into this arrangement, as shown on the right-hand side of
ig. 21-14.
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We find for the parallel combination of a’/S* and Cairr=S*/oum

a 1 ) 1 _ do
sl Cam= v =& ., o\ S*
— +io ; (1 +Ja —
a Oym a @1im
a'
where ade =
. o
1+ ja'—
@Dlim

has almost

It follows that wym represents the frequency where la’a,
reached the value 1.

Substitution now gives us Fig. 21-15, left-hand side, which indicates that
in those cases where the effect of the very small capacitance Cpo- can be
neglected, @’ should only be replaced by a’, in equation (21.12) in order to
take the frequency dependence of the transistor into account.

Fig. 21-15

A current jwCpeDet =jwChre(Veer + Vevr) passes through Cper. For the
base the second term means an increase of Caie by capacitance Cpre’, Which
can nearly always be neglected. The first term gives the influence of the
collector-emitter voltage on the base current. As for loading the collector
the second term can also be neglected while the first can be taken into
account by increasing the already present parasitic capacitance between ¢
and e’ by Cper to Cerer. This gives us the situation shown on the right-hand
side of Fig. 21-15. The following equations apply:

ic = S*vper + JOCrre'Vcter

S* . (21.13)
ib == —T-vblel — Jwalclvclel
a e
These equations have the same form as the original equations (21.1) and
(21.3). The picture can now be completed by incorporating the material
resistances situated between the external terminals b, e and ¢ and the internal
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points b, ¢’ and ¢’. The resistance of the emitter may be negIected here,
whilst that of the collector is usually small with respect to the load resistance,
so that the diagram of Fig. 21-16 is a sufficiently accurate representation of
the situation. The following equations apply:

ic = S*vpe + jowCeelee
S*
ip = -a,—llb'e — jwCrrelce (21.14)

Ubp' = ip Rop’

Obviously it is possible to eliminate v3” from these equations as in
fact has been done in the original equations (21.1) and (21.3), but at
higher frequencies the above description is to be preferred because of
the simplicity of the coefficients.

Resistance Rpp follows directly from transconductance S. We have

7
for low frequencies i» = % (Fig. 21-16) but also, according to
Rypr + 3

equation (21.4): i = :: vpe. Therefore: Rppr = ’(1/S — 1/5%)

For large currents 1/S* approximates zero and we have S = a’/Rpp-.

It appears from the formula for o', that the influence of Cairr becomes .
noticeable at frequencies in the neighbourhood of wum/a’. The magnitude
of this influence is determined by the circuit; by making the emitter voltage
follow the base voltage, the impedance between base and emitter is seemingly
increased, and thus Cair apparently decreased.

Let us take the h.f. transistor OC169 as an example. We have here, with
the usual tolerances:

wym=4 - 108 rad/sec.; a'=100; Cypc=2 pF and Cee=6 pF.
At 1 mA, S* has a value of 0.04 A/V, so that we find for Cass: )

*

= 100 pF.
Dlim |

Cant =
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The influence of Cairr thus becomes noticeable at frequencies in the
peighbourhood of wim/a’ =4 + 108. If this transistor is designed as an ampli-
fier stage with decoupled emitter, for signals of approx. 1 Mc/s, the effect
of Cpc on the input impedance due to the Miller effect will be small compared
to that of Car, as long as the amplification does not grossly exceed 10.
In order to obtain this amplification we need a collector resistance of
a few hundred ohms. The impedance of C¢. at 1 Mc/s amounts to ap-
prox. 2 - 10% 2 so that at this frequency, which lies in the neighbourhood
of wnm/a’, it will be sufficient to a first approximation to take into account
only the frequency dependence of a’. As a rule of thumb we can therefore
assume that for frequencies w < wum/10a’, the transistor will not show any
frequency dependence; for frequencies wum/10a’<®<wum/a' only the
frequency dependence of o’ must be taken into account; whilst for frequencies
o> wum/a’ we must use equations (21.14) and Fig. 21-16.

In principle, the same methods as we have described for valves can be
used for adjusting the working point of a tramsistor. However, some
factors, such as the greater temperature dependence of certain transistor
parameters make some solutions less suitable, whilst on the other hand we
have additional possibilities with the transistor for stabilizing the working
point because an important part of the current passes through the base
circuit. Before giving some examples of practical circuits, we shall first
examine the influence of a number of effects on the zero adjustment of a
transistor. For these calculations we shall suppose that the influence of the
collector voltage on Iy and I can be neglected, which allows us to use
the simple equations i;= Svse and ip=(S/a’)vpe.

The effect of a change in temperature can be subdivided into several
"components. Firstly, with a change in temperature, the quiescent currents in
the transistor will increase if the voltages are kept constant. It appears that
the relative change in the base current is slightly smaller than that in the
emitter or collector current (approx. 6 and 7% in Ge, 8 and 9% in Si). It is
nevertheless possible to take account of this temperature effect with sufficient
accuracy by assuming a change of 2-2.5 mV in the base-emitter voltage for
a change in temperature of 1°C (Fig. 21-17).

‘ ."b__ TI°

b >
e

Fig. 21-17 Fig. 21-18
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The temperature effect can be taken into account by adding terms
to the transistor equations:

ic = S0pe+ yelo - AT
. S
I = —aTUba + yolp - AT

where ye and yp represent the temperature coefficients and I, and 7,
the Quiescent values of the collector and base current. With the help of
these equations and 2, = —i»R» and v, = (iv + i)R,, we find for the
circuit of Fig. 21-18:

1 Ry + R 1
Ube {—S— + —-—a-,—f + Re} = - T{YDID(RD -+ Rc) + YCIcRe} AT
When I > I, this can be reduced to
1 Ry 1
Ube {T + :,— + Rc} = - —S— {VbIbRb + '}’cIcRs} ar
By introducing the approximation I. = a’l, we obtain:
1 Ry 1 _ I Ry
e {T+7+R‘j = ‘”s‘{”’:f“*‘} ar

Provided Ro/a’ + Re> 1/, vy will have a value —y(1:/S) AT, where
Yo < Y < ¥e, if Yo < ye. This corresponds to the above-mentioned
change in vpe of 2—2.5 mV per °C,

The fact that I and I do not change in the same proportion means
that their ratio a’ is also temperature-dependent (1 —1.5 per cent per °C).
The accompanying changes in amplification characteristics can be
negated, if necessary, by applying negative feedback (see Section 22).

The second and often most important effect of an increase in temperature
is the increase in the leakage current Iopo (=1Io in Fig. 20-6) which passes
from the collector to the base through the reverse-biased base-collector
junction. With germanium the increase in current is approx. 10 per cent
per °C and with silicon approx. 15 per cent, that is approximately doubling
the current for each increase of 5-7 °C.

In the case of germanium transistors, Izo already amounts to a certain
percentage of the base current at room temperature, so that with temperature
increases of a few tens of degrees, the effect of this 1eakage current cannot
be neglected. On the other hand, I is very small with silicon transistors.
Values here are in the order of magnitude of 10-8-10-11 A, so that their effect
will only become noticeable at very great increases in temperature.

The effect of leakage current I 50 can be accounted for by a current source

between the base and the collector of the transistor, as shown on the left-
hand side of Fig. 21-19.
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Since the direct effect of Izo in the collector circuit is so small as to be
negligible, this current source may also be envisaged between the base
and earth (right-hand side of Fig. 21-19).

The “internal” resistance of the current source is the reverse-biased
diode resistance of the base-collector junction, i.e. it will be very high
with respect to the usual impedances, so that this current source may
actually be replaced by an ideal current source.

The total temperature effect can now be represented by Figs 21-17 and
-19 as a good approximation and is shown in Fig.21-20. The effect of Icpo
will become greater with increasing resistance in the base circuit. Since Ry,
(the internal resistance of the base material) usually amounts to several tens
of ohms or more, this means that in the case of germanium transistors,
Ipo will nearly always have a greater effect than or. With silicon, this will
only be the case at much larger values of Ro.

fcbo1

Fig. 21-19

We shall now calculate the effect of Iepo in the circuit of Fig. 21-20 for
Uy — 0:

ib = ;—I—vbg, ie = alib, Up = ’_'(ib - cho)Rb’ Ve = (ic + ib)Re-
This yields:
. al I
le =
C o +l N (a’+1)R¢ cb0
SRy Ry

or as a good approximation, if S > a'/Re

ie = [ ——— \evo

Expressed in another way: for very large values of Rp, or when R.=0,
i, will be approximately o’ times larger than Icvo. This current is easier to
measure and is often indicated by Iceo.
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Example: Ge-transistor OC71: I, 3
a’> 30; therefore Icvo < 11 pA. o < 325 A at xoom temperature;

At a collector current of 3 mA, the base current is approx. 100 uA,
so tpat I:p0 can amount to 10 per cent of the base current.

Si-transistor BCZ 100: the data of this transistor indicate that both
Icpo and Iceo are smaller than 10-? A at room temperature, so that with

a’ = 20 and a collector current of 2 mA, Iyo will be less than 0.001 per
cent of the base current.

Apart from the temperature effect, one often wishes to know how the
adjustment of the working point of an amplifier stage will change when
replacing a transistor. The greatest difference which occurs between two
specimens of the same type concerns the current amplification factor a’. It is
therefore useful to examine the effect of a change in this parameter on the
working point of an amplifier stage.

Let us consider the circuit shown on the left-hand side of Fig. 21-21, which
gives the situation for the quiescent currents and voltages.

= Vbeo %e
Fig. 21-21

We select the following transistor equations:
Ic = S(ng - ngo) and Ic = a'Ib

where Vpeo is a few tenths of a volt (see right-hand side of Fig. 21-21). We
also have:

V — Vb = IuRy,

where V is the source voltage between base and emitter resistance;
Vs = (Ic + Ib)Re

This yields:

a’
Ib{_E'—FRb +(a’ + I)Re} =V — Ve
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It follows that
A I 1 . Ad’
N N
R, + St

and when putting Ic=a'lp:

Al, 1 Ad’
Ic o 1 Re + S—l oy a’
Ry + R,
or
Al 1 da Al 1 Ad’
o — hd 7 and = 1 ¢ ’
Ib 1 + k a Ic 1 +k_ a
where
k Rb + Re.i
T RA+ST a

It follows from these formulae that only when Ry is large with respect Fo
R, and 1/8, will the relative change in I» be much smaller than the one in
«'. In all other cases, the relative change in I, is, on the contrary, rather small.

Examples: Transistor OC71 with a’ = 30 is used in the circuit qf
Fig.Zl-Zl;I:%Rb =2k2; R,=1kQand V = 10 volts. .Is w111 be approxi-
mately 10 V/1 k = 10 mA; S is about 125 mA/V in this case. When
applying the above formulae, we find for the currents Ip ~ 320 pA and
1. ~ 9.6 mA. With R. > 1/S, factor k becomes:

so that:

It is now easy to examine how a number of circuits will behave regarding
the selection of the working point.
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Ry

14
Re ]

Fig. 21-22

For circuits having little or no base resistance (left-hand side of Fig. 21-22)
the temperature sensitivity is determined by v7. Its effect depends on the
values of R, and V. In the limiting case when no emitter resistance is present,
and V is only a few tenths of a volt, v, will exercise a maximum effect. In
this case, /y and I, will also both vary strongly with «’, while at greater values
of R,, only the stability of 7, will improve.

Because the quiescent voltage of the base lies between collector and
emitter, it is not possible to apply the valve circuit with “automatic”
bias voltage, Fig. 13-3, here.

With the schematic circuit shown on the right-hand side of Fig. 21-22, at
sufficiently large values of R,, the temperature effect will be determined by
Igpo, while Iy will then be insensitive to variations in o',

Fig. 21-23 Fig. 21-24
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The circuit of Fig. 21-23 can be used with a.c. ampliﬁer§. In nor.mal
operation, R1 and Re will be so large that the temperature effect is determmej
by Ievo. Factor k is here usually about 1 (i.e. @’ R.~Ri/[R?) so that I an

itive to changes in o’
y ;'ri;.bgltz:esnhs:vlvs a variatiin of this circuit in which a cha'nge in collector
voltage is transferred to the base. The consequent change in th? collector
current causes a change in collector voltage in the opposite d1re<‘:t10n so that
the whole action is self-opposing. In other words: due to negative feedback
(Section 22) a certain amount of stabilization of colle.ct,c,)r current_ and
voltage occurs. However, because of the small “loop gain”, the efficiency

of this circuit is not very great.

ffect of feedback in the circuit shown on the left-hand side of
Fi:.h;l?ZS is calculated for Re = O. (At large values of R. the col-
lector current will already be stabilized, so that there wop]d be no sense
in using the circuit.) This feedback action can be taken into account as
indicated on the right-hand side of Fig. 21-25, where r = Ra/(R1 + R2)
and Ry = RiR:s/(R1 + Re).

With  ic = a'ip = Sto, ve = — icRe, i = AI + i and
s = (rvc — vv)/Rs
we find: 1 o
. ’ — W =dI
n{l-‘_—RT(ach_‘_ S )}

1
or, with rRe > — ’
S ih(1+ach) = Al
&

v i i ' i that withr <1,

that the reduction factor is 1 + a@’rRe/Rs. This shows )
igis féedback is only effective when Ry is of the same order 9f :qagn}tude
as R.. However, in this case the input resistance of the circuit will be

rather low.

Fig. 21-25

Finally a few notes on the maximum permissible ratings. Exceeding these
ratings with valves, particularly values concerning voltages, does not neces-
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sarily invite disaster, but for transistors it is absolutely essential to keep
within the indicated ratings.

Exceeding the maximum temperature (Ge: approx. 85°C; Si: approx.
150°C) is especially fatal because this may cause a “thermal runaway”
effect. The high temperature will result in an increase in the leakage current
from the collector to base and therefore also in the collector current. At
sufficiently high collector voltages and small collector resistance, the power
dissipated in the collector will increase, thus causing an increase in temperature
and hence a further increase of the leakage current. Whether this really
causes a thermal runaway effect will be determined by the values of the
resistors in base, emitter and collector circuits, the value of I,40 and the thermal

resistance of the collector. This last point often poses a problem, particularly
with power transistors.

We can illustrate this by considering the simple case presented in Fig.
21-26. We have for the changes in current: ip = icpo — vs/Rbs, therefore
with i» = (S/a)vp :

icbo
——
(1 + SRy )

For values of Ry > a’/S this reduces to iy = icso and thus ic = a’ispo.
The dissipation at the collector increases by a’ icso Vs, and if the heat
resistance of the collector is k (°C per watt), this will produce an increase
in temperature of ka’icso V. and hence a change in Ieso of the magnitude
¥ ka'Velevo * icvo Where y is the temperature coefficient of J-po. In order
to limit this effect, the multiplication factor v ka’Velcpo must be smaller
than unity.

Taking transistor OC71 as an example, with o’ = 30, V. = 10 volts,
¥y = 0.08, k = 400°C/W, we obtain for Iepo a maximum permissible
value of 0.1 mA which is about 8 times greater than the maximum value
of I:30 at room temperature. This corresponds to an increase in temper-
ature of about 30 °C, so that at room temperature the collector dissi- .

pation must not exceed 30/400 = 75 mW, and the collector current at
10 volts must not exceed 7 mA.

ip =

cho l

Ry

Fig. 21-26



22. Feedback

After having explained the principal characteristics of passive and active
components and their most simple combinations, we can now discuss what
is probably the most important principle applied in electronics, namely
feedback. The application of this principle arises from the need to eliminate
some of the disadvantages of the circuits discussed above, as well as to
obtain properties which are difficult to achieve by the methods so far
mentioned. An example of the first requirement is the fact that amplification
depends on values which can change with age or replacement of components,
whilst active filters (as discussed in Section 33) belong to the second class of
requirements.

Fig. 22-1

The principle of feedback consists in transferring part of the output signal
back to the input. Fig. 22-1 illustrates this. Triangle 4(w) represents a linear
signal transfer system, e.g. an amplifier, and for brevity’s sake we shall call
it that. The transfer (amplification) of this system, also indicated by A(w),
will in general be frequency-dependent. We have for the relation between
input and output signals of this amplifier, ; and v, respectively, at each
frequency:

ve=A(w)vq

In theory, triangle k(w) represents a corresponding system which does not
usually have to amplify and therefore, in practice, frequently consists ofa
passive circuit. It has a transfer k(w), which gives us vz=k(w)7o. The circle
with the plus and minus signs indicates that the signal v is the equal to
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-{- Vs .—Uz acquired in a manner which will be explained later. The choice of
sign is not essential, but we shall keep to the indicated notation. The
arrows in the interconnection paths indicate the signal direction.
1t is now easy to calculate the relation between v, and v because
v = A(w)vy = A(0) (vs — vs) = A(w)vs — A(w)k(w)v,
so that: [1 + A(w)k(w)]ve = A(w)vs
and Vo = __Ii(i))___ Vs
1 + A{w)k(w)

or Ap(w) = P _ _J&__
Us 1 + A(w)k(w)
where As1(w)=amplification of the system including feedback through k(w).

While the above considerations apply to all kinds of signals and com-
binations of various signals, we shall simplify the discussion by assuming,
for the time being, that all signals are voltages. ,

In many cases one is most interested in the absolute value of the amplifi-
cation, and sometimes also in the argument indicating the phase shift be-
tween input and output voltages. The characteristic of the absolute gain
against the frequency is called the amplitude curve; that of the argument, the
phase characteristic; and their combination, the frequency characteristic of
a system.

(22.1)

Before considering the consequences of the established relation we should
pave a look at a different aspect. We have seen in Section 7 that the equation
in @ is an algebraic simplification of the differential equation valid for any
random signal form. This differential equation is re-obtained by replacing
jw by d/dt. If we make this substitution in (22.1), so that 4(w) becomes
A*(d/dr) and k(w) becomes k*(d/df), we have in the feedback system the
differential equation: '

[ (5) ()} o ()

'This means that natural modes of oscillation may occur in the system
with “frequencies” ps which satisfy:

1 + A*(p)k*(p) = 0 (22.2)

Wl.len this equation possesses roots with a positive real part, the
amplitudes of the corresponding natural modes will grow. A limiting action
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will put an end to this growth, but the system will then produce signals
even in the absence of an input signal. In this case we speak of an oscillating
or generating system. When all roots of equations (22.2) have a negative
real part, the natural modes will be damped and the system is called non-
oscillating or stable.

The word “stable” is used in electronics both with the above meaning
of non-oscillating and in the sense that an element or quantity is almost
unaffected by the prevailing circumstances. We shall indicate which
sense is meant whenever a misunderstanding could occur through this

double meaning.

Let us demonstrate with an example that even simple amplifiers can be
made to oscillate by means of feedback. A single-stage amplifier with anode
resistance R and stray anode capacitance C has at frequency o the
gain:

A(0) A(0)

1 4 joRC 1 + joT

We therefore have for a three-stage amplifier:
4o
(A + jorr) (1 +jorz) (1 + jors)

A(w) =
with Ao is the amplification for w=0.

If feedback is applied by means of a voltage divider with:
k(w) = constant = ko,
we find:
Ap@) = = - Ao -
( +jor) (1 +jorz) (1 + jors) 1+ Aoke

Whether oscillation takes place or not is determined by the roots of
(1 + pra) (1 + pr2) (1 + prs) -+ doko =0

The sum of the roots is —(1/71+1/72+ 1/7s) and is therefore independent
of Aoko. We can make use of this for determining the roots, by means of a
simple graph, as the x-values of the points of intersection of curve y=
xr+1) (xr2+1) (x73+ 1) and the straight line y= — Agko (left-hand side
of Fig. 22-2, assuming 71> 72> 73). The curve intersects the x-axis at points
—1/71, —1/v2 and —1/73 and the y-axis at point y=-+1. If Aoko is negative
and |A0k0\> 1, one of the roots will be positive and real, and will cause a
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signal to grow exponentially until the amplifier “blocks”. For 4oko negative
and |Aoko]< 1, all three roots will have a negative real part, so that the
natl'lr.al modes will then be damped. This will also be the ca’tse for small
p.osmve' values of Aoko. When the value of Aok is increased, the left-hand
side point of intersection shifts to the left, i.e. it becomes 1;10re negative
SO ’fhat the sum of the other two roots becomes less negative. This remains’
valid even when these roots become complex conjugate, which is the case for
Aoko> —Ymin, and beyond a given value of A4gko the real part of these
roots will become positive and oscillation will occur.
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The lower part of Fig. 22-2 shows the path of the _roots when Aoko
increases. It is easy to calculate the value of Aoko at which the roots pass

through the imaginary axis. For we can then write:
Tivets(p + ja) (p — i) (p +b) =0

where + ja are the values of the pure imaginary roots and b is the
value of the negative real root.

We thus find:
P+adp+b= (p+711—) (p+_112_) (p+_11_3) +_:_::%
Therefore:
b=-:_1+-11_2+ :3 o= nl-rz 11113 r:rs *
1 1 1
and Agko+1 = (r1+ 72 + T3) (_;+72—+—;)'

This shows that the maximum value of Aoko wl:xich is p?rmissi.ble
without giving rise to oscillation, can be increased el_ther by increasing
the largest time constant or decreasing the smallest time constant. T'he
latter course is normally not possible and one of the best known remedies
against oscillation is increasing the largest time constant. However, the
resultant disadvantage is that the amplification will already commence to

at low frequencies. .
fanllfgontrol tecel;lniqu&s often use is made of graphic repr‘eser.ltat.lons
such as the one shown in the lower part of Fig. 22-2, which indicate
the relation between amplification A4oko and the values of the roots.
This is called the “root locus™-method.

We shall discuss oscillation and stability of amplifiers in greater detail ?n
Sections 37 and 38. In the rest of this section we shall assume that no oscil-

lation occurs.

We have three possibilities with a non-oscillating system. Firstly, I .A(w)k(w)l
is large with respect to 1 for the frequency considered. Basic equation (22.1),
for which we can also write

1 1
Agp (o) = K@)+ A(w)

can then be simplified to:

1
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This shows one of the advantages of feedback: the amplification is no
longer determined by Ao, which may strongly depend on prevailing circum-
stances, but by k(w) which should be essentially constant if suitably chosen.
Therefore we usually take a simple passive circuit, such as a voltage divider
consisting of two resistances. In that case the new amplification will be
both theoretically independent of frequency and also real, so that there will
be no phase shift between output and input signals. However, these advan-
tages are achieved at the cost of amplification, because when |d(w)k(w)| > 1,
we have |4p(w)| < |A(w)|. ‘

In the second case too, when |4(w)k(w)| is small with respect to 1, it is
easy to indicate the effect of feedback. It will be zero: 4s(w)~ A(w), which is
hardly an interesting result.

The situation becomes more complicated if the value [A(w)k(w)| is nearly
unity at the frequency considered. The amplifier’s behaviour will then be
determined by the exact value of 4(w)k(w), i.e. by both modulus and argu-
ment of this product. In all cases where the feedback is used to obtain
favourable properties which are valid for lAk| > 1 we shall, because of the
decrease in amplification at high frequencies, always meet the case [Ak] ~ 1
too, with its associated problems. The applicability of a certain feedback
method will be strongly determined by the behaviour in this region and we
shall consider the latter problem in the remainder of this section. In the
following sections we shall discuss some of the favourable effects valid for
|4k| > 1.

To illustrate what can be expected in the transition region |Ak| ~s1, weshall
now discuss in detail the feedback of a two-stage amplifier, each stage having
an amplification of the form 4/(1 + jwt). The reason for choosing this type of
amplifier is that the calculations remain relatively simple, whilst at the same
time the phenomena are representative of what can occur in this region.

The relation for the overall amplification of the two stages is:

Ao
(1 +jor)(1 + jors)

where 49> 0 and 71 and 73 are assumed to be of the same order of magnitude.
Let us first consider the case when the feedback voltage has been obtained
by means of a frequency-independent voltage divider, i.e. k(w)=constant=
ko, when 0<ko<1 (Fig. 22-3). We also assume Agkp > 1.
The amplification of the amplifier with feedback is
Ao

A — 22.3
(0 = e A + jora) T Adks (22.3)

A(w) =
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Fig. 22-3

As can be easily checked, this amplifier cannot oscillate because the roots
of the equation

1 +pr) (1 + pr2) + Aoko =0

have a negative real part for each value A4oko>O0. When the amplitude
characteristic is measured, it will be seen that a peak occurs of which the
height increases with 'V Aoko (Fig. 22-4). .

The reasoning that the peak in amplification is due totoo high a g?n.n for
higher frequences seems to be promising since the insertion of additional
capacitance across one of the anode resistance will cause the peak to decrease.

agsl

Fig. 224

The incorrectness of this reasoning is however proved by continuing the
process and inserting additional capacitance across the other anode rt?sistance
as well. The peak will then not decrease any further, but will in fact increase.
This can be explained by the following calculation:
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Equation (22.3) gives:
| Ar(e)|2 =

Ao?
T (14 Aoko)? +{(71 + 722 — 2(Aoko + Drita} @2 + T1’Talwt

(22.4)

In the case of 2(Aoko+1)T172>(71+72)2 or Aoko>3(v1/T2+4 72/71), the
second term of the diviser is negative and the right-hand side has a
maximum | 4ys|max:

1
A = As(0) -
I fblma.x fb( ) Vl 1 (1,'1 + 12)2 ' 1 2
27172 Aok + 1
1
ith Ap(0) = —x—
wi 16(0) ot A

This can be approximated for values of Aok which are large with respect
to ¥(71/t2+ T2/71) by:

T1T2
IAfblma.x = A7n/0) - Vm . VAoko

The factor T172/(t1+ 72)2 can be written as 1/(z1/72+2+ t2/71) and has a
maximum value of } for r1=73. If we now increase the ratio between the
time constants, for example by increasing the largest time constant, the value
of the peak will decrease. If the other time constant is subsequently increased,
the height of the peak will once more increase.

The amplitude characteristic of Fig. 22-4 is often undesirable: a flat =
response is preferred. This can be achieved either by decreasing Aoko or
by varying the time constants so that the coefficient of w? in (22.4) becomes
Zero:

Aoko =} (2’ + 3) @2.5) |

T2 T1

With this last method it is necessary only to increase the largest time
constant by adding extra capacitance across the anode resistance, so that
(22.5) is satisfied. The amplitude characteristic then becomes, to a good
approximation:
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| 4rp()| = |45(0)] - (22.6)

V1 + 4ttwt

where 7=the smaller of the two time constants.

This amplitude characteristic is shown in Fig. 22-5, where the broken line
represents an amplifier having two equal time constants v and no feedback.

Tn order to obtain such a flat amplitude characteristic where the amplifi-
cation in the flat region is independent of amplification 4, it is necessary
that Aoko, the value of the “loop gain” at low frequencies, is large with
respect to unity. It follows from (22.5) that the ratio between the two time
constants must then be large too, namely approx. 24oko, which gives us for
the largest time constant the value 24okot. Nevertheless, the amplitude char-
acteristic of Fig. 22-5 is determined exclusively by the smallest time constant,
and has a bandwidth which is even better than that of a amplifier with two

Afplw)
Agp(0)

1

— Nw

Fig. 22-5

of the smaller time constants and no feedback. We can use this effect to
give a flat amplitude characteristic up to high frequencies to a system which
inherently comprises one large time constant.

An example of such a case is found in the mass spectrometer. We have
to measure here currents of the order of 10-12—10-1% A which, as we
shall see on p. 240 are preferably transposed into voltages by means of
a large resistor (e.g. 101* £2). This is shown in Fig. 22-6. If the total
capacitance of the collector plate of the mass spectrometer and the
input of the amplifier is, say, 20 pF, the time constant of this input will
be 1011-20-10-12 = 2 seconds, which means that only very slow
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Vout

L ~

changes in the measuring current can be amplified and measured if no
special precautions are taken. By using feedback, the bandwidth of the
input plus amplifier can be made to correspond to the smallest time
constant of the amplifier. For example, if the latter is 50 u s, it is possible
to amplify signals up to frequencies of approx. 1 kc/s with almost
clonstant amplification. In that case, the necessary loop gain is
T 1

3 ™ 7-50_—6 = 20,000 times. When using the full out-
put signal as feedback voltage (ko = 1), 4o must be 20,000 (Fig. 22-7).

In reality we need an amplifier with more stages in order to obtain
the required amplification and thus with a greater number of small

210%x )

T

1

]

]
<= 20pF v
= t

[] h ! od
i :
L

Fig. 22-7

time constants. In that case the critical loop amplification is, of course,
smaller than with only one small time constant; the gain in speed is
therefore also smaller than would follow from the ratio of large to small
time constants. The example takes this into consideration by assuming )
that the amplifier possesses a single time constant of 50 u s, which is a
rather large value for an amplifier stage. Under normal circumstances,
the time constant of an amplifier which gives an amplification of approx.
10,000 times can be easily restricted to approx. 10 g s, so that the mass
spectrometer can cope with signals of several tens of kc/s.

If we start from an amplifier with time constants originally of the same
order of magnitude and a flat amplitude characteristic which has been
obtained by making one of them 240k times as large, Fig. 22-5 shows that
the improvement does not dlways justify the loss in amplification. In this
respect the loss in amplification would have been more profitable if it had
been obtained by decreasing the anode resistances and thus the time con-
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stants. In doing this we might also expect that by our procedure the ampli-
fication would become less dependent on Ao. Whether this is true can be

checked by calculating from (22.4) the dependence of Asx(w) on changes in 4o:

dl4n(@)| _
| 415()]

ddo 1+ Aoko +{(T1 + 12)2 — (doko + 2)1112}602 + 712792004
Ao (1 + Aoko)? 4 {(z1 + 72)* — 2(doko + Dr17s fo? + Ti2r220?

In the special case of maximum flat response (equation 22.5) this reduces to

ddp(@)|  ddo 14Acko+ dokotiTew? + 77,00t
[Ap(@)] 4o (1 + Aoko)? + Ty'7gl0t

With Aoko > 1 and 7172 = 2A40kot?, where 7 is again the smaller of the two
time constants, this approximates to

1
4 27%02 + 47t
ddnw)| _ ddo Aok

|Afb((1))| Ao 1 + 47t0t

For small values of w, the relative variation in amplification is thus reduced
Agkotimes, but this factor will already decrease atlow frequencies. It follows
from (22.6) that although the amplification is almost flat up to frequencies
w=1/27, the reduction has already become a factor 2 smaller at the frequency
w=1/7V/ 2A4oke. This proves that the stabilization of the amplification is
only effective in a small part of the frequency band in which the amplitude
is flat. :

Fig. 22-8

22] FEEDBACK 125

Fig. 22-8 shows a second disadvantage of increasing one of the time
constants. In a two-stage amplifier with equal stages, the flat characteristic
can be theoretically achieved by increasing the time constant of either the
first or the second stage. If we choose the first possibility,the first stage will
only slightly amplify the high frequencies of the ultimately transmitted band,

namely V Ao/(1 + w272) times. Thus an interference signal v containing
these high frequencies and appearing at the input of the second stage will
give a correspondingly larger contribution to the output voltage.

On the other hand, increasing time constant vz of the second stage will
render the amplification of this stage small for the high frequencies in the
transmitted band. If it is desirable to achieve a large output signal for these
frequencies, the input signal of the second stage must consequently be
large. A large part of the Io—Vye characteristic is then used, which may
cause unwanted phenomena such as non-linear distortion (see Section 23).

1t is obvious that we go from one compromise to another with this con-
figuration. Despite of this, however, this method of feedback is simple and
in many cases it leads to useful results.

Let us now assume, with reference to equation (22.1), that we had followed
a different line of reasoning and had attributed the occurrence of the peak
at high frequencies not to an exaggerated amplification in this region, but to
the fact that the divisor of (22.1), i.e. |A(w)k(w)] is too small.

There is not very much we can do about A(w), but k(w) can be increased
at high frequencies by inserting a capacitor across the upper resistor R; of the
voltage divider (Fig. 22-9).

In order to simplify the calculation we assume that : <€ Dout, s0 that the
current passing through the voltage divider is determined by the impedance
of the upper branch:

k(w)=ko(1 +jwro)

where 7To=RiC.
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We now find for the amplification of the feedback amplifier:

Ao
(1 + joti) (1 + jot2) + Aoko(l + jwro)

Ap(w) =
and for the absolute value:
|[4r(@) 2 =
Ag?

(1 + Aoko)? + {(71 + T2 + Aokot0)® — 2(Aoko + Drite jo? + 112(122;07)‘;

The coefficient of 2 in the divisor must be zero for a characteristic of
optimum flatness:

(t1 + 72 + Aokoto)? = 2(Aoko + 1)T1T2

Thus:

_V2ddko + Dtz — 11 —

22.8)
Aoko

70

This can be approximated for T1~72 and Aoko > 1 to:

The time constant 7o will therefore usually be very small with respect to

71 and 72. .
We find for the amplitude characteristic:

Ao i 1
Aoko + 1 V‘l < T1T2 )2w4
+ 1 + Aoko

When comparing this with (22.6), we find that the frequency range has
become V' 2A4qko times wider, a very considerable gain. ‘ .
To find in this case the effect of variations in 4o on amplification Ay, we
derive the relative variations from equation (22.7) by differentiation:
d|dp(w)| [ ddo
lAfb(w)I Ao
1 + Aoko +{(v1 + 72)(71 + T2 + AokoTo) — (doko + 2)T172 Yo? + 11272204
(1 + Aoko)® +{(z1 + 72 + Aokoto)® — 2(doko + D172 Jw? + 11272204

|4rp(@)| =
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and this becomes in the case of maximum flat response (22.8):

dj4n(w)| [ ddo _
|[4r(w)| [ 4o

1 + Aoko + {(71 + 72) V/2(Aoko + Dmrze — (doko + 2)7172 }oo? + 712752004
(1 + Aoko)? + 712722004

Once again we find a reduction factor of 1+ Aoko at very low frequencies,
but because of the negative term in the dividend this factor decreases much
more slowly and even increases initially. This makes it possible, with correct
choice of parameters, to obtain useful frequency bandwidths which exceed
those of an amplifier without feedback. Moreover, the other disadvantages
of increasing the time constants do not occur here, so that the change to a
frequency-dependent feedback loop offers many advantages.

The reader may wonder why we derived the solution with an increased time
constant as we have seen that this has poorer results than that with fre-
quency-dependent feedback. Apart from the fact that the first method
can be most useful in many cases, we would also have ignored one of the
most fascinating aspects of electronics. For although it would appear quite
reasonable to assume that frequency-independent feedback offers the best
guarantee for a frequency-independent amplitude characteristic, the contrary
comes out to be true in practice. Furthermore, although we can rely on
calculations to tell us all we wish to know about a given configuration, there
are usually no rules for arriving at the configuration which would lead to the
best results. One consequence of this is that it is still possible to obtain
surprising improvements even in apparently exhausted fields.

The amplitude and phase characteristics generally give a reliable indi-
cation of the properties of an amplifier for signals consisting of one or more
sinusoidal components. Apart from this type of signal, as already mentioned
in Section 7, we often deal with transient signals, of which the step function,
pulse function and the square wave are much used waveforms. (Fig. 22-10).

It is thus important to know in these cases how the amplifier behaves for

step function pulse square wave
Fig. 22-10
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such a waveform. Theoretically any signal can be expressed as the sum
of various sinusoidal components derived by means of Fourier analysis,
(Section 36). Each of these components can then be treated separately,
with due regard to the frequency characteristic of the amplifier, and then
added together at the output. Clearly therefore the frequency characteristic
also determines the result for arbitrary signals. Needless to say, such a method
is often very tedious to apply in practice.

If we are dealing with the waveforms of Fig. 22-10, the solution will
be obtained more quickly by starting from the differential equation valid
for the system. Particularly when the input signal is a step function, it is
easy to find a specific solution of this equation for #>0. The additional
conditions can then be taken care of by means of the natural modes.
In the case of a step function these conditions are determined by the values
of the currents and voltages at the beginning of the step. The switching-on
phenomenon is then completely accounted for in the amplitude of the
natural modes. Since both the pulse and the square wave may be con-
sidered as sum signals of positive and negative step functions that have
different origins in time, the solutions for these types of waveforms are
easily derived from those for a step function.

If the system is at rest for #<O0, the coeflicients of the natural modes can
be determined directly by means of Heaviside’s formulae.

Let us suppose that the relation between input and output signals is given
by the equation:

{B() }vo ={p Alp) }rs
where A(p) and B(p) only contain positive powers of the operator p=d/dr.
With a step function of unit height as input signal the output signal for
t>0 is then given by '

AR
=2 B

ePd

where p; is a single root of the equation
B(p)=0

and B'(py)is the value of dB(p)/dp for p=ps. The solution is slightly more
complicated for multiple roots of B(p). If p¢ is an n-fold root, this contributes
to the solution:

n-1 tlepd d \#-i-1 [ A(p)- (p— p)*
,-Zo (—j—1! [(dp) { B(p) }] p=ps

22]
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Examples:
We find for Fig. 22-11:

RCp

Vo = ———— Ut
RCp + 1

therefore: A(p) = RC; B(p) = RCp + 1.

Since p = —1/RC is a root of B(p) = 0 and B’(p) = RC, we find that
fortr> 0

-t|RC
Vo = ¢€

For fig. 22-12 we find:

1
v = X T v or p(RCp + 1)vo = pu, so that A(p) = 1, B(p) =
P(RCp + 1) and B (p) = 2RCp + 1.
The roots of B(p) = 0 are p1 = 0 and P2 = — 1/RC, hence

B(p1) = 1 and B'(p2) = —~1.
For a unit step input we thus find for ¢ > 0:

-t/{RC
vo=1—¢
C R

¥ R Vo v; G Vo
vi ‘ v I

—t —
Yo l \ vo /

—f — ¢

Fig. 22-11 Fig. 22-12

A square wave can be considered as the superpositioning of alternating
positive and negative step functions, each spaced by an interval time T
Depending on the ratio between T and RC we obtain for the circuits
shown in Figs. 22-11 and 22-12 with a square wave as input voltage
signal, the output signals given in Fig.22-13.
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T<«RC T=RC T»>RC

7 R
Vi -]----l-m}--u c Yo TN SN R
T« RC T=RC T>»RC

Fig. 22-13

In common with the frequency characteristic, the “step function response”,
i.e. the curve of the output signal plotted against time with a unit step as
input signal, completely determines an amplifier’s properties. Any arbitrary
input signal can also be considered as the superposition of a large number of
infinitely small steps (Fig. 22-14). The step function response is usually

Fig. 22-14

obtained by connecting a square-wave signal generator to the input and
observing the output signal on an oscilloscope. The repetition frequency
of the square wave should be chosen so that the response has reached its
final value well within half a period.

Once the flattest possible amplitude characteristic has been obtained for
an amplifier with two time constants, either by correctly adjusting the
feedback loop gain or the ratio of the time constants, or by applying
frequency-dependent feedback, an output signal as shown in Fig. 22-15 is
obtained when a step function is applied to the input. The effect shown is
termed “overshoot”. This phenomenon is undesirable for a number of
applications and needs to be eliminated if the amplifier is to be used for
such purposes. Suitable measures can be taken when the cause is known
and in this case this is not difficult to find; it is the damped natural modes
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Fig. 22-15

of the system which are “pulsed” by the step. Apparently in a system
with a flat frequency characteristic the natural modes are still damped
sinusoids and the roots of the corresponding equation complex. The remedy
therefore lies in making these roots negative real.

In the case of an amplifier with frequency-independent feedback the
natural frequencies can be determined by putting the denominator of (22.3)
equal to zero:

(I +pr) (1 + pr2) + Aoko =0
The roots are:

_ 71 + T2 n V(‘L’l + 12)%2 — 41 + Aoko)t172
2'[1‘[ 2 47 ]_Z‘L‘zZ
which becomes, by applying equation (22.5) for the flat characteristic:

T1 + T2
27172

1 +7]

This proves that damped sinusoidal vibrations occur.
However this is no longer true if
T1 T2
—_— + -
T2 T1

(v1 + 72)2 > 4(1 + Aoko)rite or 4Aoke + 2 <

In the limiting case where the equality sign is valid, the largest time
constant should be made about twice as large as was necessary for a flat
amplitude characteristic. We find in that case to a good approximation:

[ 4n@|= | 40O ;s
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This is shown in Fig. 22-16. For comparison purposes, the flat charac-
teristic of equation (22.6) is also shown.

[

Fig. 22-16

Vott)

1 2 3 4 5 6 7 8
—={lt
Fig. 22-17

For the step function response we obtain in this case

_ A Nas -5
vO(t)_l-i-Aoko{l (2_[—|-l)e }

and overshoot no longer occurs (Fig. 22-17).

The process occurs completely similarly for the frequency-dependent
feedback. With the amplifier which just does not show overshoot, we find
for the time constant 7o:

2\/ (Aoko + Dt172 — (71 + 7-'2)

To =
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for the amplitude characteristic:
1

|4 70()| = |476(0)]
T17T2
1+ ———w?
1 + Aok

and for the step function response

~ 7 1 1 '/Aoko+l
Aok 1 -y
vo(t) = _@____ [ 1 — (V——q—oi——t + 1>e TyT, t]

1 + Agko T1T2

With 71=72=1 thus an increase in bandwidth and speed of 2 \/ Aoko+1
times compared to the frequency-independent feedback, results.

It is not surprising that with a feedback amplifier showing a peak
in its amplitude characteristic, a step function as input signal gives
an output signal containing oscillations, because there are frequencies
for which the amplification is greater than at low frequencies. How=
ever, this is not the case with a flat characteristic and at first sight
there does not seem to be any reason for the overshoot. One therefore
often finds the statement that this is due to certain shortcomings of the
phase characteristic, such as deviations from a linear relation between
phase and frequency (see section 36). This is incorrect for two reasons;
firstly, as we shall see later, the amplitude and phase characteristics
of a transfer system are inter-dependent and it is obviously not possible
to ascribe a certain disadvantage to one of two dependents; secondly,
this statement is not even valid in the case (which can only be realized
mathematically, not physically) where amplitude and phase charac-
teristics can be chosen independently of each other. Taking the ideal
case for the latter that the phase shift is zero at all frequencies, we
find that even in this case the phenomenon of overshoot can occur.

According to Fourier analysis (see Section 36),a square wave with
a period T = 2n/wo and an amplitude = 1 can be considered as the sum
of sinusoidal voltages of frequencim wo, 3wo, Swe, etc.:

vy = A (sm wot + — sin 3wot + sin Swot + . )
T
Y

Vil
1

wg 2wy 3wy —w Zm.uo

Fig. 22-18
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When this voltage is fed through a system having an amplitude
characteristic equal to 1 for w < 2nwo, and equal to zero for w > 2nwo
(the continuous line in Fig. 22-18), and also possessing the above
mentioned ideal phase characteristic, the output voltage will be:

2o = 24 ik ! . sin 2k — Dowor
° LT 2k —1

If this summation is carried out, it appears that overshoot occurs
at the zero crossing points. When »n is increased, the width of the
overshoot will contract towards zero but not the height (Fig. 22-19).
This phenomenon is known as Gibbs’s phenomenon. On the other hand,

—t
Fig. 22-19
W)
. L FT AN .
n=4
T/ -t

Fig 22-20

22] FEEDBACK 135

assuming a system whose phase characteristic once again equals zero
everywhere, but where the amplitude characteristic equals 1 for w = wo,
and drops linearly to zero at @ = 2nwo (the broken line in Fig. 22-18).
The output voltage in this case will be:

4 & on — 2k +1 1 .
=2 Sk . - sin(k — Deot.
P == 12 o1 ak—1 S Yoo

This sum is one of those occurring in a Cesaro summation. Thus
Gibbs’s phenomenon does not occur with the Cesaro summation of
Fourier series. The partial sums do not show any overshoot, Fig. 22-20.
Mathematically speaking, the Fourier sum is not uniformly convergent
but the Cesaro sum is. Whether overshoot will occur in this case is
obviously connected with the slope of the fall in the amplitude charac-
teristic.

Returning to the behaviour of a feedback system with sinusoidal signals,
we should note that, in order to assess the amplifier’s quality, it is essen-
tial to know the phase characteristic, as well as the amplitude charac-
teristic. Theoretically, the various calculations used for, As(w), should be
repeated for the argument of Ap(w). It is, however, less usual to pay particular
attention to the phase characteristic. This results from .the fact that with
most transfer systems, the necessary data on the curve of the phase charac-
teristic can be derived from the behaviour of the amplitude characteristic.
Bode has derived a relationship between the phase at a certain frequency and
the frequency-dependence of the amplification for those systems which have a
transfer function of the form of equation (6.5).

_ {A(P)} .
Uo =9 —— 143
B(p)
in which the roots of A(p) and B(p) have a negative real part.

In all stable systems, the roots of B(p) will in effect have a negative, real
part, whilst roots of 4(p) with a positive real part only occur when bridges,
or compensation circuits are used. Particularly in the case of linear amplifiers,
there will be little need for such circuits, and the condition concerning the
roots is therefore nearly always satisfied.

From the relation postulated by Bode it follows that in a frequency range
0 <w <wp, where the logarithmic amplification undergoes little change (Fig.
22-21), the phase will become practically proportional to the frequency
@e= —Twy, 50 that for signals which exclusively contain components in this
frequency range, the output signal will be delayed by a time 7 with respect
to the input signal, but otherwise will have almost exactly the same form.
In the region w> ws, where the amplification changes greatly the phase will
also be subject to large changes. However, for a linear amplifier this range is
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Fig. 22-21

naturally unsuitable because of the distortion caused by the difference in

amplification.

As we have in fact tried in the foregoing to obtain a flat amplitude
characteristic, it follows that the phase characteristic will also be of a smooth

form.

The transfer of a signal with frequency o is described by:

0o = 409 -
B(jw)
If we write:
AGw) A(jw)
=In|—=| and = —_—
a(w) Bﬁw)l o) = arg 202
we find for the phase at frequency w.:
o]
_ 2w a(w) — a(we)
o) =2 [ a0
0

This relation can be derived by making use of the properties of a
complex variable and is only valid if all roots of A(p) and B(p) have a
negative, real part.

Assuming that the logarithmic amplification a(w) is constant up to the
frequency ws > wc, and then for frequencies above wy, possibly at first
increases but decreases at still higher frequencies, the term a(w)—a(we)
will be zero, for 0 < w < ws, and therefore also the contribution to the
integral. For @ > ws, the denominator can be simplified to @2 and the
integral

¢ a(w) — alwe)
a0 e,
Wh

will then have the same value P for all frequencies we < ws. We have
therefore

_2p
Plwe) =—— e

which corresponds to our previous assumption.
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An interesting variant of the formula for g(wc) is obtained by the
substitution of ¥ = In (w/wc). This gives:
@K

Hwe) = —72!— f

-~

a(w) — alwe)
Te% —et

du

or, after partial integration

l+wd l |

a u

o) = —— ——+IncothA -2 d

@we) nf au cot! 3 u
-0

This formula establishes a relation between the phase at frequency
wc and the derivative of the logarithmic amplification. The weighting
factor In coth |u|/2 (see Fig. 22-22) is called Bode’s weighting function,
and an amplitude characteristic where the logarithmic amplification a
is plotted against In w is called a Bode diagram.
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If we have a transfer function where the numerator possesses a root
pi = ai + jPi with positive real part, a function can be obtained by
multiplying by (p + pi*)/(p — ps), Fig. 22-23, of which all roots will
have a negative, real part and for which the above-mentioned relation
between amplitude and phase applies. The modulus of the multiplication
factor equals 1 for purely imaginary values of p, so that the amplitude
characteristics of both functions will be equal. The phase of the original
function equals that of the new one, minus the argument of the multi-
plication factor. ’

Let us conclude our considerations on the behaviour of feedback ampilifiers
in the frequency range for which [A(co)k(w)l a1 1s valid, by saying a few
words about systems with more than two time constants. The characteristics
can be calculated in the same manner as for an amplifier with two time
constants. However, with an increasing number of time constants, the cal-
culations rapidly become more complicated, apart from a few special cases.
We can, however, indicate some rules for these systems in direct relation to
those we derived for a two-stage amplifier, namely:

1. Oscillation can be avoided by making the greatest time constant
sufficiently large. -

2. Peaks in the amplitude characteristic will disappear when making the
greatest time constant still greater by a certain amount.

3. Overshoot will disappear with a further increase in this time constant.

These rules are valid for time constants which cause the amplitude
characteristic to drop at high frequencies. For time constants which cause
a drop at lower frequencies (RC-coupling, cathode decoupling) the opposite
usually applies: .

1. Oscillation in this frequency range is eliminated by reducing the smallest
of the relevant time constants.

2. Peaks in the amplitude characteristic in this range will disappear by
further reduction of this time constant.

3. Overshoot does not normally occur in this case.

These solutions are usually not the best possible for a given system and
often they are not even admissible for certain reasons. Fortunately, however,
the systems in measurement electronics with feedback are generally rather
simple, so that the theory of more complex systems as used in control
techniques is seldom necessary.

When feedback is used, we often distinguish between positive and negative
feedback. But, as we have seen above, feedback is usually complex, so that
such a simple subdivision is not possible. These terms are, however, useful
in practice to indicate the feedback method used.

When we speak of negative feedback, |4k +1 l must be large with respect
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to 1over the frequency range which is important; moreover, the argument of
Ak must not lie in the neighbourhood of 180°. We then have a non-oscillating
amplifier which possesses the favourable properties which exists for [Ak[
> 1. In this sense, most feedback systems can be said to have negative
feedback.

In the case of positive feedback, [4k+ 1[ <1 applies and such an
amplifier will possess properties which are valid for |Ak+ 1[%0. This
means that any differences in behaviour at various frequencies will be
increased by feedback. We shall give an example of positive feedback when
discussing active filters in Section 33.

We should also note that, although the various rules we have given above
were derived for a system exclusively containing signal voltages, the same
rules apply, with due alteration of details, to signal currents or combinations
of signal voltages and currents.

In conclusion, we can state that feedback makes it possible to render the
amplitude and also the phase characteristic of a transfer system less de-
pendent on basic parameters. However, this is accomplished at the cost of
amplification, and there is a danger that the amplitude and phase charac-
teristics exhibit an undesirable behaviour in a certain frequency range, or
that oscillations occur. When feedback is being used, one should therefore
always check whether there is any danger of these effects. We shall study this
matter in more detail in Section 38 after discussing oscillation.

In the following sections we shall discuss some other aspects of that form
of feedback, which, according to the definitions given above, could be called
negative feedback.



23. Distortion

The highest demand one can make on a transfer system is that at any
instant the output signal is equal to the input signal, multiplied by a constant.
Because the system would have to operate without any inertia it is not
possible to realize this ideal transfer (trivialities, such as voltage dividers
consisting of resistors, excepted). The best approximation to this ideal is one
where the output signal is shifted in time with respect to the input signal,
but otherwise represents a true reproduction of it. A first condition for
this is the linearity of the system. Fourier analysis teaches us that the
amplitude characteristic of such a linear system must then be independent
of frequency, and that the phase must be proportional to frequency (except
a few less important possibilities). This, too, cannot be realized in elec-
tronics, but the deviation does not have to be large if we restric our-
selves a little in the generality of the signals. For example, we have learnt in
the previous section, that in a frequency range where the amplitude charac-
teristic is flat, the phase is proportional to the frequency in good approxi-
mation. This means that only small deviations will occur for signals which
exclusively contain components in this frequency range. We shall discuss
this subject in more detail in Section 36.

The distortion which occurs in linear systems, caused by shortcomings
in the amplitude and phase characteristics, is called linear distortion. As
we have seen in the foregoing this may be reduced in certain cases by
incorporating negative feedback.

As soon as more stringent demands are made on the linearity of the re-
lation between the amplitudes of the input and output signals of an amplifier,
it is no longer possible to ignore the non-linear behaviour of various elements,
particularly the active ones. This will generally cause a certain amount of
distortion, which in this case is called non-linear distortion. In this section
we shall discuss the effect of feedback on this non-linear distortion.

When non-linearities occur in the transfer, we can write in the simplest
case the relation between input and output voltage as follows:

vo=Ao(vs +avi2 +bvd + .. ) (23.1)

The distortion which occurs in the output signal will not only depend on the
magnitude, but also on the form of the input signal. If the input signal of an
amplifier to which equation (23.1) applies is sinusoidal, the output signal
will only contain harmonics. If the input signal consists of the sum of two
sinusoidal signals of different frequencies, we also obtain sum and difference
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frequencies which can be particularly objectionable, especially in sound
reproduction.

In order to consider the effect of feedback on this non-linear distortion,
let us look at Fig. 23-1, where the feedback kg is not dependent on frequency.
In order to calculate this effect we first transform (23.1) to:

1
v = —A—(vo + ave? 4+ fud 4 ...) (23.2)
0

In this transformation, which is always desirable for the calculation of
distortion, the coefficients can be easily determined by substitution and
equating of coefficients. For example, we find:

8 g g 2Eb
= ——— an =
=4 Ao

Combining (23.2) with vy=v;—kov, gives:

a
v —_— 7
Ao <0+1+A0k0 1 + Aoko

Us

When comparing (23.3) with (23.2) we observe that the coefficients of the
higher-power terms, and therefore also the influence of these terms for a
given output signal z,,are multiplied by (4oko+1)7! due to feedback. This
means for Aoko>0 that the distortion becomes smaller and the deviation
from a linear relation between v, and v, therefore decreases with increasing
feedback.

Analogous to (23.1), but this time for an amplifier with negative feedback,
equation (23.3) also yields:
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p Vs 4 a ( Vs )2 +
U =
T N T T doko T 1+ Avko \ 1 1 Avke

+( b g Adko )( e )3+ 23.4)
1 + Agko (1 + Aoko)2/ \ 1 + Aoko ’

We first observe that the input signal must be multiplied by (Aoko+1)
to obtain the same output signal, and secondly that the coefficient of the
third-power term, which can be approximated by (b—2a?)/(1+ Aoke) for
Aoko > 1 is also determined bythe coefficient of the quadratic term in the
original equation (23.1).

In the foregoing, we have assumed for these considerations that the ampli-
fier satisfied equation (23.1). In practice, however, we always deal with
amplifiers where the amplification depends on the frequency, so that the
coefficients will be complex. A subdivision into frequency ranges where
]A(w)k(w)l acquires certain values, as with the linear situation, has little
sense because other frequencies are usually created by distortion. It is also
difficult to define a measure for distortion which is adequate under all
circumstances. Existing definitions usually depend on certain signal forms,
e.g. sinusoidal ones. The often heard statement that distortion decreases
with the use of feedback, for which |4(w)k(w)| > 1is valid in the frequency
range of interest, must therefore be considered as an untidy extrapolation of
the relations derived above. Because of parasitic capacitances, the relation
between input and output voltage will always be given by a differential
equation or by an equation with complex coefficients. Other capacitive or
inductive effects will also often be present in the circuit. Nevertheless, even
in these cases, the foregoing conclusions frequently prove to be applicable,
particularly when the following conditions are satisfied:

1. The phase differences in the system can be neglected;

2. The signals do not exceed the limits of the region where the expansion
into a power series is valid;

3. The working points of the active components are not changed by the
signal.

As one is primarily interested in the effect of feedback on systems which
have little inherent distortion, the above conditions are then usually fairly
well satisfied, and to a good approximation we can use the results that we
have derived for the theoretical case.

It is obvious that distortion will also decrease when smaller input signals
are applied to the non-linear components. For a voltage amplifier, this can
be achieved for the same output signal by increasing the impedance through
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which the output current passes. With normal amplifiers, this is usually tied
up with a number of other complications, such as the effect of parasitic
capacitances, but there is no difficulty with cathode or emitter followers
where the total output voltage is used for feedback.

Let us assume that we have for the triode of Fig. 23-2:
1
Usg = E‘ia, + aiaz + ﬂias + coe (23.5)

where 2, is the control voltage Vgk+ vax/pw. We then have for the circuit:
vs=0v;—(1+1/u)v, and vo=izR, so that:

1 1 a B s
Uy — 1+7 vo=§ﬁvo+ﬁvo +Fvo + ..

1 1
or vt="-(1+7+ER‘)00+%002+%003+-..

For SR> 1 the coefficient of v, is nearly 1. The higher-power terms
decrease as 1/R?, 1/R3, etc. Roughly speaking, the distortion decreases with
the square of the cathode resistance, and for the emitter follower with the
square of the emitter resistance. This is the additional phenomenon mentioned
during discussion of the maximum signal magnitude permissible with a
cathode follower (Section 14).
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For the ECC81-valve applies at a quiescent current of 1 mA and an
anode voltage of 100 V:

ia=S8uvtavd+buvd4...
with § = 1.5 mA/V, a = 0.8 mA/VZ, b = 1.6 mA/V3,
from which follows for the coefficients a and f from (23.5):
a=—024108V/A? and S = — 0.1510° V/A3,
With a cathode resistance of 100 k{2, the relation between z; and 2,
will be, to a good approximation:
% o= 0o — 0.24:10"2 9,2 — 0.15:1078 9,3
rd
or vo = 7 + 0.24:10~% ;2 + 0.15-10-6 p3
When o; is a pure sinusoidal voltage with an amplitude of, say,
10 volts, it follows from cos?wt = 3 + % cos 2wt and cosdwt =

Hcoswt + cos 3wr) that the ratios dz2 and ds of the second and third
harmonic to the fundamental component in v will be:

dz=12-10 and dz=4-10"%.

24. Output impedance with feedback

So far we have assumed that the amplifier circuits are not loaded at
their outputs by external current drains. If this is not the case, connecting a
load impedance Z; across the output terminals will change the output voltage.
According to Thévenin’s theorem the amplifier can be considered as a
voltage source, where the source voltage is equal to the open-circuit voltage,
in our case 4(w)vi, and the internal impedance equals the output impedance
Z, of the amplifier (Fig. 24-1).

Z
vi Alw)v; Yo {
Fig. 24-1
We thus have:
Z,
= A f— 24.1
vo = A(w)vs Z 1 Z, (24.1)
If a fraction k(w)v, is fed back to the input (Fig. 24-2) we have:
v = 05 — k(w)v,
and
Z
= Alw) ————{v;: — k
Yo (CD) Zl + Zo { Us (C())Uo}
which gives:
A(C()) Vs Zl 4 2
Vo = .
= T ¥ Alw)ko) Z 242)

1 Al k@) T Z
Comparison of (24.2) with (24.1) shows that the feedback amplifier behaves
as a voltage source of potential A(w)vs/{ 14 A{w)k(w) }, which we already
knew, and internal impedance Z,,/{ 1+ A(w)i(w) } The output impedance
has therefore become { 1 +A(a))k(a))} times smaller. The result of applying
feedback, where IA(w)k(w)] » 1, is that the amplifier more closely resembles
an ideal voltage source.
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——»:O m |A(w}
| J4 .
=

Yo

Fig. 24-2

Example: If the output stage of an amplifier consists of a cathode
follower with an output impedance of ~ 1/§ and this amplifier is fed back
with a loop gain Ak, the new output impedance will be 1/4kS. With
S = 5mA/V and 4k = 1000, this gives 0.2 2, which is very low when
compared to the usual impedance level for valve circuits. Particularly
in the case of stabilized power supplies, one often uses this type of
circuit. We shall refer to this in detail in Section 29,

+300

150k,

-~150
Fig. 24-3

An example of the above which occurs less frequently is the circuit
of Fig. 24-3, which consists of the “hybrid” combination of a valve and
a transistor, and where the collector-emitter voltage of the transistor
is also the grid voltage of the valve. An output impedance of 2 2 was
measured for the given values. This circuit can, for example, replace the
triode in the differentiating circuit of Fig. 12-5 as well as in the summing
circuit of Fig. 12-7 if still lower impedances are required than already
present in those cases.
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We thus have for the output impedance with feedback:

z,
(Zo)fb=————~l T A)®) (24.3)

and for the output admittance:

1 1+ Awk(w) 1 A(w)k(w)
(Zo)fb - Zo a Zo + Zo

(Yo)fb =

This shows that as a result of feedback an apparent impedance is con-
nected in parallel with the output impedance.

As we have mentioned, the feedback voltage can be derived not only
from the output voltage but also from the output current. This may be
achieved by inserting a resistor R; in series with the load impedance and
feeding back the voltage developed across R; (Fig. 24-4).

Fig. 244
Analogous to the previous case we find:

Z

0=A s *
T A k@) T 1}R + Z

From this follows that the output impedance has increased by (4k+1)R;
as a result of the feedback. The output thus shows a closer resemblance to a
current source.

An intermediate behaviour is found when a feedback signal is derived
partly from the output voltage and partly from the output current.
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The above symbolically indicated combination of the input signal v, and
the fed-back signal k(w)v, causes practical difficulties, because one terminal
of both is usually grounded, and this makes it impossible to connect v
and k(w)v, in series without special precautions.

4
— L
(I
2 l
{7} Alw) o+
Ze b
i %
Vs
o=
L
Fig. 25-1

Fig. 25-1 shows a frequently applied method. The feedback fraction k is
in this case dependent on the internal impedance Z; of the signal source and
therefore the fraction is only defined when this impedance is either constant
or sufficiently small. If this is the case, Z; can be accounted for in Z;. We then
find for the relation between v, and v;:

—y 1+1‘/1+1+1)_vs
A ANz,  z "z ]| =z

Oscillation of the system can be prevented by selecting, in the frequency
range where ]A[ must be large, the argument of A4 in the neighbourhood of
—180°. A4 is then almost real and negative. By making A large, and selecting
impedances Z1, Zs or Z; so that

1(1+1)< 1
A \Zy Z; Zy

applies, we obtain:
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R,
{1+
Ry
— b——0
C"') Vs Yo
+
Fig. 25-2
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|
R |
— A -0
Vs ’_—l Vo
i -
Fig. 25-3

This principle is often used in analogue computers in order to obtain
certain mathematical relations between input and output voltages. For
example, by using resistors for Z; and Z,, one obtains a fairly accurate
multiplication by a real constant (Fig. 25-2). When using a capacitor
for Z and a resistor for Zi, Fig. 25-3, we obtain:

1
vo=—m'vs
which is the same as:
do, _ 1 1
& " TRC T T T T Rg)d

This means that this circuit integrates the input signal. We shall discuss
the accuracy of this type of circuits in Section 42.
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In many amplifiers the feedback is applied to the cathode or emitter of
the first stage; Fig. 254 gives an example. Here it is not necessary for the
second stage to have a cathode resistance because the feedback ensures
correct adjustment. The cathode of the first stage should not be decoupled and
the cathode resistance Ry must be made small so that the amplification given
by this stage is not reduced too much. This often results in a rather small
value for feedback resistor R; and a rather heavy drain on the output by both
signal and quiescent currents. For this reason, a cathode follower is often
used as the output stage (Fig. 25-5).

° +

Fig. 25-5
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Fig. 25-6

Another possibility for feedback of the output voltage is shown in Fig.
25-6. We can choose a high value for the cathode resistor of the long-tailed
pair because the amplification of the stage is almost independent of it. Since
feedback is applied to a control grid, the voltage divider can in this case be
designed with large resistors; thus the load on the output remains small.

In the basic feedback circuits shown in Fig. 22-1 et seq. the input and
feedback voltages exert the same effect on the output signal:

vo=A(Vs— )

where v;=kuv,.

It is obvious that the practical circuits discussed here, only give an
approximation of the exact substaction which was assumed. Examples are
found in the circuits of Figs 254 and -5. The output signal is here propor-
tional to the current i, passing through the first valve:

. 1 Va 1
za=—{vg+—-—vk(l+—>}
S Iz 1z

where vy equals the input signal v; and v contains the feedback voltage

(1+R’ = R
Uk Tk— = Riia + 0o
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This means therefore that the feedback factor equals the product of the
factors (1+R¢/Rx)~! and (1+1/w). From this it follows that the amplification
is sensitive to possible variations in the first valve and particularly to re-
placements of the valve. Although the variations thus occurring are not very
great, they are still considerably greater than those which may occur in the
feedback circuit and they must certainly be taken into account for accurate
amplifiers. In the circuit of Fig. 25-6, the ratio of the influences of the grids
of the balanced stage is the determining factor. As we have seen when dis-
cussing the balanced stage in Section 19, this ratio is almost unity, but it
nevertheless still depends on various parameters. When discussing the
difference amplifier in Section 28, we shall indicate a few methods to make
this deviation from unity (and also the fluctuations in the deviation) smaller
than in a simple long-tailed pair. We shall see that the deviation can easily
be reduced to less than 10-4, and the effect of fluctuations in this amount
is nearly always negligible.

In general, the input impedance of an amplifier will also be affected when
feedback is used. For example, the input impedance of the circuit of Fig.
25-1 will be almost equal to Z; because for large values of the loop gain Ak
the input signal v; will be very small, so that the signal source must supply
a current 95/Z;1. The feedback in the circuits of Figs. 254 and -5 will ensure
that the cathode of the first valve follows the grid almost completely. The
portion of the input impedance between these electrodes will therefore take
less current and hence be apparently increased. Among others this results in
an apparent reduction of the parasitic capcitance Cyx, of the valve.

Because of the small amplification of the first stage, the anode signal
will also be reduced, and thus the apparent increase in the grid-anode
capacitance (Miller effect) will become less. However, impedances between
the input terminal and fixed points, such as leakage resistors and capacitances
to earth, are not affected by this kind of feedback.

Fig. 25-7
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Although some components of the input impedance are thus increased by
feedback and input impedances can certainly be increased by feedback, the
frequently heard statement that the input impedance will always be in-
creased (4k-+1) times, is incorrect in its generality.

The statement is, however, valid in the basic circuit of Fig. 25-7 for the
terminals to which the signal source is connected, if no account is taken of
parasitic impedances, and the output impedance of the “amplifier” £ is
neglected. The majority of practical designs, however, are not of this type,
if only because v; must be “floating”.



26. Impedance transformations

We have seen several times in the foregoing that impedances are changed
when using feedback. Especially in measurement electronics, we often utilize

the facility of creating apparent impedances by means of active circuits,
which would not have been possible by means of passive components alone.

Circuits which realize this can generally be reduced to one of the basic

circuits of Fig. 26-1 or 26-2, or to the equivalent circuits of Fig. 26-3-or 26-4.

Vs . C"j Avs Vs C"D AVZ
+

Fig. 26-1 Fig. 26-2

Is Aig
!

Fig. 263 .

Fig. 26-1 shows an impedance Z between signal source v; and the derived
signal source A4v,, which has one terminal in common with ;. At the in-
dicated polarity, the current passing through Z has the value {(A +1/Zz }vs,
so that it appears as though an impedance Z/(4 + 1) is directly connected to
the terminals of the signal source. The circuit on the right of the terminals
therefore behaves as an impedance Z/(4 +1). This means for a positive value
of 4 a reduction of the impedance Z. An example of this is furnished by the
Miller effect, where Z is the anode-grid capacitance. For a negative 4 and
[A[< 1, the transformed impedance becomes larger than _the original one,
whilst when 4 < — 1, the new impedance gets the opposite sign to the original
one. In this way we can create negative resistances and other negative
elements. To obtain constant values for the transformed impedances, 4 must
be given a fixed value, for example by feedback.
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In the circuit of Fig. 26-2 the auxiliary source voltage is derived from the
voltage across the impedance Z:

Us = vz+sz=(A+1)vz=(A+l)Zi

. Us
or i= —————(A Tz
The apparent impedance is then (4 +1)Z.

Similarly we find that the impedance Z in Fig. 26-3 is multiplied by (4 +1)
by means of the auxiliary current source A4is; and that in Fig. 26-4 divided by
(A+1).

By making A frequency-dependent according to a certain function, it
is possible to create various apparent impedances in this manner. We shall
illustrate its utility by a few simple examples.

For instance, it is often a disadvantage in a low-frequency amplifier that
the grid leak resistor must not exceed a given maximum value (e.g. 1 MQ).
This means that the coupling capacitor to the previous stage must have a
very large capacitance to prevent a drop in amplification at low frequencies.
Since this capacitor must usually be able to withstand a d.c. potential of
several hundred volts, it will necessarily become rather bulky as well as

+200V

ECCS81

expensive. In this case we can use the cathode follower circuit of Fig. 26-5,
where the resistance Ri is apparently multiplied x times provided the
capacitor C2, which only carries a small d.c. voltage, is made sufficiently
large.
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For v, < v, in the circuit of Fig. 26-6, the current i is practically equal to
vs/R and therefore:

Vo = Us

PRC

This means that v, is proportional to the time integral of v;. However, if
v, can no longer be neglected with respect to v, the current will be:

Us_‘ vo
R

l =

The proportionality then no longer applies. If the current through the
capacitor became larger than i by an amount ,/R, therefore again /R,
the circuit would continue integrating perfectly even when 2, was no longer
small compared to v;. This additional current can be supplied by means of
the circuit shown on the left-hand side of Fig. 26-7, where a resistor of the

Vs c Vo

Fig. 26-7

value R is connected between the upper terminal of the capacitor and
a voltage source 2 v,. We have seen that this can be considered as though
a resistance —R were placed across the capacitor. A practical design for
this circuit which in principle gives perfect integration, is shown in Section 42.

We shall meet many examples of feedback and impedance transformations
in the following sections.

27. Adding what is lacking

Although feedback offers many advantages, there are also a number of
disadvantages. The most important one is the danger of oscillation, which
occurs particularly when a high degree of perfection is desired, which implies
a very large value of Ak. As we have seen above, this oscillation is the result
of the occurrence of a system with feedback, in which a portion of the
output voltage is fed back to the input, and subsequently returns to the
output in an amplified form. By applying what we shall call “adding what
is Iacking”, no loop is created and oscillation is excluded in principle.

The avoidance of a loop system is a result of the fact that the correcting
signal is not added to the input signal (as with feedback) but to the output
signal.

Ay= At}

Vs Y Y

.|||._

Az=ATy)

Fig. 27-1

The principle of the method of “adding what is lacking” is shown in
Fig. 27-1. Let us assume that we desire to obtain an amplification 4* of the
input signal v;. We take care that the amplifications of the amplifiers used
are about A*, for example A1=A*(1+x); A2=A*(1+y); where x and y
are 0.1 or smaller. The following situation is then obtained: The signal
A1vs=A*(1 +x)v; will occur at the output of 4;. From this output signal
the exact fraction 1/4* is taken and deduced from zs. The difference signal
vs—(1 + x)vs=—x0; is offered to A2 and appears at the output as —Asxv,=
— A*(1 +y)x0,. The sum of the output signals of 43 and 4z isthen 4*(1—x)vs.
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The relative error in the gain of the total amplifier is therefore the product xy
of the relative errors of both constituent amplifiers; in our example, of the
order of 0.01. This process can be repeated with a third amplifier, and the
relative error will then be the product of the three relative errors; in our
example, of the order of 0.001. Especially when each constituent amplifier
has been designed for a reasonably stable amplification by means of a safe
feedback, this process converges rapidly, and a very high accuracy can be
obtained with two amplifiers without the danger of oscillation. There
is no real disadvantage in using two or more amplifiers since the second
and possibly further amplifiers carry very little signal and can there-
fore be kept small. Moreover, there is no amplification loss as with feedback.
This method is little known, and its usefulness is often underestimated.

A very simple example of the principle of “adding what is lacking” is
shown in Figs 27-2, -3 and -4.

Vs R y

Fig. 272 Fig. 27-3 Fig. 274

With an a.c. amplifier, the loss in amplification at low frequencies due to
the RC-coupled circuits is often a nuisance (Fig. 27-2). What is “lacking”
here at the output voltage is the voltage lost across the coupling capacitor.
A large part of this missing voltage can be added to the original output
voltage by means of a second RC-circuit (Fig. 27-3), which ensures that the
amplitude characteristic will continue to be flat at the lower frequencies.
This could also be achieved by using the same elements in the way, shown in
Fig. 27-4. However, even disregarding the fact that this does not affect the
principle, the improvement is smaller than with the correct desi gn of Fig. 27-3.

A peculiarity worth mentioning of the configuration shown in Fig. 27-3
is that the amplitude characteristic first rises before dropping as the low
frequency region is approached and thus shows a maximum (Fig. 27-5, where
it is assumed that R=R’ and C=C"). This makes it possible in an amplifier
with more than one coupled stage, to compensate partly for the drop in one
stage by the gain in another. :
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Fig. 27-5

There is yet another side to this same peculiarity, this time mainly
theoretical. The output voltage is greater than the input voltage in the
neighbourhood of the maximum. Although the gain is not large (maxi-
mum about 15 per cent), the property is maintained at a sufficiently
small output load. In theory, the process can be repeated until any
desired amount is reached. It is therefore possible to transform a voltage
to a higher value not only by using transformers, but also by RC-circuits.

Fig. 27-6 gives an example of an active circuit where the principle of
“adding what is lacking” has been applied. We want to derive accurately
from voltages v1, v2 and v3 the voltage v=—(c101+ cav2+ csvs) where c1,
¢z and c¢3 are positive constants.

By means of reasonably accurate resistors r/ci, r/cz and r/cs and a sum-
mation circuit I such as that shown in Fig. 12-7, we produce voltage vp
which is approximately equal to —(c1v1+ c202+ c3v3), assuming that the in-
put signal of amplifier II is zero. The voltage at point Q, the junction of the

/a3
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 precision resistors R/c1, R/cs, R/c3 and R, is then almost zero. By connecting
the input of amplifier II to point O, a possible deviation of voltage vq from
zero is reduced by the loop gain of this amplifier, so that vp will satisfy the
requirement more accurately with the same factor. A very high accuracy can
be achieved with this circuit. A single feedback amplifier is usually employed
for such a summation circuit (Fig. 27-7), but to reach the same accuracy, a
much greater loop gain is required in this case, which easily gives rise to
oscillation or requires a drastic restriction in bandwidth.

Kfeq R
{3} {1
R,
Rfes °

Y

-
Fig. 27-7

We should say a few words about the summation circuit at the output of
the basic circuit shown in Fig. 27-1. Particularly if the first amplifier also
has feedback from the output voltage, the addition of the output signal must
be done in such a way that the total output signal is not applied to the output
of the first amplifier, because this would render the feedback of this amplifier
ineffective. This is why simple parallel combination of two identical feedback
amplifiers does not result in an improvement regarding them both. In
principle therefore, the addition of output signals should be effected so that
none of the outputs is affected by the output signal of the other amplifiers,
for example, by using transformers or bridge circuits. It appears, however,
that addition is possible without these devices if certain asymmetries exist
between the feedbacks to the inputs of the various amplifiers. We thus
obtain a “higher order” feedback which is called “parallel plant feedback”
and which combines high accuracy with freedom from oscillation. It would,
however, lead us too far from our main purpose to discuss this subject in
greater detail here.

28. Difference amplifiers

Several times in the preceding sections we have met the situation that we
must amplify a voltage that is presented between two terminals which both
have a potential with respect to earth. The voltage to be amplified is then the
difference between these two voltages. For example, we have tacitly assumed
in the previous section when discussing the principle of ‘adding what is
lacking’ that with amplifiers such as A2 of Fig. 27-1, only differences of the
various voltages were amplified. If this were not so, it would mean that
the final accuracy is determined by the asymmetry in the amplification.
In order to ensure a good execution of this principle under all circumstances,
we must have amplifiers which only amplify the difference between two
voltages. In measurement electronics, one often meets such a situation,
where the difference between the two voltages may relatively become ex-
ceedingly small. For example, with a bridge circuit as shown in Fig. 28-1 it is
not possible to earth simultaneously a terminal of voltage source B and a
terminal of indicating instrument M, because this would mean short-cir-
cuiting one of the legs of the bridge. If one of the terminals of the indicating

Fig. 28-1

instrument is earthed, as for example a in Fig. 28-2, the accuracy of the
measurement will be affected unfavourably because in this case the capaci-
tances of the terminals of the voltage source with respect to earth (which
usually cannot be neglected) are connected in parallel to the impedances
Z, and Z,. This complication does not occur when one of the terminals
of the voltage source is already earthed (b in Fig. 28-3). However, in
this case it is necessary to measure the voltage between points g and ¢
of the bridge with a non-earthed indicating instrument. When the bridge
is approximately balanced, the measurement voltage between a and c¢ will
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be small with respect to the almost equal voltages 945 and . In this case
there is again a need for an amplifier which exclusively amplifies the difference
between two voltages. Its output signal must not be affected by the common
part of the two voltages.

To avoid the situation which occurs in the case of the “floating” power
supply, the impedances between the input terminals of this amplifier and
earth must be sufficiently large. However, it is much easier to make an
amplifier rather than a voltage source satisfy this requirement.

We shall see later that application of these “difference amplifiers” also
facilitates the solving of many other measurement problems.

Fig. 28-3 Fig. 284

It is obvious that the quality of a difference amplifier is first of all determined
by the extent to which only the actual difference between the two voltages
is being amplified, thus excluding the effect of that part which both voltages
have in common. An example of an amplifier which possesses very favourable
properties in this respect is the long-tailed pair circuit which was discussed in
Section 19. We have seen that the following equations apply (19.2).

Diy = (R + g2)v,’ — Ruy’
28.1
Dis = —Ruv;’ + (R + o1)ve’ ¢ )
where D = (Ro1 + Rez + 0102),
__ra+ Ra __ Ta2 + Rz
pi+1 7 pe + 1
, 21 ' K
= . = v
n ,u1+lvl v2 ”2_*_12
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In order to render ii(or v41) proportional to the difference v1—22, we
must satisfy:

p1 R

Rt =R T (282)
The same consideration for iy (or vq42) gives the similar condition:
R+o) L2 =g H (28.3)

,u2+1_ 1

It is obvious that both conditions cannot be satisfied at the same
time, but it is possible to satisfy exactly at least one of these conditions by
varying one of the components, e.g. u1 or u2.

The amplification factor of a valve can be varied by means of a
resistor between anode and cathode (Fig. 28-5);

i=ib+iR=S(Ug—Uk)+(—£—-+~%—)(va_vk)

therefore:

 __

# T 1 1

R u TSR

+ |@
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u

Fig. 28-5

However, the use of such a method is not satisfactory because, apart from
the disadvantage of an unbalanced output signal, there is also the dis-
advantage that re-adjustment may be required because of ageing of the
components or replacement of the valve. It is much better to design a
circuit which can guarantee that it will be possible to measure the difference
between the two voltages with a given accuracy, provided the tolerances of
valves and resistors do not exceed certain maximum values. Conditions
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(28.2) and (28.3) can be satisfied simultaneously to a very good approxi-
mation by making the amplification factors p; and us very large with
respect to unity, and resistor R very large with respect to g1 and pa.

At first sight it would seem that a large amplification factor could be
obtained by replacing the triodes in Fig. 28-4 by pentodes. However, this is
not possible without taking some precautions, for one finds that in this case
the amplification factor ugeg1={(0ia/0v41)/(0ia/0v42) will appear in the for-
mulae, and this is of the same order of magnitude as the amplification
factor of a triode. It is only possible to use the large amplification factor
t1a=(0ia/0v41)/(0ia/0vs) by providing special decoupling methods for the
screen grids to the common cathode.

The cascode is better suited for this purpose. Here the amplification factor
is approximately equal to the product of the amplification factors of the
individual triodes, provided the voltage on the grid of the upper valve
completely follows that of the cathode or the grid of the lower valve. Since
no current flows through these control grids, the supply resistors may be
large which greatly facilitates decoupling the grids.

The condition R > g1, g2 is satisfied by making R preferably larger than
108 2, because g1 and g2 have approximately the value of 1/S (100-1000 £2)
at high values of y; and u2. The use of an ordinary resistor of such a value
in the common cathode circuit would require an extremely high negative
supply voltage. A better solution is achieved by inserting a quasi-current
source as discussed in Section 12. We now obtain the circuit of Fig. 28-6 where
the decoupling of the two upper grids to the common cathode is indicated
symbolically, for the time being, by a battery.

We can write the ratio of the coefficients of 1 and 2 in equation (28-1)
for i1 (or v41) as:

R+ m  p2+1
R w+ 1 B2

which for large value of R, 1 and u» can be approximated by:

02 1 1 1 b1 — y2
1+ 2 ) (1= o)~ (14 57) (1 + 222
( R M1 w2 SR 22772
1o

1+
SR prpe

The deviation from unity is therefore 1/SR + (u1—p2)/u1u2 where the
most unfavourable case occurs when u; — us is positive, so that the maximum

28] DIFFERENCE AMPLIFIERS 165

+300 +300
&llwkn [5 180k
Va; Y.
210 ot 210

15M0 150

-250
Fig. 28-6

deviation can be approximated by 1/SR + Au/u?, where Ap=|u1—uz| and
ME= .

With a possible tolerance of 10 per cent in the amplification factors of the
triodes, this can amount to 20 per cent for the amplification factor of the
cascode, so that the second term becomes 1/5u and the maximum deviation
from unity 1/SR + 1/5u.

-The same values are found for the ratio of the influences of v; and vs on
iz OT Vg3.

For example, we have in Fig. 28-6: R=60x 100 k=6 M2, 1/S=103 0,
therefore SR = 6,000; fcase~$2irioder 3,600, therefore Sucasca~18,000.

In this case the cathode resistor is thus the limiting factor for the overall
accuracy. A still smaller deviation from unity could be guaranteed by in-
serting a cascode current source in the cathode circuit.

However, in general, not 43 or v,42 but the difference voltage v51— a2 is
taken as the output voltage. This improves the situation provided that
Ra1~Rqo.

According to (28.1) the following equation applies:

—D(va1 — va2) =

[Ra1(R + @2) + RazR]ory' — [Ra1R + Raa(R + g1)lve’ (28.9)
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which gives for the ratio of the coefficients of v1” and vs":
Ra1R 4 Rg1 02 + Ra2R
Ra1R + Raz 01 4+ Ra2R
and for those of v; and v, after substitution of the expressions for p; and ga:

pi(pz + 1) R(Ra1 + Ra2) + paRar(raz + Raz)
;tz(/tl + 1) R(Ra1 + Raz) + paRa2(ra1 + Ra1)

Ra1 Raz ]

S S1
pe(p1 + 1) R(Ra1 + Raz) + p2Ras(rar -+ Ra1)
As we always work with very large values of the cathode resistor, the

second term in the divisor can be neglected. We thus find a value for the
deviation from unity which is in any case smaller than:

A,u Ra 1 ARa AS
1 .
u2<+2R>+2SR(Ra+ s) (28.3)

(11 — p2)[R(Ra1 4 Ra2) + Ra1Raz] + pipe [

1 +

where -
Ap = |m — p2fy p2 = ppe
ARa, = |Ra1 - Raz!, Ra = %(Ral + Raz)
48 =|81 — Szf, ST =515,

If we now assume a maximum value of 10 per cent for all relative tolerances,
this gives for the maximum possible deviation a value of:

1 1

o 28.6
108 " 5. (28.6)

Compared with the previous case, where one of the anode currents or
voltages was used as the output signal, the influence of the first term has
become 10 times smaller, which represents a considerable improvement of the
guaranteed value of the deviation. This is one of the reasons why it is usual
with a difference amplifier stage to measure the output voltage difference
across the anodes. Other reasons will become apparent later.

The following equation applies to the amplification A4 of the voltage
difference v1—ov2 according to (28.4), if the amplification factors and R
are all large:

R(Ra1 + Ra2) 2RR 2RR S

= 7 _— == SRa-
D R(o1 + e2) R 2

|44
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This result follows directly from the fact that under control of a voltage
difference the voltage of the common cathode hardly changes, and the
cascodes therefore represent the “pentode amplification”: transconductance
x anode resistor. As both vg1— 42 and vg2—v41 can be used as an output,
Ag can be either positive or negative.

If 241 — 42 is the output signal in Fig. 28-6, the maximum deviation from
unity in the ratio of the coefficients of v; and 23 will be 60,000-1+ 18,0001 =
14,0001, With S~0.7 mA/V we find for the amplification of the input
voltage difference: 180 - 103 x 0.7 - 10-3~125.

We can thus write for the output signal v, of a difference amplifier:

Vo = Ad{vl -1+ (3)Z)2}= Ad{(l + 8/2)(v1 — v2) — (6/2) (01 + 1)2)}

~ Ad{(vl — v2) — (8/2)(v1 + Uz)} =
Ad{(vl — vg) — HY(v, + 02)}.

The value H=2/6 is a measure for the quality of the difference amplifier,
and is called the rejection factor or common mode rejection ratio. For the
guaranteed minimum rejection factor of a balanced circuit with cascodes,
at possible differences of 10 per cent between corresponding values, follows

from (28.6):
20

1 2 (28.7)
— +
SR HMeasc

In the last example, the rejection factor had therefore a guaranteed
minimum value of 2 X 14,000=28,000.

Hmip =

Fig. 28-7 shows the rejection factors as measured for various ECC81
valves in the circuit of Fig. 28-6. It follows that the assumption of 10 per
cent for the relative variations agrees well with practice.

Hmin
' LW, L Ir tud .
104 1° w8
Fig. 28-7

The term 2/u in (28.7) was caused by the 20 per cent tolerance assumed
for the amplification factors of the cascodes. For a balanced stage with
triodes or pentodes, at possible differences of 10 per cent between all

corresponding values, equation (28.7) becomes:
20
H, =
min (28.8)

1
SRV
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The amplification given by a single balanced stage will usually not be
sufficient, so that more stages will normally be used. We shall see that the

favourable properties of the first stage can be spoiled in this case and we
must therefore take precautions against this happening.

4] l 0 A, o
'll H1 O Az
va O [o] ‘ v,

Fig. 28-8

~)

o

.||I_

If one of the anode voltages is used as the output voltage of the first balanced
stage, the following stages can in principle be single-sided. The rejection
factor Hiot of the complete amplifier is then the same as that for the first
stage (Fig. 28-8). We have, however, seen that a single-sided output does not
guarantee optimum rejection. Therefore, if the voltage difference between
the two anodes is used as the output voltage of the first stage, we should
take into account the fact that these anodes also carry a common signal
(hence the smaller rejection factor with a single-sided output).

At sufficiently large values of the amplification factors and R, we find
for Fig. 28-4 that the circuit operates as a cathode follower for the common
component (v1+22)/2 of the input voltages v; and vz, so that the current
through the common cathode resistance will change by (v1+ v2)/2R. Both
cascodes will each carry half of this current to a first approximation, so that
the anode voltages will together change by about (R./4R)(vi+vz). The
amplification for the common input voltage (1+ v2)/2 is thus R,/2R.

An amplification SR, was found for the input voltage difference v1—vs.
The ratio of the amplifications of the difference signal and of the common
signal is called the discrimination factor (F), which is therefore 2SR. We find
for the circuit of Fig. 28-4: F=2x0.7-10-3x.6-106~8-103, i.e. 6 times
smaller than the minimum possible rejection factor. The common input vol-
tage thus gives a common signal on the anodes which is many times larger
than the contribution in the difference voltage. Thus, if it is required that
the guaranteed rejection factor does not become appreciably smaller than
that of the first stage, the second stage must have a rejection factor of 100
or more, so that the common voltage on the anodes of the first stage has a
negligible effect on the output (difference) signal of the second stage. Such
a rejection factor can be easily guaranteed by using a simple long-tailed pair
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for this stage. With a design as shown in Fig. 28-9, the minimum rejection
factor according to equation (28.8) will be:

Hpin = ——20 450
min = 1 1 Y

40 27
The discrimination factor of such a simple stage is 2 x0.7-10-8 x200- 103
=300, so that the common voltage on the anodes of the first stage will be

reduced by this factor with respect to the difference voltage between the
anodes.

o+150
l 100k l 100k
05 05
Y vy
< L el
= 200k0 H=
A i S=07 mAIV
Fig. 28-9

With a two-stage amplifier consisting of a cascode circuit according to
Fig. 28-6 and a second stage according to Fig. 28-9, we obtain the situation
shown in Fig. 28-10, in which the figures indicate the order of magnitude
of the relevant factors.

e, O e -0
vy A1=1001. A2 =20 Vo1
i H510 H =500 o—
Fy=104 F 57300
v 1 2 Vo2
+O O O O O
Fig. 28-10

A difference voltage #1—uz at the input yields a difference voltage v91—voz2
at the output, which is 4142 times larger. In Fig. 28-10 this product is 2,000.
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The common voltage (714 v2)/2 yields a common voltage at the output of:

vor + Vo2 A1dz (014 v3)
2 F, Fy 2

This makes the total discrimination factor equal to F1F, i.e. the product
of the discrimination factors of the individual stages. In Fig. 28-10, this gives
F1F;=3-108 and the factor A1 4/F1Fz has a value of 7-10-4,

The difference voltage v,1—vs2 at the output, which is caused by the
common signal (v1 + 22)/2 at the input, is calculated as follows. (v1 + v2)/2 gives
at the output of the first stage a common voltage Ai(v1+v2)/2F, and a
difference voltage Ai1(v1+v2)/2H1. These give at the output of the second
stage the difference voltages

A142 < (n1+v2 ) A142 ( v + ve )
——|————) and _
F1H; 2 Hy 2
respectively, and a total of

1 1 v1 + v2
— Uoz = A14 — "
Uol 02 1 2<F1H2 + Hl) ( 5 >

We find therefore for the rejection factor Hiot of the entire amplifier:

1
1 + 1
) H; FH;

We have in Fig. 28-10: F1Hz=5-10% and H1=5-104, so that H;~1is the
determining factor. In other words, the rejection factor of the amplifier
approximately equals the rejection factor of the first stage. Theoretically,
since the total discrimination factor is F1Fz=3-108 times smaller than the
difference amplification, no balanced amplifier need be used after the second
stage, but we shall see that in practice it is often easier, and even desirable, to
design also the following stages as balanced ones.

Because the discrimination factor of a multi-stage amplifier equals the
product of the discrimination factors of the individual stages, the total
sum amplification will become exceedingly small in the case of an amplifier
completely designed with balanced stages. In the above example, this
amounted to 7-10-4, This means that large common input signals will
not cause overloads anywhere in the circuit. The maximum permissible
value of the common signal is therefore entirely determined by the adjust-
ment of the first stage.

Hiot =
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Let us take as an example the circuit of Fig. 28-6. The cathode
resistance is approximately 6 M2 and the anode resistance 180 k€2,
so that the sum amplification is less than 0.02. As the grids of the
upper valves follow the common cathode, the working point of the
lower valves will hardly change at all. The maximum value of a positive
common signal is therefore determined by the voltages of the upper
triodes. If it is necessary for the valve’s anode voltage to be 50 volts
or more in order to make the grid bias sufficiently negative at a
current of 0.5 mA, the allowed value will be 210 — (80 + 50) = 80
volts at the given conditions.

The maximum negative value is determined by the minimum permissi-
ble anode voltage of the ECC81 valve in the common cathode lead. If
this is 75 volts, this gives 150 — 75 = 75 volts.

Because the rejection factor of the first stage determines the quality of the
complete amplifier, it is essential that a good first stage is not preceeded by
circuits that spoil the rejection factor before amplification takes place.
For example, in the case of an a.c. amplifier where the inputs must be
coupled indirectly to the signal sources (Fig. 28-11), one must ensure that
the voltage divider factors Ry/(Rg+ Rp+ 1/jwC), where Ry =source resistance,
for the two inputs should differ so little from each other, that the common
component of the signal voltages gives a negligible difference signal between
the inputs. Any adjustment can be avoided by selecting a very large value
for R, with respect to the impedance Rp+ 1/joC so that the voltage divider
factors approximate to unity. If necessary, Ry can be apparently increased by
means of the cathode follower circuit of Fig. 26-5.

lll
|l|

Fig. 28-11

We take as an example the case that 1/wC <« Ry, which makes the
voltage dividers Rg/(Rq1 -+ Re1) and Rga/(Rgz + Ruz) respectively.
With Ry1, Ry2 > Ro1, Res this becomes: 1— (Rp1/Rg1) and 1 — (Rea/Ry2)
so that the difference between these factors becomes (Rp1/Rg1)—
(Ro2/Ry2). With Rg1 = Rygs, this reduces to ARs/Ry. For example, if the
difference between the two source resistances is 1 k€2 and it is required
that the difference between the voltage dividers is less than 1075, the
grid leakage resistors must be 108 2.
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An additional advantage of using a cathode follower circuit for the
apparent increase of Ry is that this can also cause an apparent decrease
in the parasitic capacitance of possible input leads (as found in cardi-
ography, etc.) in the manner indicated in Fig. 28-12.

Fig. 28-12

If possible, the inputs should be coupled directly to the signal sources.
We then obtain a voltage division Zi/(Z;+ Ry), where Z;=input impedance
of the cascode stages. This amounts to a few picofarads in parallel with a
resistor, the value of which is mainly determined by the grid leakage, and
which can easily be made to exceed 1011 2, Z;, therefore, is represented by a
very large resistance at low frequencies, and the voltage division will closely
approximate to unity.

Since the high rejection factor in the discussed circuits is obtained by.

increasing the value of certain resistances (internal resistance of the valves,
common cathode resistance), the value of the guaranteed rejection factor will
decrease at high frequencies. For example, the heater-cathode capacitance
will be in parallel with the cathode resistor, and short-circuit the latter at
high frequencies.

The cathode resistor in the circuit of Fig. 28-6 amounted to 6 M,
If the cathode has a capacitance of 5 pF to earth, its impedance will be
6 M2 at a frequency of 5000 c/s.

In principle it would be possible to obtain an apparent increase in
cathode impedance by using feedback, because a decreasing cathode resist-
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ance makes itself felt by an increase in the currents passing through the
cascodes when controlled by a common signal on the grids. Therefore, we

‘can apparently increase the cathode impedance by measuring the change

in current in the common anode circuit and feed it back after amplification to
the cathode (Fig. 28-13). This makes it possible to design difference amplifiers

+

Fig. 28-13

with large rejection factors even at high frequencies. There is, however,
little need for these in practice. Measurements where a rejection factor of
104 or more is required often occur at frequencies below 10 kc/s, but a
requirement for a measurement which needs a rejection factor of, say, 108
at 1 Mc/s only occurs very rarely. This is not only due-to the fact that
measurements do not usually have to be very accurate at these frequencies,
but also that at these frequencies common signals already cause a difference
voltage at the input, because of parasitic capacitances, which cannot be
distinguished anymore from the required signal as described here. An
amplifier with a pentode or cascode balanced first stage, and a common
cathode resistance of several tens of kilo-ohms is usually sufficient at these
frequencies.
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In the literature one often comes across the statement that the
difference amplifier acquires better properties because of feedback of
the common voltage. This is, however, only valid for circuits where
the amplification of the common signal has not yet been drastically
reduced, i.c. where the discrimination factor is small. This type of circuit
also has, however, a small guaranteed rejection factor. For low frequency
difference amplifiers, where both the discrimination factor and the
guaranteed rejection factor can be given large values, this type of
feedback, with its small “loop™-gain, is for this purpose of little use.

At low measurement frequencies there is sometimes a need for a still
higher rejection factor than can be guaranteed by the circuits given here.
In such a case, the solution can be found by using an inherently good
difference amplifier and making every point of it follow the common signal e,
(Fig. 28-14). If the common signal is followed completely but by a
fraction 1/P, the common signal for the amplifier is apparently decreased P

e,
A1(eV+P%l
ALH, / ALH.

o Mt o2 2o._ro
i d mdesefstst)
o elg/P o——l—o b

K4 L
egﬁ_l%)zeg
<+
- Fig. 28-14

times and will thus yield a correspondingly smaller difference voltage at the
output of this amplifier. A second, non-following, difference amplifier can
easily render the effect of the still present common signal e, sufficiently
small with respect to the difference signal 41e,. As can be seen from the
figure, the rejection factor Hiot of the entire amplifier will be to a good
approximation: (1/H1P + 1/A1H3)™. For frequencies below 10kc/s, including
d.c., guaranteed rejection factors of 108 or even 107 can be achieved in this
manner. The following of the common signal by an amplifier plus its supply
obviously necessitates many precautions, so that this method will only be
applied in very exceptional cases.

To take a practical case a difference amplifier with high input imped-
ance at frequencies of approx. 100 c/s was required to measure the Hall
effect with semiconductor probes. The amplifier had to cope with a
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common signal of approx. 400 Fpx-px. The rejection factor had to be
larger than 108, and a maximum amplification of the difference signal
of approx. 3 - 10® was required.

These requirements could be met by applying the above described
principle, where A1 = 50,000, (H1)min = 20,000, P = 200, (H2)min =
500, 42 = 70; so that the total amplification was approx. 3.5 - 108 and
the total guaranteed rejection factor 4 - 106, The measured values of the
rejection factors differed between 8 and 15 - 108 for five different input
valves. The total input capacitance was less than 1 pF per metre of cable,
thus retaining a high value for the rejection factor even when the differ-
ence between the internal resistances of the signal sources is considerable.

One may wonder if it is possible to eliminate the effect of the common
signal by means of an input transformer (Fig. 28-15). Apart from the fact
that this method cannot be applied at d.c. voltage and very low frequencies,
it also possesses the following disadvantages:

a. Low input impedance, at least at low frequencies, which is difficult to
increase by feedback because of the presence of the common signal on
the primary of the transformer.

b. Easily occurring capacitive cross-coupling of the large common signal
to the secondary of the transformer, which may cause a voltage difference
at the input of the amplifier.

c. A flat amplitude characteristic over a frequency band is difficult to
obtain because of the inherent resonances of the transformator.

d. Because of the normally very low signal levels, these transformers must
be extremely well screened against extraneous magnetic fields (mains).

Despite all these disadvantages it can happen that conditions of measure-

ment make the use of a transformer indispensable, for example, if the com-

mon signal is very large and yet a transistorized design is required. It is

obvious that the elimination of the above-mentioned disadvantages is a

rather extensive and expensive process.

The use of transformers in input circuits shall be dealt with in Section 32.

Fig. 28-15
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Before discussing a number of properties and applications of difference
amplifiers, we should indicate how it can be ensured that the grids of the
upper triodes of a cascode difference amplifier (or the screen grids of a
pentode difference amplifier) acquire the correct d.c. voltage and follow
the common cathode, without excessively reducing the total impedance of
the cathode to earth. If the latter happened both the guaranteed rejection
factor and the discrimination factor would be reduced.

In theory, decoupling to the common cathode could indeed be achieved
as indicated in Fig. 28-6, i.e. with a battery. In practice, however, this method
is undesirable. For an a.c. cascode amplifier, decoupling according to Fig.
28-16 (left-hand side) can be applied. The parallel combination of R; and
R (in the example 2/3 R;) should preferably be very much larger than the
resistance in the common cathode circuit. Since no current passes through
the control grids of the triodes, this requirement is easily satisfied. By
connecting the lower terminal of Rs to the cathodes (right-hand side of
Fig. 28-16), only Ri(=2R5) is connected in parallel to the common cathode

+300

Fig. 28-16

resistance. Therefore, this last method is to be preferred. The impedance
of the capacitor must then be small compared with R; at the lowest frequency
to be amplified.
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With d.c. amplifiers the decoupling of the grids is more difficult. Most often
astabilizing valve is used. The current-voltage characteristic of such an element
has approximately the form, shown in Fig. 28-17. The nearly horizontal
portion is due to the fact that with a glow discharge in an inert gas, the

Vak a
k
54
% \
]
?
Tin. Imax. —I
Fig. 28-17

voltage is to a very large extent independent of the current density over a
wide range. Normally used gases are neon, helium and argon. Stabilizing
valves for current ranges varying from a few to hundreds of milliamps are
commercially available. For example, neon valve 85A2 has a burning or
stabilizing voltage of approx. 85 volts at currents between 1 and 8 mA,
whilst the slope of the curve in this region corresponds to a resistance of
approx. 300 2, '

When using stabilizing valves in amplifiers, we must first take into
account that the quoted internal resistance of 300 £ is only valid for
d.c. The a.c. resistance is greater than the d.c. value. For example, the
impedance of the 85A2 valve at 104 c/s is approx. 1000 Q. Moreover,
the burning voltage of stabilizing valves shows small spontaneous
fluctuations which can interfere with sensitive amplifiers. Quantitative
data will be given in Section 29.

In most cases the effect of these fluctuations can be reduced suffi-
ciently by placing a capacitor across the valve. Since the valve behaves
as a self-inductance at high frequencies, it is desirable to damp the
circuit which occurs on connecting the capacitor by means of a series
resistance of approx. 100 £,

Decoupling the grids of a difference amplifier by means of a stabilizing
valve as indicated in Fig. 28-18 is not allowed, because the cathode resistance
would be drastically reduced by the shunting effect of the supply resistor R.
We can eliminate this disadvantage by the apparent increase of R for signal
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+300V

Fig. 28-18

currents, by inserting a cathode follower.
In Fig. 28-19, the upper terminal of R follows the voltage of the grids to

+300

47k0
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a small fraction 1/k, so that R is apparently increased by a factor k., When
using valve ECC83 with =100 and S~+1.5 mA/V, k will be about 30 for the
indicated values (1/k=1/SRy + 1/u; Re=47 kQ/ /100 k), so that R has an
apparent value of 2 MQ.

A simpler and more effective method for increasing the resistance to. the
positive supply rail consists of replacing R by a transistor current source,
as discussed in Section 21. When using transistors of the alloy-diffusion type,
it is easy to obtain resistances of a few meg-ohms (Fig. 28-20). On the other
hand, when a cathode follower circuit is used as indicated in Fig. 28-21,
the cathode resistance will not be reduced at all. The upper grids will
follow the cathode to within a small fraction. The difference is approx.
2.5 per cent for the values given.
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The equation for the rejection factor of a cascode difference amplifier
can also be applied when the grids of the upper triodes do not completely
follow the common cathode but within a fraction 1/k, provided for the
amplification factor of the cascode is taken:

M1 a2
HRease = -
“e
Tt
where u; and pe are the amplification factors of the lower and upper

triodes.

Thé circuits of Figs 28-19,-20 and -21 can also be used when d.c. or a.c.
amplifiers with pentodes are applied. For an a.c. amplifier, the circuit of
Fig. 28-22 is also possible, because the voltage divider R, — Rz can be given
a high value.

Fig. 28-22

Most applications of difference amplifiers with valves are based on the
ability to compare accurately two voltages without loading the signal sources.
The possible difference between the two must then be amplified, but
usually it is not necessary for the amplification to be known accurately. The
amplified difference signal serves as an indication or as a control voltage.
For example, when measuring the temperature of a thermostatically controlled
enclosure by means of a Wheatstone bridge, one of the resistors, which is
strongly temperature-sensitive is placed in the enclosure; the bridge voltage
will then serve, after amplification, as the control voltage for the power
supply to the oven, so that the system tends to keep the bridge in the balanced
condition. The “loop” amplification does not have to be fixed too accurately.
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The same situation is also found in feedback amplifiers (as discussed in the
previous sections), where a difference amplifier is used to compare the input
voltage with a part of the output voltage. However, there are many measure-
ments where the common signal only occurs as an interference signal and
where the difference voltage is the actual measurement signal. For example, in
encephalography, small changes in electrical potential between two points
on the scalp are measured to record the electrical activity of the brain.
These voltages are of the order of magnitude of microvolts and contain
frequencies of approx. 0.1 to 100 ¢/s. However, the human body possesses a
certain capacitance with respect to the mains supply. This capacitance can
be reduced to a few picofarads by taking precautions in positioning the
mains cables. Assuming a value of 5 pF, this gives a current of 220 X 27 x
50 x5+ 10712420.3 pA at 50 cfs, 220 volts. The patient is usually earthed
by means of an electrode with an area of a few cm?, which is covered
with a conducting jelly. Even when this electrode is pressed tightly against
the patient’s body, the contact resistance between body and electrode

220k 220k

2200 2200 e

Fig. 28-23

can still amount to several kilo-ohms, so that the entire body can have a
50 c/s potential of a few millivolts to earth. In order to make this inter-
ference signal sufficiently small, the amplifier must have a rejection factor of
103104,
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In cases like this it is sometimes desirable, (as with the single-sided
amplifier), for the amplification to be fixed accurately, which means that
feedback must be used for the difference amplification. However, there is the
danger that the rejection factor of the amplifier will be spoilt. This follows
directly from the fact that the “open” amplification for the common signals
is much smaller than for the difference signals, thus also the loop gain
and hence the reduction factor and this increases proportionally the influence
of the common signals. Whether this also leads to a degradation of the rejection
factor, will be determined by the asymmetries. A complete analysis of
the feedback difference amplifier, which should show the general con-
ditions for permissible feedback, is not known. We can state, however,
that feedback is always permissible if, after the first stage, no stages with a
common element occur, and therefore have a discrimination factor of 1.
Fig. 28-23 gives an example of a two-stage amplifier where this condition
is satisfied with switch S in position a. The amplification will then be about
1000. Fig. 28-24 shows a comparison of the results for the rejection factor
H, of this amplifier having various valves in the first stage, with the rejection
factor Hp of the amplifier, where the second stage has a common cathode
resistance (S in position ). Although incidentally a higher value can be
obtained in the latter case, the guaranteed minimum value is considerably
larger in the first case.
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Fig. 28-24

We shall conclude our discussion of difference amplifiers with valves by
mentioning some more advantages. One of the greatest is undoubtedly that
an amplifier which consists of a number of difference stages, shows hardly
any tendency to oscillate, despite large amplification. With unbalanced

. amplifiers this is usually not the case, as we can see if we examine a three-
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Fig. 28-25

stage amplifier as shown in Fig. 28-25, the signal current i3 in the third stage
will be relatively large due to the amplification in the first two stages, and
cause a voltage across the internal resistance of the supply source.
This voltage will be directed to the grid of the second stage via the anode
resistance of the first stage and then amplified, so that a feedback system
exists via the supply, which can easily give rise to oscillation because of the
large amplification. Complications such as these can only be avoided by a
careful decoupling of the supply voltages for the various stages.

With a good difference amplifier stage (schematically represented in Fig.
28-26), the signal current through one half is equal, but opposite, to the
current passing through the other half, i.e. if balance is complete, no signal

. —
.| ttot=0
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Fig. 28-26



184 DIFFERENCE AMPLIFIERS [28

current will pass through the supply source. If, because of inbalance, a
small signal voltage is still generated across the internal resistance of the
supply, it will be fed to the stages symmetrically and thus only cause a small
signal current. In this respect the use of difference stages in an amplifier
gives a quadratic improvement. This makes it possible to obtain amplifi-
cations of 107-108 with difference amplifiers without taking excessive pre-
cautions. This is why in many cases, where a single-sided amplifier would
suffice for the actual amplification, a good difference amplifier is never-
theless used.

Regarding the influence of changes in supply voltages, it should be noted
that these too are entirely determined by asymmetries of the stages. As far
as the effect via anode and cathode resistances is concerned, an equal
variation of the positive and negative supply voltages is equivalent to a
common signal at the input terminal. Since the circuit is designed to enable
the effect of this signal to be reduced even under the most unfavourable circum-
stance by the minimum rejection factor, this will also apply in the case of
these changes in the supply voltage. When deriving other auxiliary voltages
from these supply voltages (e.g. for feeding screen grids when pentodes are
used, or the grid of the current source valve in the cathode circuit), one should
ensure that changes introduced via these paths are sufficiently small. It is
usually easy to meet this requirement.

It is also important for d.c. and low-frequency balanced amplifiers that
the effect of heater voltage changes are smaller by one order of magnitude
than is normal for single-sided amplifiers. Quantitative data will be given
when discussing d.c. amplifiers in Section 35.

Let us finally note that because of the large cathode resistance, a good
difference amplifier stage is more suitable for the processing of large signals
than a simple long-tailed pair circuit, because of the large cathode resistance.
As soon as one of the two halves is cut off, the current passing through the
other half will remain almost constant. As we have mentioned, when dis-
cussing the long-tailed pair, this is a desirable property for certain limiting
circuits.

With regard to the capabilities of transistorized difference amplifiers we
should primarily state that the above considerations can be applied without
alteration to circuits using field effect transistors. Because the characteristics
S and u of these elements have values of the same order of magnitude as
those of a triode, the same precautions should be taken to obtain a good
rejection factor, i.e. by increasing the resistance in the common cathode
(source) circuit, and increasing the effective u by using a cascode circuit.

28] DIFFERENCE AMPLIFIERS 185

When ordinary transistors are used, a complication occurs because of the
base current. This not only introduces differences in the division between
base and collector current, but also in the voltage drop across the possibly
unequal resistances in the base circuits.

Fig. 28-27

We can illustrate what can be expected in this case by calculating the
rejection factor for the circuit of Fig. 28-27. We shall simplify the calculation
by neglecting the influence of the collector voltages and start with the equa-
tions i;= Svp, and ir=1i,/a’. We thus obtain for the circuit:

in = S1(vp1 — Ve), iz = S2(vp2 — ve) ,
. icl . icz . .
1 = ;s db2=—, Up1 = U1 — ip1Re1, Vb2 = U2 — ipaRps
ax as

and

1 1
icl(1+—,)+icz(1+ ,>= P,
al az Re

After elimination of various quantities we obtain for ic; and i.:

.1 Ry 1 ) 1
fel) o + — +Re(l +—,) FieRe|1 +—)=un
l S1 al a) az'

_ 1 1 R 1
zclRe(l+ ,)+ic2{——+—b,2—+Re<1+—,)}=vz
a) Sz ag ag

We can now calculate iy —ips for vy==y3=e¢ and for v;= —vs=e. Thus, for
the rejection factor relating to the collector currents this gives:
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4 Rg
1 Ry )
Al — 4 2
(S + a

if R, > 1/S, Ro/a’ and using the same notation as before for the average
values of the corresponding parameters.

H =

The rejection factor for the collector voltages is easily derived from
the above expression by using the equation: ve1 — vez2 = —(c1Rer —
icaRe2) = icARc + Redic. For a difference voltage vy = —uvs = e
only the second term (which has already been calculated) is important,
so that only with a common signal an extra term is obtained which
takes into account the inequality of the collector resistors. This means
that the denominator in the above expression for H will be increased
by a factor 1-2.

This new expression for H shows that not only does the term A (1/S)
appear but also A(Rp/a’), which will already be of importance at relatively
low values of the resistances Ry in the base circuits. Typically the current
amplification factors can show a great spread, and this term will supply a
relatively large contribution, even under conditions of matched base resist-
ances. The minimum value of the above expression is obtained when one of
the resistances Rp tends towards zero and the other is divided by the smallest
possible a’. When neglecting A(1/S) this yields:

4 Rea,,,

Hmin = Rb

Example: In the circuit of Fig. 28-27 we use transistors which have an o’
value between 20 and 50. R, is 0.5 M£2. If one of the signal source resistances
equals zero and the other 10 k€2, this gives Hmin=4,000. At a current of
1 mA: 1/8~30Q; A(1/S) is therefore less than 5 2, which proves that this
term can indeed be neglected. If both resistances in the base circuits are
10 kQ, the term A(Rp/a’) cannot be more than 104/20—104/50 =300 £2; this
gives H=2 - 108/300=6.700.

In reality, a collector feedback effect also occurs with the transistor. As

for the valve circuit, its effect on the value of H will again be of the order
of magnitude Au/u? (see equation 28.5). For transistors of the alloy-diffusion
type, x is more than 1000, and Au/u? will therefore be 10~4 or smaller.
It therefore follows that in order to obtain a rejection factor of the order
of magnitude 104 with a transistorized difference amplifier, it will usually be
sufficient to increase only the common emitter resistance artificially, thus
producing a circuit as shown in Fig. 28-28.
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Fig. 28-28

With Rp: = Rez = 0, the measured values for the rejection factor
of this stage with different specimens of OC171 varied from 7-10% to
2:105. With Rp1 = 0 and Rpz = 10 k€2, a value of approx. 5103 was
measured in all cases.

The rejection factor will remain large even at high frequencies (tens of
kc/s) because of the small parasitic capacitances occurring in transistor
circuits. The simple transistorized difference amplifier therefore gives a con-
siderably better performance than that with valves for the measurement of
signal sources with relatively low internal resistances, provided transistors
of the alloy-diffusion type are used.

Whilst the use of cascodes with transistors is almost never necessary
because of the high value of the amplification factor, the need for an increase
in-o' is sometimes felt, particularly to reduce the base currents of the first
stage and hence the load on the signal sources. Fig. 28-29 shows two ways
of achieving this. In the left-hand figure we use two p-n-p transistors, and

oe
Fig. 28-29
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in the right-band figure a combination of an n-p-n and p-n-p transistor. The
current amplification factor aerr is in both cases approximately equal to
the product of the current amplification factors of the individual transistors.
The amplification factor of this combination is approximately equal to that
of the transistor with the smallest value for g. Such a combination of two
transistors is known as a “Darlington pair”.

Because of the small physical dimensions and particularly because of the
absence of a heater supply, it is easier to realize the design of a “floating”
amplifier with transistors than with valves. However, this kind of solution is
still rather complicated and will only be applied in extreme cases. An addi-
tional facility given by transistors is the use of alternately »-p-n and
p-n-p transistors in successive stages, which makes it possible to keep the
supply voltages relatively low, even with direct-coupled stages. Fig. 28-30
shows such a circuit.

O+

Fig. 28-30

With regard to applications, the effect of supply voltages and suchlike, every-
thing we have said about valve circuits is also completely valid for transistor-
ized amplifiers. Finally, we should note that also regarding the design of
transistor difference amplifiers, many misconceptions seem to exist
in the literature. In particular the concepts of discrimination and rejection
factors are often confused. Many designers appear to seek a design solution
by the careful adjustment of certain components. This is only justified when
one can guarantee that possible changes in these components have no great
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effect on the characteristic parameters, at least not during the time of
measurement. Often this is not the case, with the result that, for example,
the guaranteed value of the rejection factor is one or several orders of
magnitude smaller than the first measured value after initial adjustment of
the components and which is often indicated as “typical”.



29. Power supplies

So far we have thought of the d.c. supply for valves and transistors in
terms of accumulators or batteries. It is, of course, possible to use these
sources for equipment supplies. This practice is, however, objectionable
for apparatus demanding higher power, if only because of the bulk and
weight of these power sources, and the necessity for continuous maintenance
and replacement. Moreover, even when we consider these sources from a
purely electronic point of view, they have awkward deficiencies. For example,
the supplied voltage is only reasonably constant for short periods, and may
drop considerably over longer ones. Further the internal resistance is also
often rather high. For these reasons wherever a mains supply is available
it is to be preferred, but it is then necessary to take certain precautions.
Nowadays the U.K. mains supply is nearly always an a.c. voltage of a
frequency of 50 c/s and a rms value of 220/240 V. But rather consider-
able fluctuations (up to approx. 10 per cent) can occur in this amplitude
because of load variations. By applying some of the principles discussed, itis,
however, possible to obtain d.c. voltages of good constancy and with a very
small internal resistance from the a.c. mains supply. The usual practice is
first to rectify the a.c. mains voltage into a “raw” d.c. voltage, with valve or
semiconductor diodes, and then to “smooth” this voltage with filters and
electronic means until the desired stability is achieved. We shall now discuss
these various processes.

The rectifying action of diodes is illustrated by the circuits of Figs
29-2—6, where the current-voltage characteristics of valve and semiconductor
diodes are approximated by the idealized characteristic of Fig. 29-1. The
series circuit of the diode and resistor R (Fig. 29-2) is connected to a d.c.
voltage source V,. The voltage is then divided between diode and resistor as
shown on the right. If V, is replaced by an a.c. voltage source V5, the voltage
Vr across the resistor will be as is shown in Fig. 29-3. With ¥z we have
obtained a voltage which has indeed a d.c. component, but also an unwanted
large a.c. voltage component. By replacing resistor R by a capacitor C and con-
necting the circuit to a d.c. voltage source (Fig. 29-4), the full voltage ¥, will
at first be present across the diode, and a large current will flow which charges
the capacitor. How rapidly this happens in practice is not only determined
by the slope of the diode characteristic and the value of the capacitor, butalso
by the series resistance which is still present.- When a diode of the wrong rating
is selected, it may be damaged by a surge current which is too large. If this
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Fig. 29-1
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[1: VU

Fig. 29-5

is not so, the voltage across the diode, and therefore also the charging current
will decrease with increasing voltage V.. In the equilibrium state, in the absence
of leakage currents, the total voltage will be present across the capacitor and
the charging current will be zero. Replacing ¥, by a.c. voltage V5 (Fig. 29-5)
results in the presence of a charging current, but only during the periods
when the voltage across the diode is positive. These periods become in-
creasingly shorter and the charging current smaller, until in the equilibrium
state (once again in the absence of leakage currents) the voltage over the
capacitor will have become equal to the peak value of the a.c. voltage. We
have thus obtained a d.c. voltage from an a.c. voltage.

We can now use the capacitor voltage as a supply for loads, so that
current will be consumed. This can be taken into account by inserting a
resistor in parallel with the capacitor (Fig. 29-6). The behaviour of the output

. g}r ngVc ZAT—%
Tl U

Fig. 29-6

voltage V. will lie between those described in Figs 29-3 and 29-5, and whether
it will correspond more to one of these than the other depends on the ratio
of the resistance to the impedance of the capacitor. During the periods that
the a.c. voltage is higher than the capacitor voltage, the capacitor will be
charged; during the remainder of the time the capacitor will discharge
through the load resistance. The d.c. voltage level of the capacitor will have
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such a value Vy that for each period the charge and discharge is equal. Both
this value ¥V, and the amplitude V; of the “ripple voltage”, i.e. the a.c.
voltage component of V., will depend on the slope of the diode characteristic,
and the values of R, C, V3 and the frequency f of the latter. The value of Ve
can in practice be closely approximated by V; a 1)2fC where Iis the d.c.
current load. The charge taken from C during each period is approximately
equal to J/f, thus producing a change in voltage of I/fC. The amplitude V,
is about half of this. This shows that the only value which can still be selected
in a given situation, in order to reduce the value of V%, is the value of the
capacitor. This value is, however, restricted by the permissible peak charging
current during turn-on.

220V,
S0¢/s

Fig. 29-7

The required value of ¥y is achieved by deriving ¥ from the mains by
means of a transformer. An additional advantage is that the entire circuit
is electrically isolated from the mains supply and therefore can be used at
any desired d.c. voltage level. This circuit is shown in Fig. 29-7.

The fact that the current-voltage characteristics of valve and semicon-
ductor diodes deviate slightly from Fig. 29-1 does not make much difference
to the above considerations, but there are important quantitative differences
between the various types. The vacuum diode has a rather high internal
Tesistance, which gives relatively great voltage losses at high currents. For
this reason, one often used in the past valves filled with IMErcury vapour,
which exhibit a similar effect to that obtained with voltage stabilizer valves
(p. 177). The voltage across the valve is practically independent of the
current beyond a certain value, so that the internal resistance of the valve is
small. Because of the use of mercury vapour, the voltage drop is very low
(approximately 8 volts), consequently the voltage loss at high currents will
be less than that with vacuum diodes. :

From its inception the semiconductor diode has superseded the vacuum
diode for the rectification of low voltages because of its small internal
resistance and high permissible currents. This is now also the case:for high
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voltages. One of the great additional advantages of this type of diode is the
absence of a filament or heater which often necessitated a separate winding
on the supply transformers. As a rectifier element the vacuum diode now-
adays only has advantages for voltages exceeding 1 kV. The maximum
permissible currents vary from a few milli-amps to several tens of amps with
the usual types of semiconductor diodes.

Ita

Byx1o AX50

We can illustrate the differences between valve and semiconductor
diodes by showing (Fig. 29-8a) the characteristics of a vacuum diode
(AZ 50), a valve diode with mercury vapour (AX 50) and a semi-
conductor diode (BYX 10); all three are capable of supplying a current
of approximately 200 mA at 300 volts. The length and diameter of
both the AZ 50 and the AX 50 are 130 and 50 mm respectively, those
of the BYX 10,7 and 3.5 mm. We can use a capacitor of 100 uF with
the BYX 10 with a total series resistance of only 15 Q; for valves this
value is approximately 25 uF and 100 L. Fig. 29-8b indicates the ratio
Vy: Vo,pr against the load current for the BYX 10 and the AZ 50 at
these values, certain proof of the great advantage obtained by the use
of semiconductor diodes.
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Fig. 29-9

The amplitude of the ripple produced by the half-wave rectifier circuit of
Fig. 29-7 is often undesirably large. However, by using full-wave rectifiers
(Fig. 29-9), where the capacitor is charged twice in each cycle, the amplitude
of the ripple is practically halved, and the ripple frequency is twice that of
the mains supply. This circuit has the additional advantage that each diode
now only passes half the load current.

Apart from these two basic circuits, there are various other ways of
rectification. The upper part of Fig. 29-10 shows the single-phase full-
wave bridge, which is a bridge arrangement of the circuit of Fig. 29-9.
When valves are used, this circuit has the disadvantage that the four cathodes
have three different d.c. voltage levels, which usually requires three separate
filament windings. Semiconductor diodes do not have this drawback and
the circuit has the great advantage that the maximum voltage across each
diode in the reversed direction is about half of that in Fig. 29-9. The lower
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2 g”

Fig. 29-10

part of Fig. 29-10 gives an example of a circuit for doubling the voltage; here
the d.c. voltage is twice the amplitude of the a.c. voltage for the limiting case
when no current is taken.

A considerable reduction in the value of the ripple voltage is obtained by
using a filter consisting of a choke L and a second capacitor C» (Fig. 29-11).
Whilst the d.c. voltage component of V, is almost the same as that of ¥,
(because of the d.c. resistance of the choke L there is some loss in d.c. output
voltage when loaded), the component of the ripple voltage with frequency
w is reduced by a factor of approximately w2LC,. The value w is approxi-
mately 300 and 600 for half-wave and full-wave rectification respectively,
and factor w2LCy can therefore easily be made much larger than unity.
Since this reduction increases with the square of the frequency, the com-
ponents of higher frequencies will be reduced still further, so that the re-
maining ripple voltage on ¥V, will be almost sinusoidal.

L
1‘ <TI0 —0
[ l A Cz 3 Vo
T I o Fig. 29-11
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With a vacuum diode circuit, values of L = 6 Hand Cz = 25 4F can
be easily realized for 300 V at 150 mA full load. This gives @2LCz = 60
for full-wave rectification. For a circuit for supplying transistor circuits
with 10 V at 2 A one can select L = 0.1 H and C: = 1000 uF sothat
the corresponding value for w2LC: is then 40.

In theory it is possible to filter the output voltage once again. Attention
should then be paid to the correct positioning of the second choke as other-
wise the extraneous field of the transformer induces a “hum” voltage which
may easily exceed the value of the residual ripple. It is therefore often more
efficient as well as cheaper to apply one of the types of simple electronic stabi-
lization which are to be discussed.

It is often inadmissible, particularly in measurement electronics, that any
change in the mains voltage results in a correspondingly large change in the
d.c. supply voltage, as was shown to be the case in the circuits discussed
above, It is also often desirable for the internal resistance of the supply
source to be considerably smaller than can be achieved with the circuits of
Figs. 29-9, -10 and -11. At first we shall restrict ourselves to power supplies-
for valve circuits. The internal resistance of these circuits will be of the
order of magnitude of 1 kilo-ohm. A great improvement in voltage stability
as well as a small reduction in internal resistance can be obtained by using
voltage stabilizing tubes. As we have seen on p. 177, the operating voltage
of these valves is almost independent of the current over a given range. The
differential resistance d ¥'/dI will ordinarily amount to several hundred ohms.
When this type of valve is used in the circuit of Fig. 29-12, the changes in the
“stabilized” output voltage can be 10 to 50 times smaller than those in the
non-stabilized voltage, depending on the load and the value of R;. This
system is therefore efficient in simple cases for a small load, but is often
insufficient because the internal resistance is still several hundred ohms,
and the maximum allowed current variations will be rather small, for most
valves in the neighbourhood of 10 mA.

Fig. 29-12
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Greater improvement is achieved by adding a series triode or pentode to
the circuit of Fig. 29-12 to become that of Fig. 29-13. The allowed current
changes are then no longer limited by the stabilizing valve and Ry, but by the
triode, thus permitting a far greater freedom. Furthermore, since the load
current no longer passes through Rj, the latter may be given a higher value,
so that variations in the non-stabilized voltage will have less effect on the
stabilizing valve voltage. On the other hand, these variations will now also
affect the output voltage via the anode of the triode. The internal resist-
ance of this voltage supply equals the cathode output impedance of the
series valve. Because the impedance in the anode circuit is small, the
output impedance will be almost equal to 1/S, which means a value of less
than 100 £2 when using a power valve with a slope of 10 mA/V or more.
Here, in fact, we use the low output impedance of a cathode follower, which
follows the voltage of the stabilizing valve, and this shows the way to a further
reduction in the output impedance. If we use instead of the cathode follower
an amplifier with feedback of its output voltage, the output impedance will
be reduced by a factor gqual to the loop gain. In a simple circuit design, this
leads to the arrangement of Fig. 29-14, where a fraction k of the output

Vnon-stab Tl

Fig. 29-14
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voltage is compared to the reference voltage of the stabilizing valve. This is
done here by means of a difference stage. When using a two-stage amplifier
and a few obvious improvements, such as the use of the stabilized voltage
to supply the stabilizing valve, highly stable d.c. voltage sources of
several hundred volts with a very low internal resistance (<0.1 £) can easily
be obtained.

Almost all power supplies of this type can be reduced to the basic scheme
of Fig. 29-15. We find for the changes in the values, when neglecting the
very small changes in the current through the voltage divider:

S
Hoad=1p= S(Ug— vstab) + ;(Unon—stab_' Ustab)

and vg=—Akvstap

It follows for Ak » 1 and u > 1:

Unon-stad i10ad

4k + Dp 4k + DS

Ustab=

(29.1)

Vnon~stab -

_']: Veef

Fig. 29-15

Changes in the non-stabilized voltage are thus reduced by a factor (Ak+1pu,
and the internal resistance R; of the voltage source is 1/(4k + 1)S. However,
it must be remembered that the reduction factor u(4k+1) only applies to
the effect of the raw non-stabilized voltage connected to the series valve’s
anode. For example, if the non-stabilized voltage is also used to supply
the amplifier or the reference valve, changes can also affect the stabilized
voltage via these paths. It is possible, however, to render their effect suffi-
ciently small, as will be shown in the circuits of a few power supplies.
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With power supplies we often distinguish between “stabilization” and
“regulation”. The first term indicates the degree of insensitivity of the output
voltage against fluctuations in the voltage of the mains supply, whilst
regulation indicates the effect of changes in load. In the above discussion,
values Aky and AkS are therefore measures of the stabilization and regula-
tion respectively.

By making the loop gain Ak sufficiently large, we can reduce the effect
of changes in the non-stabilized voltage and load current to such an extent
that the degree of constancy of the stabilized voltage will be mainly deter-
mined by changes in the reference voltage and the control amplifier. As we
shall see when discussing d.c. amplifiers, only a little care is necessary to
restrict the zero drift of a balanced valve amplifier to a few millivolts,
referred to the input terminals. Special stabilizing valves have been designed
which possess a good constant reference voltage; they are not primarily
meant for stabilizing the voltage at a strongly varying current, but for
producing at an almost constant current a potential which is little affected
by ambient temperature and duration of operation. Examples are the 85A2
and 83A1 valves, both with reference potentials of about 85 volts, having a
relative change with temperature of only approximately 3 - 10-5, which
can be partly compensated by means of a temperature-sensitive resistor.
The differential resistance of these valves is 100400 . It is easy to keep the
relative change in reference potential at not over-great changes in the ambient
temperature to within 10~¢ by supplying these valves from the stabilized
output voltage (assumed to be larger). Since a good balanced amplifier
contributes little to the variations, this is also the value at which a power
supply of several hundred volts can be kept constant without much difficulty.
Ageing of the reference valve may cause these variations to be exceeded
slightly in the course of weeks or months.

Increasing the stability by a further order of magnitude demands consider-
able effort. But even the most sensitive measuring instruments, provided they
are well designed, only rarely need such a high degree of power supply
stability.

The stabilization and regulation obtained by the simple circuit of
Fig. 29-14 will often be sufficiently large, and no second stage is required
in the control amplifier. A still greater simplification is shown in the left-
hand side of Fig.29-16. The current passes through both the amplifier
triode and the stabilizing valve. However, because of the great effect
the fluctuations in the supply voltages have in the case of a single-
sided amplifier, this type of circuit only yields very moderate stabili-
zation. Improvement can be achieved by replacing the supply resistor
R connected to the non-stabilized voltage by a transistor current
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source connected to the stabilized voltage (right-hand side of Fig. 29-16).
The grid-cathode bias of the series valve must here be at least 4 volts.

T[P f
1K
1
lﬁcm-st‘ab—..‘— T
. (P
%on-stab‘:l A
‘{ctab
|
Fig. 29-16

When designing a stabilized power supply, we should pay attention to its
transient behaviour, i.e. to the frequency characteristic of the system. Rapid
changes will not occur in the non-stabilized voltage owing to the presence
of the large smoothing capacitor and (possible) filter, but they may occur in
the load current. In almost all cases it is possible to regard the load as the
parallel combination of an variable resistor and a capacitor; and the effect
of this follows from two different approaches.

Firstly, the supply source plus the load, is considered as a feedback
amplifier (Fig. 29-17). The load Z,= Co/ /R, is then connected in series with
the output impedance 1/S of the amplifier without feedback. This yields in the
loop gain the factor

Z, 1 1

1 1 1 Cop
Zot+— 14— 1 s
Ty sz, s ts
where the time constant (C,/S)/(1 +1 /SR,) appears. R, > 1/S in all practical
cases, so that this constant will be C,/S. If the drop in amplification of the
control amplifier 4 corresponds to a time constant Ty, we have a feedback
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Fig. 29-17

system with two time constants as discussed in Section 22. Thus we find
for a flat frequency characteristic: 2 Aoko < Co/STvy + S7u/C, and for a step
function without overshoot Agko must be twice as small. Therefore, if we
want to use a large loop gain, the ratio of C,/S to 7, must be large. It
makes a very important difference to the dynamic properties of the supply
which time constant is made the largest. If 7, is made large (and therefore
the amplifier stow) and C,/S small a fast change in the load current will be
quickly followed by the output voltage because no charge reserve is present.
The slow amplifier will have a delayed reaction to this, so that a great change
in voltage will occur in the first instance, which will only be compensated fora
little later on (Fig. 29-18). The final accuracy is high, but the power supply
requires a recovery time. On the other hand, when we give the greater value

iload

— =t
‘étab—V_ VI
C, small C, large
Fig. 29-18

to C, by arranging additional output capacitance in the device, and keeping
T, small, this additional capacitance will contain a great charge reserve.
Any change in the load will moreover be compensated very quickly by the
amplifier; no recovery time occurs in this case.
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The other way of looking at it is as follows: the output impedance
of the supply source is 1/(4k+1)S and therefore conmsists of the parallel
combination of 1/S and 1/4kS. Because Ak=Aoko/(1+jwty), this last
impedance becomes (1 +jwty)/AokoS and may therefore be considered as the
series combination of a resistance 1/4okoS and an inductance of the value
Tv/AokoS. The supply can thus be represented by the circuit on the left-hand
side of Fig. 29-19. When connecting a partially capacitive load, a tuned
circuit will be produced which may exhibit strong resonances (see Section 33).

1
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Fig. 29-19

This can be avoided without increasing the series resistance, by making C, so
great that the circuit is damped “critically”. This approach to the problem
has the advantage that it is easily seen that even at smaller C, values sufficient
damping can be obtained by inserting a small resistor in series. If series
damping is not applied, we also achieve the result that the output voltage
will be vibration-free for

Co > 4A0k0STv

From this condition and the relation R;=1/40koS for the internal resistance
of the supply for slow changes, we derive the rule of thumb C, > 47y/R;.
With a multi-stage control amplifier, the drop in amplification at high
frequencies will usually be larger than that which corresponds to a single
time constant. It is often sufficient in this case to make C, a few times
larger than would follow from the above condition, taking o=1 Jwg, where
g is the frequency for which amplification has dropped 1/2 times.

Example: a stabilized supply of 300 volts is designed with valve
EL34 as the series valve. The internal resistance must be 0.1 £ at the maxi-
mum load current. The 85A2 is selected as voltage reference valve. We
wish to know the values required for 4, and C,.

At a current of 100 mA, the slope of the EL34 is approx. 10 mA/V,
1/S is therefore 100 £2, and a reduction of 1000 is necessary to arrive at
0.1 L. Therefore: Aoko = 1000. With ko = 85/300 = 0.28, this gives
Ao = 3,500. We can achieve this with a two-stage amplifier consisting
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of pentode or cascode stages in a balanced form. The frequency char-
acteristic of such an amplifier may have a flat behaviour up to 50 kc/s.
Ty is then smaller than 1/2z- 50 - 103 = 3 us and for C, we thus obtain:

4-3-10-8
0> —— = F.
Co> —= 120 i
If we have the general case of a supply with a power capability of P
watts at a voltage V, and it is required that the change from zero to full
load gives a change in voltage not exceeding a per cent, we have P/V - Ry=
10-2 V and therefore, by means of the above-mentioned rule of thumb:

4'1021) Ty
av: =

P has a value between 10 and 100 W for most supplies used in measurement
electronics, and the required capacitance is inversely proportional to V2 for
a given power. The electrolytic capacitors necessary for reaching extremely
high values of C, at low voltages (>10%uF) possess a rather large series
resistance. At high frequencies, this resistance, as well as the inductance of
the connecting cables, will determine the impedance of the supply. The
equation also shows that it is advantageous to make the amplifier as fast
as possible.

0>

Example: Making P = 25 W, a = 0.1 and 7, = 10 pus, gives:
Co = 1/V2

This means for a 6 V, 4 A device: Co > 25,000 uF; for a 250 V, 100 mA
device: C, 2> 16 uF, and for a 2,000 V, 12 mA device: C, 2 0.25 uF.

A fixed relation exists between the stabilization factor Aku and the
regulation factor 4kS, namely u/S, i.e. the internal resistance of the series
element. The latter’s value is usually so great that the regulation determines
the loop gain for supplies of up to several hundred volts. If it is required
that the change from zero to full load affects the output voltage to the same
extent as the fluctuations in the non-stabilized voltage, putting these at
25 per cent of the stabilized voltage, we find:

This gives for P=25 W and V=300 V: u/S=900 £. With h.t. supplies,
however, or supplies with a smaller load value, or smaller load variations,
the stabilization factor may well determine the required loop gain. If in such
a case it is desirable not to make the loop gain any larger than is necessary
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for good regulation, in connection with the value of the output capacitance,
it is necessary to increase the internal resistance of the series element. This
can be achieved either by incorporating a series pentode or cascode, or by
pre-stabilization.

Example: A scintillation counter required a supply of 400-2,000 V,
5 mA. The requirements were such that 4ku must be greater than 60,000
and AkS approx. 0.06 A/V, and therefore u/S approx. 1 MR. By using

0cni39

Fig. 29-20

a cascode consisting of a pentode and a transistor (Fig. 29-20), not only
- was this high internal resistance reached, but also very high values for
S and u:

Scase = Strans and Heasec = Hpent * Utrans

§'is already 0.03 A/V at a current of 1 mA, whilst the amplification
factor exceeds 105 with valve EL34 and transistor OC139. Therefore,
it is not necessary in this case to make the loop gain much larger than 1.
With this cascode circuit, the grid cathode bias voltage is also the
collector-emitter voltage of the transistor.

‘When considering the improvements brought about in the feedback
amplifier with two time constants by introducing frequency-dependent
feedback, we may wonder if a similar procedure would here be successful.
However, it is easy to see that the gain will not be very great, because usually
an important fraction of the output voltage is already fed back (10-25 per
cent). Nevertheless, the relative resistor of the voltage divider is often
parallelled by a capacitor in order to increase the a.c. loop gain and thus obtain
a better elimination of the ripple or hum voltage. The value of this capacitor
is therefore much greater than was proved necessary for use with amplifiers.

Fig. 29-21 shows an example of a stabilized supply for 350 V, 120 mA,
where the above considerations have been taken into account. In order to
make the control amplifier fast, the side of the second stage from which
the signalis taken is designed as a cascode, thus reducing the Miller effect of
this stage. Since such a supply will be designed to eliminate the effect of



206

POWER SUPPLIES

+ |
‘? [
&
Nl %
— i o
] X % b
~ 83 ] £
——gz@ o — =
™S <]
& o 3
—JE— .S £
R3S "
g L 2 *
5 ATeATe
—— 3
2
b4
& .
—S L G
(. K
—
2
Q
(S
&
2 -
- S — N‘ z
: z | 2
Ba e S l—’?'———a—«“’
g
1]
[]
3 “;— & : : 3
o 3 o
o r- O
et -
luFi H 0\ E__ W 2
1] ‘l 'E-_- ] g 1
i S .
) 2 i 3 H
—i g LD
w
3 X
bl BT R R <
o
' x
~
[=)
Q
)
3
~

220,
504

Fig. 29-21

[29

29] ’ POWER SUPPLIES 207

large changes in the non-stabilized voltage, it is not necessary to filter this
voltage first. The effect of fluctuations in the mains supply on the screen grid
of series valve EL500 can be made smaller by separately stabilizing the screen
grid voltage.

The operating voltage of gas discharge valves shows spontaneous fluc-
tuations (“noise™) in which all frequencies occur. For example, this noise
has a maximum value of approx. 1 mV for valve 83Al in the frequency
range between 30 ¢/s and 10 kc/s. The reference potential on the grid of valve
E80CC will only show very slow variations if the noise is “smoothed” with an
RC-filter with a time constant of approx. 1 second. Apart from temperature
dependence, good reference valves then only show small random potential
Jumps (less than 1 mV with the 83A1), and a long-term voltage drift. The
latter’s value for the 83A1 is maximum 0.4 V or 0.5 per cent over the first
100 hours. During the next 1000 hours, the total excursion is less than 0.2 V.

It is in principle possible to earth one of the output terminals or to
connect one of them to the terminal of a second power supply. However,
we should remember that the secondary winding of the transformer, if the
latter does not contain screening, may have a capacitance of several hundred
picofarads to the normally one-sided earthed primary winding, so that
a capacitive current of several tens of microamps will flow, which may
produce a considerable hum voltage if an impedance to earth is present.

For the circuit of Fig. 29-21 the following results were measured:

Stabilization: When a non-stabilized heater supply is used for valve
EB0CC, a 10 per cent variation in the mains voltage will produce a
change of AV, in the output voltage, which will be less than 30 mV,
ie. < 0.01 per cent. With a sufficiently stabilized heater voltage, the
minimum value of AV, is determined by the effect of changes in the
non-stabilized voltage of 450 volts. Here, a change of 10 per cent
produces a relative change in ¥, of less than 5 - 10-5.
Regulation: For alternating currents, the internal resistance is approx.
0.03 2. For direct current and very slow changes, the internal resistance
will be about 4 times larger, ie. 0.12 Q. Therefore, a change from
zero to full load produces a change in the output voltage of approx.
15 mV, i.e. < 0.005 per cent.

Hum and ripple on the output terminals is less than 0.5 mV, peak to
peak. The temperature dependence is determined by the reference
element: 3 - 10-5 per °C.

Sometimes a stabilized d.c. current source is required, e.g. for the supply
of electromagnets. This can be obtained in the same way as a voltage source,
the only difference being that in this case the voltage produced by the output
current over a fixed resistor is compared to a reference voltage.
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The principles described above can also be applied to the design of stabilized
power supplies using transistors. However, some specific difficulties occur
with supplies of relatively low voltages (not more than a few tens of volts)
and large currents (up to tens of amps), which are much in demand.

Silicon diodes are normally used for rectifying these low voltages and
high currents because they can operate at a high temperature (approx.
150 °C). This makes it possible to undertake the supply of a greater power
within the same dimensions. Smoothing is accomplished by means of elec-
trolytic capacitors of a very large total value, e.g. 10¢ uF. Fig. 29-22 shows
the characteristic of the BYZ13 diode and a full-wave rectifier, which
gives a ripple voltage of about 2 volts at full load for 10 volts and 5 amps.

Ia)
. 504

125° 2 xBYZ13
107 5ec  BYZI3

[
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6 1 2 3~V
Fig. 29-22

A power transistor may be used for the series element of the stabilization
circuit; Fig. 29-23 shows the characteristics of this type of transistor. It
indicates that the base current will be approx. 0.17 A at an emitter cur-
rent of 5 A. It is therefore not possible to make a direct connection between
the base and the output of a conventional transistor amplifier. This difficulty
can be overcome by the cascade connection of a few transistors as indicated
in Fig. 29-24. The total current amplification factor of this combination is
the product of those of the individual transistors. There is obviously a great
spread possible in this value. The transconductance from the base voltage of
the OC171 to the emitter current of the ASZ17 is about one third of that
of the ASZ17 alone because the applied voltage is distributed almost
equally over the three transistors. In practice resistors must be put in the
emitter circuits of the AUY10 and OCl171 as indicated in Fig. 29-26;
otherwise the leakage currents of the power transistors may alter the working
points. The properties of the combination are only slightly changed by this.
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The amplifier used will be preferably a one- or two-stage transistorized
balanced amplifier, possibly followed by an emitter follower for the control
of the series element. The zero-point drift of such a transistorized am-
plifier is normally less than 10 4V when referred back to the input and at
constant temperature. With a change in the ambient temperature, the differ-
ence in the changes of the base-emitter voltages of the input transistors will
generally be the determining factor. If we make the thermal conductances of
these transistors as equal as possible by placing them close together in a
good heat-conducting material, this zero drift can be limited to a few tenths
of a millivolt. This method thus gives a relative drift of less than 0.01 per
cent at a reference voltage of the order of 10 volts.

In transistorized power supplies a semiconductor element known as a
Zener diode is normally used as a voltage reference element. Its operation
is based on the fact that a semiconductor diode “breaks down” in the
reverse direction at a certain voltage; the electrons which break away
then have sufficient energy to liberate new current carriers, so that the
current will increase strongly for a small increase in voltage. The differential
resistance then becomes very small, particularly in the case of large currents,
whilst the temperature coefficient of the Zener voltage can be made small
by an adequate doping with impurities.

As this doping also affects the Zener voltage Vz itself, a relation exists
between Vz and its temperature coefficient. Fig. 29-25 gives a few data
on the Zener diodes of the OAZ 200-207 series. It shows that in the case of
type OAZ201, a very small temperature coefficient is possible, whilst the
differential resistance amounts to only a few ohms at currents of 10-20 mA.
The stability of the voltage of this type of reference element can easily be
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arranged to be less than 10~3 and even 10~4if the temperatureis also stabilized
to some extent.

It is obvious that the normal rules for the ratio of the time constants
present in the control system also apply to transistorized power supplies
The relatively low cut-off frequency of power transistors necessitates the.
presence of capacitors of a very high value across the output when a small
1r'1ternal resistance of the supply is required. This is avoided in many commer-
cially 'available designs by making the control amplifier slow and the output
capacitance small. This solution should, however, be rejected for general
use, because of the occurrence of a recovery time and the danger of oscillation
with a capacitive load.

Fig. 29-26 shows the circuit of a design where the time constant of the
output has been made large. A change of 10 per cent in the mains supply
prod'uoes here a change of less than 1 mV in the output voltage of 6.3 volts.
The internal resistance amounts to less than 15 mQ at all frequencies. The
combined hum and ripple voltage at the output is less than 0.5 mVpk px
This shows that in most cases it is not necessary to accept the less elepga:t
solution of exchanging the time constants.

-

I:Iigh-value electrolytic capacitors often possess considerable series
resistance. Becaus'e such a resistance strongly reduces the efficiency of
the output capacitor, this capacitor should preferably consist of the

parallgl combination of a large and a small capacitor, the latter having
very little or no series resistance,



30. Interference

We have now learnt about the most important passive and active elements
and their behaviour in various basic circuits. We have also discussed amplifi-
cation and feedback, among others as a preparation for the ability to make
adequate power supplies for these circuits. The basis for electronic design
appears to have been laid in the previous sections. It remains, however, to
discuss an often neglected subject, which is still very important because it
immediately confrontsanyone who practiseselectronics, and thatis the problem
of interference. It is remarkable to observe how the value of many experi-
ments is reduced as a result of avoidable interference. It is certainly worth-
while therefore to give the matter some close attention.

We shall, of course, not include under the general subject of interference
the failure of equipment, for example, by short-circuits, open-circuits, failure
in leads, or the catastrophic failure of components. Modern components
are of such a quality that this kind of failures need only occur sporadically
in a well-designed and well-constructed piece of equipment. Except in those
cases where failure would have very serious consequences, as in amplifiers
in undersea cables, reactors and some medical applications, it would thus be
uneconomic to take special precautions against their occurrence. What we
shall discuss here are “interfering factors and influences” but for brevity’s
sake we shall use the term “interference”.

Interference can be roughly divided into two categories. The first comprises
all interference caused by external sources. They do not represent an essen-
tial limitation because in theory unlimited counter-measures can be taken.
The second category comprises interference of a fundamental nature,
which is inherent in the conducting mechanism of the various components.
This difference can best be illustrated by an example. We have seen that the
amplification of feedback amplifiers cannot be increased in an unlimited
fashion because oscillation would unavoidably occur. This restriction is not
present in an amplifier without feedback. It is there theoretically possible to
increase the amplification unlimited by adding further stages. This would lead
one to think that any signal, however small, can also be measured in this way.
Practice, however, reveals quite quickly that this assumption is not correct.
Even apart from the fact that without precautions, unwanted feedback and
hence oscillation may easily occur, we soon discover that output signals can
exist which are completely unrelated to the input phenomenon under
examination. In most cases such an output will prove to have a clear corre-
lation with the voltage of the mains supply. We shall see later that this
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Yoltage affects the amplifier’s behaviour capacitively or inductively. This
is clearly a case of external interference and its effect can be reduced by
taking appropriate steps. But even if we feed the amplifier from perfectly
constant supplies and place it in an ideal environment with perfectly constant
temperature, illumination and humidity, and completely free from external
elfectric and magnetic fields and mechanical and acoustic vibration, we shall
still see that output signals will nevertheless be present which have no
connection with the required signal. These signals are caused by the thermal
motion of electrons and ions, and by other phenomena inherent in matter
which have an effect in the components of the amplifier. They are un-,
avoidable and have a random character. These spontaneous fluctuations
are terped “noise”. In this section we shall discuss the most frequently
occurring external interferences and deal with the most important noise
phenomena in the next section.

The most important external interferences are of a thermal, optical
mechanical, acoustic, electric and magnetic origin. If we mention the vario’us,
modes in which they can make themselves felt and indicate the measures to
counteract them, this naturally does not mean that all these precautions must
pe taken every time. Electronics would become an extremely involved business
if th?,).' were. All the precautions mentioned will only be necessary in extremely
sensitive apparatus and only then for those components which handle the
smallest signals.

. The ambient temperature normally changes very slowly. This results in
interference particularly occurring in the case of amplifiers for slow signals
espec-ially d.c. amplifiers. But high-frequency amplifiers can also be subjeci’t
to this troublesome interference because either the adjustment of the active
elements, or the elements which determine amplification, change with tem-
peratpre. Air currents can be very troublesome at low frequencies. This
can be countered by introducing thermal insulation, but should not be
overdone because then the heat which is produced in the circuit will be
poor‘ly dissipated, so that the temperature within the thermal enclosure will
cont.mue to rise for a long time and may become quite high. Usually, an
efficient remedy against changes in temperature is found in compensat’ion.
For example, anode resistors of a balanced stage are preferably placed
tf)gether and if necessary thermally coupled by arranging the whole in a
single unit. Since this can also increase the stray capacitances, we must often
ficcept a compromise solution. The same considerations apply to valves;
In a} cascode differential stage the lower two triodes together are enclosed iI;
a single envelope. Transistors in balanced stages are placed close together
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in the same small space like a brass block, or better still a single crystal.
It is also obvious that one should select components with a low temperature
coefficient for the sensitive part of the circuit. If necessary it is, of course,
possible to incorporate thermostatics in the equipment. ‘

Apart from the tropical regions, humidity usually plays a small par’f in
equipment which uses valves, because its own heat generation has a s‘uﬂ“1c1f3nt
drying action. It can become apparent that instruments for the amphﬁcatl.on
of signals at a high impedance level (current and charge measurements), which
have not been used for a long time, will reach their full performance only
after having been operational for some time. In the case of transistorized
equipment, the heat generation is usually very much smaller, but icn .on
the other hand, so is the impedance level, so that only the deterioration
of components due to humidity remains as an unwanted effect. .

A troublesome source of interference is “microphony”, an effect which
can be especially important with valves. Shocks and acoustically transferred
vibrations can cause geometrical changes in the physical structure of a valve,
for example the resonance of grids made of thin wire. When the interference
signal has components with frequencies in the neighbourhood of the reso-
nance frequency (100-1000 c/s) of the grids, the effect can become veg
disagreeable. Some types of valves are specially designeq to Prevent this
effect by means of a more rugged construction. Shock .o.r vibration can als-o
cause permanent change, such as a change in the position of the heat?r in
the cathode structure which may result in a different temperature distri-
bution. This effect is extremely troublesome with d.c. amplifiers. .

However, once again it is possible to take precautions against vibratlf)n.
Mechanically produced vibration can be counteracted by spring suspension
of the sensitive parts. The resonance frequency of this suspension must then
be lower than the frequencies which are of interest or those of the expected
vibrations. This can lead to extremely slack suspensions in the case of' lqw—
frequency amplifiers. A measure which can also be taken \.mth existing
equipment is to place the whole, possibly weighted, on a springy suppoFt
such as foam rubber, foam plastic, tennis balls, air cushions, etc. Acoustic
insulation is the obvious countermeasure for the penetration of vibration
transferred acoustically. This insulation must then be so rigid that its own
resonant frequency lies above that of the vibration. However, this may some-
times lead to heavy constructions and as an alternative the resonance must' be
heavily damped. For adequate damping of thin metal walls (1 mrg), materials
are available with a very high internal damping factor (“Silentblock”,

“Silentium”, etc.) which can give excellent results.
On some occasions, interference can be the result of vibrating leads which
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have a high d.c. voltage with respect to their environment (capacitive effect).
If these leads are used to transfer the output signal from a suspended part
to the rigid part of the equipment, the obvious remedy is not possible. We
must then ensure that the signal is transferred at a d.c. voltage level which
corresponds better to that of the environment.

It should also be noted that transistors are much less vulnerable to acoustic
interference than valves.

That light can also affect the behaviour of valves is not so well known.
This effect is small, but nevertheless noticeable interference can occur as a
result of strong changes in ambient light. The level of ambient light alters
the ignition and burning voltages of gas-filled voltage reference valves. The
remedy in this case is also obvious as transistors are very sensitive to light
and so they are enclosed in an opaque envelope.

The greatest interferences, which can be troublesome even in less sensitive
equipment is caused by magnetic and electric fields. The mains supply is
their principal origin and in some cases such interference can even enters
apparatus by conduction via the primary winding of the supply transformer.
We shall first deal with the consequences of this.

With most mains supplies, one side is supposed to be earthed. Most
electronic devices are also earthed, not only for safety reasons but also
to prevent various capacitive interference effects. However, earth is far
from being an ideal conductor. Therefore an impedance exists between
different points and thus potential differences can occur. It should there-
fore not surprise us if we can measure a 50 ¢/s a.c. voltage of a few volts or
even a d.c. voltage between the neutral side of the mains supply and the
“earth” of, say, a laboratory. This is normally not very important because
most apparatus are fed with transformers. It is, however, important that
different earth leads can have different voltages against the earth-side of
the mains supply and thus can have a potential against each other. Therefore
it is a prime rule, when more than one earth lead is present, to use only one
of them for the earthing of devices which are used in conjunction with each
other,

It is also not always possible to neglect the resistance, and, at high fre-
quencies, the inductance, of the cables used for earthing. Fig. 30-1 represents
the situation that we find when an instrument is supplied from a mains trans-
former. The secondary winding is then connected to some “zero-point” of
the circuit, which is connected to an existing earth terminal by means of a

lead having an impedance Z. There will be capacitance between the windings
of the transformer which usually lie one on top of the other. Although this
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o

Fig. 30-1

capacitance is “distributed”, it can nevertheless be taken into account as a
single capacitance C which usually has a value of some hundred picofarads.
The current passing through this capacitance follows the path indicated by
the arrows and flows through the impedance Z of the earth lead. C is by far
the largest impedance in the circuit and thus determines the value of the
current. The latter will amount to about 20 A at a voltage of 220 V, 50 ¢/s
and C=300 pF. Since both voltages and capacitances in a transformer can
be larger than we have assumed here, we must reckon with still greater values
for this current. The “zero”-point of an instrument can thus have a certain
potential with respect to the external point assumed to be earth. A second
instrument will generally have a different potential with respect to this
earth, so that there will be a potential difference between the zero-points
of both instruments. The frequently recommended remedy of inserting an
electrostatic screen between the transformer’s windings gives little improve-
ment. For when connecting this screen to the earth side of the mains
supply (Fig. 30-2) the capacitive current iy of the primary winding to the
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screen will have been rendered innocuous, but current iz of the secondary
winding still passes into the lead. Connecting the screen to the circuit’s
zero-point gives the reverse situation (Fig. 30-3). The correct solution is to

i
—

nn
—
_;“‘ -

insert two screens, one at the secondary winding connected to the zero-point,
and the other to the earth side of the mains supply or to another earth
point (Fig. 30-4). The screens are designed as “open” windings of copper
foil, separated by a winding of insulating material. We shall refer later to
the problem of the earthing of more than one instrument.
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Fig. 304

Induced interference voltages in the circuit as a result of external electric
fields can be avoided simply by placing the whole in a conducting case
which is then earthed. Although, because of resistance and inductance,
the screening effect of such a “Faraday cage” decreases at high frequencies,
it will nevertheless remain very efficient. Iron of 1 mm thickness is normally
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used but copper may also be used for very high frequencies or rigorous
requirements. Sometimes, the entire piece of equipment is placed in a
Faraday cage, which is so large that there is room for the observer as well.
These cages normally have double walls and those of good quality are very
expensive. However, if the equipment is properly designed, it is nearly
always possible to take appropriate precautions which render such a cage
unnecessary.

It is also sometimes expedient to remove the voltages induced by internal
electric fields by conducting screens, e.g. to remove parasitic coupling from
output to input, which might result in oscillation or a change in the transfer
characteristic.

The situation becomes more difficult, at least at low frequencies, when
one must avoid interference voltages induced by magnetic fields. At high
frequencies, conventional conducting cabinets offer a good screening against
magnetic fields, because the Foucault currents induced in these cabinets
produce a large enough inverse field to ensure that the internal space is
almost entirely field-free. However, the Foucault currents decrease with the
frequency so that at low frequencies we must use materials with better
magnetic properties such as iron or (better but more expensive) u-metal.
The most efficient screening is given by alternating layers of u-metal and
copper. Such a rigorous measure will be necessary mainly with coils and
transformers: a good reason for eliminating these when working with low
frequencies. We shall, however, see that this is not always possible (Section
32).

In the case of equipment supplied from the mains, the principal origin
of an interfering magnetic field is the supply transformer. The 50 c/s
extraneous field increases very strongly with the permitted maximum magnetic
field in the magnetic material. One often goes up to as far as 12,000 gauss
to economize on the volume of the core material. A better way, however,
is to use a little more material in the core and to limit the maximum magnetic
field to 10,000 gauss (7,000 gauss with very sensitive instruments). This is
more economical than trying to contain the extraneous field with the means
previously mentioned. It is obvious however, that the supply transformer
should be positioned at the greatest possible distance from the sensitive
parts of the circuit, and particularly from coils and transformers used in the
amplification of low-level signals. In addition, we should note that valves
are also sensitive to magnetic fields, because the path of the electrons is
changed. Since magnetically induced interference voltages are proportional
to the enclosed flux, they can also be combated (apart from reducing the
flux) by avoiding enclosure, i.e. by avoiding large loops in the assembly.

30] INTERFERENCE 219

Further the loops present should preferably not contain iron. For example,
a wire-wound resistor in the first stage of a sensitive amplifier must not be
mounted with a steel bolt.

Leads to heaters of valves supplied with a.c. current can cause interference
voltages along magnetic and electrical paths. The leads should be twisted
together to avoid the first occurrence. Electrical interference is combatted by
compensation; the centre tap of the heater winding is then earthed (top
of Fig. 30-5). If no centre tap is available, an artificial centre can be earthed:
the centre is formed by two low-value resistors (centre of Fig. 30-5). A hum
compensation is obtained by making these resistors adjustable (“humdinger”
potentiometer; bottom of Fig. 30-5). Earthing of the heater circuits can
also prevent “cross coupling” from output to input. This simple precaution
is therefore always recommended. If all these possibilities for reducing hum
voltages are not sufficient, a d.c. heater supply should be used.

ﬁ')f

Fig. 30-5

As we have mentioned before, a large number of these precautions can
be omitted in the majority of cases. On the other hand, some of them con-
stitute an inexpensive routine, which should always be followed. For
example, in many cases a good metal case offers adequate protection
against draughts, light, acoustic vibration, as well as electric and magnetic
fields. Experimental arrangements excepted, electronic equipment is there-

fore usually housed in such cases.

On the other hand, the precautions mentioned are not entirely adequate
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Fig. 30-7

for preventing all interference, however carefully applied. This can be seen
from Fig. 30-6, where once again the mains supply acts as example of an
interference source. Because the mains can easily have a capacitance of a few
picofarads to the earthed case, a 50 c/s a.c. current will pass through the
case, which gives a potential difference between points 4 and B. The
input voltage of the second valve in this case is not only determined by the
signal voltage of the first valve, but also contains the potential difference
between A and B, so that the latter is also amplified. Thus the case must
only be used for screening and not as part of the circuit. For the latter
purpose, a separate signal earth bus-bar should be used, which is connected
to the earthing point of the case (Fig. 30-7) or is entirely isolated from it.
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As we have seen above, a common earth connection must be used
whenever possible in order to avoid potential differences when using more
than one case. The cases may be connected by means of a coaxial
cable (Fig. 30-8). If the right-hand case is earthed as indicated in the

-

Fig. 30-8

figure, the 50 ¢/s a.c. current of the mains supply to the left-hand case must
pass through the cables’ outer screen in order to reach earth. The
current then produces a potential difference across the impedance of the
cable’s outer screen which arrives at the input of the right-hand case
in series with the required output voltage of the left-hand case. If only
the left-hand case is earthed, the capacitive current of the right-hand
case will pass through the cable’s outer screen, with a corresponding
result. It would be wrong to deduce from this that both cases must be
earthed. This is explained by the fact that, apart from the above-mentioned

Fig. 30-9
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effect of the occurrence of potential differences, a loop will be produced,
which will pass a loop current as a result of the extraneous magnetic field
of the mains supply (Fig. 30-9). The basically correct solution for coupling
cases is to use a twin-lead cable and a difference stage input for the second
case (Fig. 30-10). It is unfortunate that electronic instruments are only
occassionally designed in this correct way.

Fig. 30-10

Although we have seen that interferences can enter equipment in many
different ways, they are basically simple and their total can be surveyed
comparatively easily. We can compare this with a maze: when surveying the
maze from a vantage point, it is far easier to see the solution than when one
is walking in it. Therefore, if interference signals are encountered in
practice, these often enter the instrument by a few of the paths mentioned.
They can even counter-balance each other to a certain extent, so that the
total interference may become greater by taking individual measures which
are quite correct in themselves. This is not to say that these precautions are
therefore wrong and should not be taken, but that there is a further path
which needs elimination, which has to be traced and remedied.

That good measurement enclosures reduce external fields is shown by
the following data: copper foil of 0.1 mm thickness reduces magnetic and
eleetric fields beyond 100 kc/s about 104 times, at 30 kc/s the reduction
of magnetic fields is only 102. A massive iron plate of 0.5 mm thickness
gave a reduction in magnetic field at 30 kc/s by 2,500 times. At values
above 100 kc/s, the reduction was approx. 105 times for both magnetic
and electric fields.

A measurement of the magnetic field caused by the mains supply
was carried out in the centre of a laboratory measuring 6 x 6 metres,
when electrical equipment with a total drain of approx. 10 A was placed
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on benches along the walls. The following values were found for the
fields: 50 ¢/s: 0.75 x 10~° V/cm?, 150 ¢/s: 2.3 x 10~® V/em2(}), 800 ¢/s:
1011 V/cm?,

From this it is clear that any loop formation in the input circuit
must be avoided with very sensitive measurements, for example with
selective amplifiers (Section 33) which have to amplify frequencies which
are a harmonic of the mains supply frequency.
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Even after having succeeded in reducing the effect of external interference to
the very minimum, it is not possible to increase an amplifier’s sensitivity
for ever because we then have to deal with natural limitations in the form
of “microscopic” interference. This results from the fact that the transport
of electrical charge takes place in discrete quantities, and that fluctuations
occur in a current composed of these quantities. The resultant effect of these
fluctuations is indicated by the generic term “noise”, which clearly originates
from acoustics. There are various forms of noise, and we can speak of noise
sources in the same way as we do of signal sources. Which noise source
plays the most important part in limiting the sensitivity depends on the circuit
used and on the components it contains.

Good numerical comparison data on noise can be arrived at by considering
the fluctuations in charge transport as random phenomena. It would lead
too far afield to discuss this in depth, but it is desirable to understand some
of the background by considering some results of the theory of probability.

Let p be the probability that a certain result occurs from a certain event,
and let Pm(n) be the probability that from m of these events (which are
independent) this certain result will occur » times (0 < # < m). We can
now work out the relations as follows. A first possible course of events is
that the certain result is obtained in the first » events, but not with the
(m-n) subsequent ones, The probability of the former happening is p*,
that of the latter (1—p)™—* and the total probability therefore p»(1 —p)m—=.
Then we have all those possibilities which only differ from the above by the
sequence in which the » results occur. Here, too, the probability of occur-
rence of each possibility is p®(1—p)™—*. The number of possible sequences
is m!/n}(m—n)!, so that the total probability will be:

T Ul

1
n!
We then obtain for the mean value 7 of the number of positive results n
which is achieved as the sequence of m events is repeated many times

m

~1 - m! 17 m—n
A = B P P
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- (m — 1)! N .
B mpfgl(n "D m = A TP = mp,

a result that could well be expected.

Example: The probability that when tossing a coin ten times, we
throw “heads” six times and “tails” four times is:

10!

grar P ~20%

'If this experiment is repeated many times, all values between 0 and 10
will occur for the number of times heads is thrown in each separate
series. The mean of these values will be 5, )

An important value for indicating the degree of spread of the individual
values around the mean is the “mean deviation” o, defined by
02 = (n — n)2

Since 7 is a constant when averaging the square of the deviation, we can
write:

(n—nP=n—2m+m=n*—2ni + 2=
n? —2n2 472 =p2 — 2

n? is similarly derived as 7 from:

n = 20”2 Pn(n) = > {n(n — 1) + n}Pun) = %vn(n — DPu(n) +
n= n=0 n=0

- PR (m — 2)!
gon Pry(n) = m(m 1)1’2122 "D

Pl —pymn 4 mp=

m(m — 1)p* + mp = m?%?® + mp(1 — p) = i + Al — p),
so that 0% = a(l — p).

The absol_ute value of the mean deviation thus increases proportionaily
toV'm or \/ f. The ratio o/#, however, is inversely proportional to \/ m or
Vit follows from the first relation that when two gamblers play together,
one must eventually go bankrupt. From the second relation not only can
we trace the properties of noise sources, but also the fact that the accuracy
of a measurement increases in proportion to the root of the number of
observations, or to the root of the measuring time. .

The above relations are very useful when m is rather small. However, they
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will become Iess easy to manipulate for high values of m and n, because of
the factorials. Approximations have been developed which do not show
this disadvantage. The most important are those by Poisson and Gauss.
The Poisson distribution applies when m is very large, but, at the same
time p is so small that their product 7 can still be small, whilst 7 is of the
same order of magnitude as 7. We can then easily find from the limit as
m—o0;
ﬁ' n -
P(n) = (—) e "
n!
and o2 =7
The Gaussian distribution goes still further and assumes that 7 is also
rather large. By using Stirling’s equation:

n! ~ n" e *\/2an
and expanding In P(n)/P(#) into a series, we find:

1 “-n—n?
P(n) = — ¢ 2°

0’\/27_1

where once again o2=1.

With the current fluctuations that we shall consider, both the number of
charge carriers present and the number of charge carriers contributing to the
current, are very large and the Gaussian distribution can be used. This is
shown in Fig. 31-1. The curve obtained from the latter by integration (Fig.
31-2) is of greater interest; this indicates the probability for the absolute
value of deviation ]n——ﬁl to exceed value ko. It follows that the probability
that |n—7| will be more than four times the mean deviation is so small that,

10709/ k)
0
-1

P(n)

Fig. 31-1 Fig. 31-2
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apart from the rare cases when the results would be catastrophic, they do
not need to be taken into account.

The above can be illustrated in a rather simple way by means of the noise
current of a saturated anode. A diode is saturated when the anode voltage
is so high that all electrons emitted by the cathode arrive at the anode. If 7
electrons are emitted by the cathode during a time interval 7, the mean
current during this time interval will be ng/r, where g=charge of the electron.
Its mean will be the anode d.c. current, therefore I,=ngfvr. The current
deviation during the time interval 7 is therefore:

_(n—n)q
- T

i
It follows from the above that:

Ez_z(n__,,)z.‘ﬁ:n_qz:ila
72 72 T

We normally have only a moderate interest in this value because in
practice the signal will pass through a system with limited bandwidth. It is
therefore more important to know what frequencies can be expected in such
a signal and what their amplitude will be. With pure random phenomena, as
considered here, where the contribution of each electron gives an infinitely fast
signal, there is no preference for any particular frequency; all frequencies will
be equally represented. Even without additional bandwidth restriction, a limi-
tation of the upper frequency spectrum should occur in practice because the
mechanism prescribes a minimum time interval between emission and transfer
of charge carriers (finite energy). In the case of the diode considered above
and with most other noise sources these limit frequencies will be so high
that the distribution over that part of the frequency spectrum which is
important here, may actually be considered to be uniform.

By means of Fourier Analysis (Section 36) can then be derived the following
value for the amplitude of the diode noise current in a frequency band
having a width df:

ia? =27i2df =2q L df
The spontaneous occurrence of fluctuations in the current of valves is
called shot noise (also known as Schottky effect).

Example: If I, be 10 mA and the transmitted frequency band 104 ¢/s,
we have: /a2 =2 X 1.6:10-1® x 102 x 10¢ = 3.2:10-17, Therefore:

vV ia:a = 5.6'10~° A. Thus we can reasonably expect here fluctuations
up to approx. 2:-10-8 A in the diode current.
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In case of a triode, the noise due to the shot effect under normal operation
is considerably smaller than that which corresponds to the expression
for the saturated diode. This can be explained as follows. At negative
grid voltages there are a great number of slow electrons between cathode
and grid, the so-called space charge; part of it moves towards the anode,
whilst the remainder returns to the cathode. Increasing the number of
emitted electrons will increase this space charge cloud. More electrons will
return, so that this space charge has an equalizing effect on the anode
current. Therefore, for the anode current fluctuations in the case of a triode

we can write:

where the suppression factor ¢ has in practice values of the order of 0.1-0.5.

The pentode shows more noise than the triode because the charge
carriers passing through the control grid are distributed between the screen
grid and the anode, and fluctuations occur in this distribution. The resulting
additional noise is called partition noise, and can be taken into account by
adding a factor >1 to the triode noise, which is dependent on the ratio
I,/I42. Partition noise does not occur of course with triode cascodes, which
is another reason why this combination of triodes is used in many circuits
instead of a pentode.

Fluctuations also occur in the grid current of valves. The relation is not
necessarily the same as for the anode current because the grid current is
composed of an electronic and an ionic component, which show mutually
independent fluctuations. The current components will partly counter-
balance each other, but the fluctuations are additive. The fluctuations
are thus larger than corresponds to the relation i, = 2¢l,df, particularly in
the neighbourhood of the point of complete compensation (where the grid
current is zero). As, however, in those cases in measurement electronics where
grid current fluctuations are important, the valves usually have such a large
negative grid bias that the ionic part of the grid current is dominant, we can
nevertheless derive a very good estimate from this relation. Good-quality
valves have a low grid current, so that the absolute value of the fluctuations
will be small. They can, however, not be neglected with high impedances in
the grid circuit.

Example: The grid current of an electrometer valve is 10-14 A and
practically consists of a single component. We thus have for a band-

width of 103 ¢/s: \/i = 1.8:10-15 A, so that we can expect fluctu-
ations of the same order as the mean grid current.
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With transistors, fluctuations will occur in the diffusion of electrons and
holes and in the formation and recombination of electron hole pairs. When
we take a p-n-p transistor as an example, the noise in the collector current
will be determined almost entirely by the number of holes that diffuse from
the emitter, through the base to the collector. The shot effect equation

tharafara nmealiag.
«aeITITIC appiils:

i02=2q1cdf

The noise in the hole current to the base is mainly determined by the
fluctuations in recombination occurring in the base. We can add the fluc-
tuations in the much smaller electron component from base to emitter to
this, whilst at high frequencies additional noise will be produced by the
ﬂ.uctuations in the diffusion time from emitter to collector. At low frequen-
cles, we can also apply the equation of the shot effect to the noise in the base
current so that in good approximation:

ib—zw2qlbdf

Since the most important contributions in both these noise currents are

the results of different processes, the mutual correlation will be small, par-
ticularly at low frequencies.

Fluctuations of an entirely different origin are found with good conductors.
They are not caused by changes in the number of electrons which contribute
to the conductance (in this case all electrons are free and their number is
therefore constant) but the charge transport in the circuit can deviate from
the mean value for short time intervals because of the thermal movement
of the electrons. The value of this “thermal noise” follows from thermo-
fiynamic considerations of such a conductor in thermal equilibrium with
its environment; it is given by the Nyquist formula: at a temperature T
and in a frequency band df; a resistance has a mean noise power of 4kTdf
where k is Boltzmann’s constant=1.38 - 10~23 Wsec/°C. We can therefore
describe the behaviour of a resistor R (Fig. 31-3) regarding thermal noise

Fig. 31-3
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as that of a noise-free resistor of the same value, connected in series with a
purely fluctuating voltage generator o, given by:

v2 = 4kTR df
or, connected in parallel to a purely fluctuating current generator:
— 4T df
2 =
R

4kT has a value of approx. 1.6 - 10~20 Wattsec at room temperature, so
that the effective noise voltage \/ 22 is approx. 0.13 nanovolts per \/ £2-cfs,

and the effective noise current approx. 0.13 nanoamps per 4/ £2-1-c/s. The
limit frequency of thermal noise is of the order of magnitude of the natural
frequency of the electrons, approx. 1013 ¢/s, so that this noise can be assumed
to be independent of frequency in all practical cases (“white noise”™).

Indeed, metal wire resistors show this theoretically expected thermal noise;
but with other types, such as carbon and metal film resistors, an additional
noise occurs, termed “current noise”, which has an effective value almost
proportional to the current through the resistor, and therefore to the
voltage across the resistor as well. The value of this noise also depends on the
frequency; the noise energy being approximately inversely proportional to the
frequency. It therefore becomes important at low frequencies. Measure-
ments have shown that this frequency dependence remains valid for very
low frequencies (0.01 c/s or even lower). Current noise is therefore deter-
mined by the ratio of the limit frequencies of the passed frequency band,
so that the noise energy can here be given per octave or decade. The pro-
portionality to the current indicates a fluctuating resistance value; for example
in carbon resistors, because of the changing contact between the carbon
particles. The method of manufacture is therefore important for the value of
current noise. With good-quality carbon resistors, the resistance fluctuation
is of the order of magnitude of 1 micro-ohm per ohm of resistance value in a
frequency range of one decade. The fluctuation can be more than 100 u82/2
for poor-quality carbon resistors.

Metal film resistors also show this phenomenon, but good-quality speci-
mens will still be one order of magnitude better than the best carbon resistors.

Example: The resistance fluctuation of a given carbon resistor of
100 k2 is 2 u02/Q decade. With a d.c. current of 0.5 mA, the effective
value of the current noise voltage in the frequency range of 1-10 ¢/s
will be 100 V. For the thermal noise in this range, this voltage will be
0.13-10® V105-9 = 0.13 uV. This indicates a strong pre-
ponderance of current noise. In the frequency range of 105-106 c/s, the
current noise voltage is again 100 xV, and the thermal noise voltage

0.13-10° V1059 - 105 ~ 40 uV.

3 1] NOISE 231

Since thermal noise originates in the thermal motion of electrons as well
as in the energy exchange between the conductor and the environment, the
ideal capacitor and inductor will not show noise phenomena. These can only
occur through imperfections in a capacitor’s dielectric or in the core of an
inductor. These conditions only occur very rarely. In a circuit consisting
of passive elements, the total noise will be almost solely determined by the
resistor contributions.

Both valves and transistors give an additional noise at low frequencies
which shows a remarkable likeness to current noise produced by carbon
resistors. With active elements one usually speaks of excess-, flicker- or
1/f-noise. A great number of theories exist about the origin of this additional
noise, but are of relatively little clarity. It is certain, however, that with the
flicker noise as well, the frequency dependence remains valid for very
low frequencies. With good-quality valves and transistors, the frequency
at which both excess noise and shot noise have the same value, is of the
order of 100 c/s. This can increase to more than 104 ¢/s for poor-quality
types or individual bad specimens of the better types.

We shall see in the next section that the thermal noise of the base resistance
Rep of a transistor is also important,

The total noise at a point in a circuit can be calculated by adding together
the contributions of the various noise sources at this point. As far as the
noise sources are unrelated — and this is nearly always the case ~ it is necessary
to add the mean squares because of the absence of a phase relation.

Example: A current of 3 mA passes through the valve of Fig. 31.4.
The slope is 3 mA/V, the suppression factor of the noise due to the
space charge is 0.1. Because of the excess noise, the noise power at 1 cfs
is 'II:hOOO tincllw that in the “white-noise” region.

¢ anode resistor is of the metal i
oF 0.25 iy mstar film type and has a current noise

The various contributions to the noise voltage on the anode are
calculated in the frequency range of 1-104 ¢/s, neglecting anode feedback,

+

33kn

Fig. 314
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Since the excess noise at 1 ¢/s is 1,000 times greater than the shot noi_se,
the flicker effect makes a contribution in the 1-10¢ ¢/s band which
corresponds to the shot noise in a frequency range of

10¢ L
1,000 fdf/f = 9,200 c/s. The total anode current noise is then:
1

a2 = 2 X 1.6-10719 X 101 x 3-10-3 x 1.9-10* ~ 1.8 - 10-18
and therefore:
gt = 332-108 x 1.8-10-18 ~2-10~?
The thermal noise of the anode resistor is:
Va* =1.6-10"20 x 33-103 x 104 = 5- 1012 ) )
The average voltage caused by current noise of the anode resistor is
in four decades: /4 X 0.25-10% x 3-10-83 x 33-103 = 5-1075,
therefore -
va3 = 2.5-10"%,
The mean anode noise voltage is 1/4,5-10° = 6.6- 105 V.
With an amplification SRs = 100, this gives a voltage of 0.66 uV
when referred to the input.

32. Matching to the signal source

We shall now see how these rather complicated noise sources can be
taken into account in practice, and what Pprecautions are necessary for re-
ducing the resulting interference signals to a minimum. When amplifying,
or, more generally 'speaking, processing a signal, we shall always attempt to
achieve the most favourable signal-to-noise ratio. A limit is obviously im-
posed by the ratio existing in the signal source under the same conditions
(such as the same bandwidth). It is therefore necessary that the processing
system reduces the signal-to-noise ratio as little as possible. Let us now con-
sider a system with input and output terminals used for the linear processing

Aal/g bVer
[o S ari—
G:D noise-free
cle?
—C

dleFﬁ noise-free

Fig. 32-1

of a signal (Fig. 32-1). If a noise voltage source \/ er=2 is present somewhere
in such a four-terminal network, its external effect can be taken into account
by removing the noise source itself and replacing it by noise voltage sources

e and lr\/ es? connected in series with the input and output terminals
respectively, where a and b are determined by the circuit and the place of the
original noise generator in the circuit. @ and 5 will usually be complex
numbers. Of course an internal noise current source can be replaced in a
similar way. Four-terminal networks with a transfer from input to output
which differs from zero, i.e. with all practical four-terminal networks, offer
a different and more attractive possibility, which consists of replacing
an internal noise source by a voltage generator in series with the input
terminals and a current source parallel to the input terminals (right-hand
side of Fig. 32-1). As for the first case; these two sources will be entirely
correlated, unless one of them is zero. If the four-terminal network contains
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different, mutually independent, noise sources, these can all be transferred
to the input. The current sources can then be replaced by a single current
source I and the voltage sources to a single voltage source E (Fig. 32-2).
These two sources will generally possess a certain degree of correlation.

The advantage of this method is that one can now easily compare the signal
with all noise sources at the same signal level, namely the input of the
network. It is sufficient to determine the values of the signal-to-noise ratio
at the input terminals of the four-terminal network which has been made
noise-free, for the cases that noise sources E and I are present or absent. Good
measures for this signal-to-noise ratio are the ratio between signal energy
and noise energy supplied to the four-terminal network, or the ratio of
the mean effective signal voltage and noise voltage across the input ter-
minals. Since the supplied signal energy is not dependent on the presence
of either E or I, the effect of the four-terminal network on the signal-to-noise
ratio is also given by the ratio of the supplied noise energies or of the mean
effective noise voltages across the input, with and without E and 1.

We thus arrive at the situation shown in Fig. 32-3, where R accounts
for the load by the four-terminal network, and v,,, and R, are the mean
effective noise voltage and the internal resistance — which has been made

E
Rs
R Ve
8 i@,;s
Ven

Fig. 32-3
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noise-free — of the signal source respectively. A constant relation exists
between the energies dissipated in R and R,, so that the above-mentioned
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ratio of noise energies can be replaced by the ratio of the noise energies
which the sources could supply to the internal resistance R; of the signal
source.

When calculating these energies, we must remember that sources E and 7
will generally be partly correlated. The energy which E and I can supply

together to R, is: (E + IRS)Z/RS = E?/Rs + 2 EI + PR,

The value of the second term, lying between 0 and + 2V E2I2, is determined
by the degree of correlation between E and 7.

The situation with a valve is very easily treated. The noise in the anode
current can be accounted for by considering the valve noise-free and having
the mean anode noise current 'V i,2 caused by a grid noise voltage \/;._Z/S.
This noise voltage may in turn be visualized as caused by a resistance in the
grid circuit. The value of this “equivalent noise resistance” Req follows from:

Vi

S

\/ 4kT Reqdf ==

In the frequency range where excess noise can be neglected, the value
of Req is between 300 and 3,000 2 for the usual valve types. At lower fre-
quencies, Req Will increase because of the excess noise, and will become
inversely proportional to the frequency at very low frequencies.

With special-quality valves, Req is 10 k€2 at 1 ¢fs, but with valves of poorer
quality it is more than a hundred times as much. The value of R.q which can
be expected for a valve is usually indicated in the valve data for a number of
frequencies. When no frequency is mentioned, the value refers to the “white-
noise” range, i.e. the range where no excess noise is present.

Grid current noise V ;,,?can be accounted for by inserting a noise current
source in the grid circuit. This may also be visualized as caused by a resistance
Reur, where

ATdf
R cur

ig

Since the grid current itself is strongly dependent on the quality of the
vacuum in the valve and on the working point, so is the grid current
noise. Hence the expected value for Rcyur is usually not given but can be
estimated from the grid current which has to be measured. In this case,
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VikTRegdf |

Fig. 324 Fig. 32-5

there is no correlation between the two noise sources (Fig. 32-4, where dfis
the width of transmitted frequency band).

That each of the noise currents can be replaced by one noise source at
the input is because of the high value of LafI; (> 10%). 1t is in so far in-
correct to replace the anode current noise by the voltage source that this
also affects the grid current noise. This could be compensated for by the
paralle] connection at the input of a current source of value /T2 =
S5/S\/ ia?, where Sy = Aig/dv,.

Because Sy/S = I/I., it means that the energy of this current source
is about I;/l; times smaller than the current source which must be
inserted for the grid current noise. Similarly, the voltage source corre-
sponding to the grid current noise is as many times smaller than that
for the anode current noise. It is obvious that such a simplification is
not normally permissible for a transistor where the ratio I/ is so

much smaller.
Example: The data of a triode are: I, = 1 mA, Iy = 10-° A, where
() = —2-10"® A and (Jg)ion = 3- 10~% A. The transconductance

is 2 mA/V, and the suppression factor y is 0.2. We find for each cycle
per second of bandwidth, outside the excess noise area:

E - 9lay
s2 52
i = 2 g{Up)a + (Uphon} = 1.6 10-27 A2
This yields, with 4 kT = 1.6 - 10-20 Wiec.
Req =103Q and Rear = 107 2

We therefore have the empirical rule that the ratio Reur{Req for a
valve is of the order of magnitude 0.01 I,/I, in the white-noise area,
i.e. 103-10% depending on the particular type. This ratio is reduced due
to excess noise at lower frequencies.

=1.6-10"17 Ve,

When connecting the grid of the valve to a signal source v, with an internal
resistance R,, and assuming that the noise from the signal source is only
due to the thermal noise of R,, we have the situation as shown in Fig. 32-5;
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the noise signals are indicated here per cycle per second of bandwidth.
The grid noise voltage therefore consists of three components, \/ 4kTR;,
originating from the source resistance, \/ 4kTReq, originating from the

anode current noise, and RsV 4kT/Rcur, originating from the grid current
noise.
As these sources are not correlated, the mean value of the grid noise

voltage will be:
Rs?
4kT(Rs + Req +R )

cur

In the absence of internal noise sources of the valve, this would have been:
V4KTR,
which gives a relative increase of:

V Req | Rs (32.1)
L+ R | Row

This expression has, as function of R,, a very flat minimum when R,
equals Rs* = V Req - Reur. The value of this minimum is

Vl +24/Req/Rour

The ratio Req/Reur is usually very small in the case of valves (<0.001).
This means that a signal originating from a source with an internal resistance
of the order of R,;* can be amplified by means of a valve, adding practically
no noise. Because the ratio is so small the noise factor only increases slightly
when R; deviates from R,*. The increase for R;= Req and Rs;= Reyr is only
40 per cent.

It is theoretically possible to change a source with a given internal re-
sistance into a source with a different internal resistance by means of a
transformer, without altering the signal-to-noise ratio. We could conclude
from this that any signal voltage could be amplified by means of a valve
without adding significant noise. However, we shall see that there are some
practical limitations.

Since this is one of the rare cases where the use of a transformer as a signal-
amplifying element cannot be avoided, we shall derive a few relevant equa-
tions.
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A transformer (Fig. 32-6) with a primary inductance L;, a secondary
inductance Lz, and a mutual inductance M gives:

7 = joLii + joMisz
v3 = joMi1 + jwLais

We can write M=kA\/L;L;, with the coupling factor k<1, but the
deviation 1—% will be small for a good transformer: less than 0.1. The
resistance of the windings can be visualized as being in series with windings
without resistance. If this transformer is connected to a voltage source v,
and if a current f is taken from the secondary side (Fig. 32-7), we find, if

—
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h, -2 Ry L
+ +
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Fig. 32-6 Fig. 32-7

R, is the sum of source resistance and the resistance of the primary winding:

Vs = (R1 + joLyis — joMi
U2 = joMi; — (Rz + joLz)i

which gives:
joM wM? . )
=—— U0~ ———— + Rs +jwLs )i
* = RitioL (R1 FjeL, T Iek

The open circuit voltage is therefore:
joM
a5 5 Us
Ry +jol;
and the real part of the output impedance

w2M?

R+ wiLi peTT R + Ry
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Connecting the grid of a valve to the secondary terminals, the voltage here
will be
joM
Vg=-—"—
" Ri+joL; *
or, the absolute value:
oM

VR® + w2L?

So that the voltage transformation is not seriously affected by changes
in the operating frequency, we choose L, such that for the frequencies of
interest, and in particular for the lowest of these, applies: wL; > Ry, e.g.
oLy ~ 10R;. This gives for the voltage transformation:

|/L
~ k jwkﬂwiz-
L m

m

Vg
Us

g
Us

where n;=number of primary turns, and nz=number of secondary turns.
Under the same conditions, we find for the apparent source resistance
R, on the secondary side:

n22
R~ —Ry+ Rz
n12

By avoiding the use of over-fine wire for the primary windings, we can
ensure that the source resistance R, is predominant in the right-hand term
and thus

’ n22
Rg R —— Rg
n12
Whether in practice a transformer will be used with a valve amplifier
depends in the first instance on the resistance R; of the voltage source. We
can distinguish between the following cases:
1. R, is smaller than Req. The term Req/R; in the relative noise increase

V1 +Req/Rs+ Rs/Rcur, which represents the share of the anode current
noise, is then greater than 1. Noise increase will be at least 40 per cent.
The complication of inserting a transformer may be worthwhile in this
case.

2. If R, becomes larger than Req, the profit in using a transformer will
diminish gradually. If R, is at least a few times larger than Req but smaller
than Reur, it will be preferable to connect the source directly without a
transformer.
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3. If R, is of the same magnitude or larger than Ry, inserting a trans-

former would once again becomes useful. However, with a valve circuit,
Reur is so great that it is no longer possible to design a transformer with
the required properties. It is then better to select a different valve,
designed for very low grid current (electrometer valve: Reyr> 1011 Q).
. A special case presents itself when R; is so great that the source can still
be considered as a current source when connected directly to the valve
(Fig. 32-8). The valve is then subjected to a grid current which equals
the signal current, and no longer behaves as a linear amplifier but as one
according to the relation between grid current and grid voltage.

By making the leakage currents and ions current sufficiently small,
it is possible to obtain an almost exponential relation between grid
voltage and grid current over many decades and therefore also between
anode voltage and grid current, so that the output signal is proportional
to In i;. This circuit can only be used for the measurement of currents
and demands many design precautions because of temperature de-
pendence, etc.

If under these circumstances it is required to obtain linear amplification
instead of logarithmic amplification, an additional measurement resistor
R is inserted (Fig. 32-9) across which the signal current gives a voltage

_L O

Fig. 32-8 Fig. 329
which is great with respect to the noise voltage \/ 4kTReq df. The
important noise sources are now the thermal noise of resistor R and the

grid current noise. The former contributes V4 4kTRdf to the grid voltage,

the latter RV 4def/R¢:,; and together \/ 4kT(R+ R?/Reur)df. The grid
signal voltage is isR, so that the signal-to-noise ratio is given by:

ls

Var (g +2z)y

cur
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Therefore, we once again select a valve whose value for Reur is as high
as possible (electrometer valve) and make R as great as can be justified
by insulation, stability and linearity of the circuit. In practice, this value
is usually 1011-10'2 £, The fact that such a large resistance with the
parasitic capacitances makes the time constant of the input circuit of
the order of seconds, is no impediment for following rather rapid
phenomena. We mentioned in Section 22 how this resistance can be
apparently reduced by means of feedback. It can be seen that this does
not affect the signal-to-noise ratio. This situation is met in mass-spectro-
meters, ionization chambers, photomultipliers and similar instruments.

Let us now look at the case of transistors where, apart from fluctuations
in the collector and base currents (which will be denoted by their mean

effective values \/122— and \/ib_z), we have also to take into account the noise
voltage of the base resistance: \/ vpp =\/ 4kTRppdf.
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Fig. 32-10

Neglecting collector feedback we can write (upper part of Fig. 32-10):
. . 'y S = A/ 2
=1 +Vi= - (vve + \/vbbz) +V ip?

io=alj+Vig= S (he +V0?) + Vit
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Rearranging this as Fig. 32-10, lower part:
S — —
= —(00e +VE) +V T
a

is = S (05 +VE?)

we find:
_ : T2
\/EZ = \/vbbz + V;c
— — Vi,
and Ve =\/ib2 - l, °

a

As we have seen in the previous section, the equation for the shot noise
applies in very good approximation to both collector and base noise currents:

ic_2=2q1cdf
2 =2qhdf

Neglecting the very small correlation between these two noise currents,
there will only be non-correlated values in the right-hand sides of the
equations for E and 7 so that

B =y + 2
= U, —
bb Sz
g2
2= 52 ——_
YT @y

It follows from the equations for i and i? that Emic_z/a’, which gives for
I in good approximation I2=i2, at sufficiently large values of o«’. The
noise of this current source corresponds to that of a resistance Reur:

4kT
Reur

= 2qu

or with Iy =1I./a’ and Ro=1/S*=kT/ql, ~ 25/ I.(mA):
Rcur =2 U.’ Ro.
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With j2=2qI.df and S~ql./kT, the quotient 7:2/S? can be written as
2kTRodf so that the shot noise in the collector current is accounted for by the
equivalent noise resistance $Ro. This resistance is connected in series with
Ruy and is, except for very small currents, much smaller, so that the voltage
source E will correspond to the thermal noise of resistor Rpp (Fig. 32-11).

© N

kTR, ) f
Vit sty @

Fig. 32-11

Whilst the ratio Reur/Req has a value of at least 103 with valves, and with
certain valves even 105, this value is usually much smaller with transistors,
namely 2a’Ro/Rpp. For a'=50, Ro=25 £, at 1 mA and Rpp= 100 Q this
gives a value of 25. The maximum value, at very small currents, approaches
2d' Ro/3Ro=4a’. Whilst the difference between Req of a transistor and Req of
a valve is hardly one order of magnitude, the value of Rey; of a transistor is
many orders of magnitude smaller than that of a valve (103-105 2 instead.
of 107-1011 £2),

This not only results in a much reduced optimum input resistance R;* —
of the order of several hundreds of ohms — but also in the fact that with
optimum matching it is usually no longer allowed to neglect the increase
in noise above the source noise.

With source resistances of 100 £ or less, it is sometimes better not to
attempt to achieve the best results by means of an impedance-changing
transformer because its use may be spoilt over wide frequency ranges by
natural resonances. We can then use transistor amplifiers for the amplification
of smaller voltages than would be possible with valve amplifiers, because of
the lower value of Req. On the other hand, the effect of the base noise current
already becomes noticeable at slightly larger values of R; (1000 £2), and the
valve is then to be preferred. Contrary to what is relevant in valve circuitry,
transformation of a moderately higher source resistance to R;* by means
of a transformer (n;>ng) is here possible.

The numerical data given above refer to conditions where the emitter
current is of the order of 1 mA. With modern Si-transistors, which have still
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a rather high current amplification factor at very small emitter currents
(1 uA) the impedance level, and thus Req and Reyy, is raised considerably.
The ratio between Req and Reur remains unaltered. Although the base
current is very small in these transistors, they remain less suitable for the
measurement of small direct currents (<10-10 A). In this respect the further
development of field-effect transistors is of great importance.

Finally we must take note that the increase in the noise at lower frequencies,
due to the excess noise, can be taken into account by increasing Req and/or
reducing Reur. How much this increase has to be is determined by the nature
of the noise; in transistors it is mainly an extra current noise that oceurs,
and this can be accounted for by a reduction of Reyr.

33. Resonant circuits

We have so far restricted ourselves to normal a.c. amplifiers which
provide the amplification of signals in the frequency band between about
1 ¢/s and 108 ¢/s without much difficulty. In Section 36 we shall discuss the
question of which frequency band is relevant for the best possible amplifica-
tion of a signal with given time dependence. It will be obvious that in theory
an almost infinite number of variations can occur. Rounding off the subject
of amplification in measurement electronics it is helpful to pose the following
questions:

1. How could one make the passed band narrower?
2. How could one widen this band?

We shall discuss the first question in this section, and the second one in

Sections 34 and 35.

The frequency band transmitted by an amplifier can be made narrower
at low or high frequencies by inserting a CR- or RC-circuit (Fig. 33-1). This

R1‘> m L

RiCi=7 RyCr=Ty

G

=

Fig. 33-1

has the advantage that experimental changes can be made easily but the
sharpness of the boundaries is not very marked. In addition this method can
only be applied when the border frequencies 1/7; and 1/72 are sufficiently
spaced, as otherwise the flat region between these would be spoilt.

Better selectivity and general shaping of the passed band curves can be a-
chieved by using passive and active circuits with a better frequency selectivity.
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The simplest example of this is the resonant circuit, consisting of the series
or parallel combination of a coil and a capacitor (Fig. 33-2).

However, because of the resistance of the coil and possible dielec-
tric losses in the capacitor, we can never realize these ideal resonant cir-
cuits in practice. For frequencies in the vicinity of the “resonant frequency”,
i.e. the frequency of the natural resonance, we can convert the series
resistance of coil and capacitor into a parallel resistance, and vice versa.
In practice we can therefore calculate in the first instance the behaviour
of resonant circuits at these frequencies with the networks shown in Fig. 33-3.
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Moreover, series and parallel resonant circuits possess “duality”, i.e. the
one behaves with regard to current and voltage as the other with regard
to voltage and current: their impedances are each other’s reciprocals. It is
therefore sufficient only to consider one of them. We choose the paraliel
resonant circuit, because of its greater practical importance.

We obtain for the impedance Z of the parallel resonant circuit of Fig. 33-3:

1 1 1 ] R(1 — 02LC) + joL
—_— = e—— E— C = -
Z jeoL TR T JoLR
R
zZ= =
hence: 1 +j—(@2LC—1)
ol

Consequently Z is real and |Z| has a maximum at frequency wo, which
satisfies wg2LC=1 or wg=1/V/ LC. For Z we can thus write
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= R = R 33.1
TR fo o\ 1108 (33.1)
I+j——=——
woL\wy

where f=w/wo—wofw, the “relative deviation” with respect to wg, and

Q=R/woL=R/V L/C, which is called the quality factor of the resonant
circuit.

We find for small deviations 4w = @ — wo that f ~ 2 Aw/w, there-
fore twice what one would call the relative deviation. This latter term,
however, is reserved for the more important quantity B.

The quality factor of an ideal resonant circuit (R =o0) is also infinite.
Values which can normally be obtained with practical LC circuits are
of the order of 100. Physically large coils must be used for achieving
this value at low frequencies.

The absolute value of Z follows from (33.1):

R
[Z | \/m o (33.2)
Fig. 33-4 shows |Z| against B. The width of this “resonance curve” is
given by (33.2): for § = +1/Q, or when Q is much greater than 1 for
Aw=Fwo/20, |Z [ will have dropped to about 70 per cent of the maximum
value, so that wo/Q indicates the order of magnitude of the transmitted band.
In a practical resonant circuit it is easy to reduce the value of Q by shunting
L and C with an additional resistor. Larger values and hence greater sharpness

of tuning, can be obtained by positive feedback.

=<

Fig. 33-5



248 RESONANT CIRCUITS 33

If the following equation applies for the amplification of the pentode in the
basic circuit of Fig. 33-5:
SR
1 +jQop

with Qo=R/woL and we=1/V/ LC, the amplification of the circuit with
feedback will be:

Ug = —’SZa Vg =

Ug = — SZa(v‘ + kva)

so that va(1 + jQof + kSR) = — SRus
. Oq SR SR 1
[s) —_—— —— = — .
2 1 + kSR + jQof 1 + kSR L Qo

Jl + kSR

Comparing this expression with (33-1) shows that the amplification
va/vs exhibits the same frequency dependence as a parallel resonant circuit
with a quality factor Q= Qg/(1+kSR). For —1/SR<k <0, Q is greater than
Qo and the resonance curve becomes sharper (Fig. 33-6). Amplification
increases for all frequencies when 1+ kSR becomes smaller, but this increase
is larger when |B| is smaller.

It follows that large amplifications will occur over a narrow frequency
band when (1 +&SR) is small with respect to 1. However, the stability of the
amplification will rapidly decrease in this case, for kSR will have a value of
approx. —1, so that relatively small changes in this product will produce
relatively large changes'in (1 +kSR) and therefore in the amplification.

In the special case of kSR = —1, the amplification for 8 = 0, there-
fore @ = wo, is infinitely large. This appears to mean that any signal
of frequency wo, including the internally generated noise signal, will
produce an infinitely large output signal. But in reality the output
signal obviously cannot exceed a certain value. In order to reach this
value caused by the natural noise, X,SR must not equal —1, but differ
from it by a small amount (in practice of the order of 10-8-10-12), which
obviously cannot be obtained by adjustment. When discussing oscillation
in Section 37 we shall see that, because of phenomena yet unconsidered,
which occur when (1 + kSR) is negative, a stable situation can never-
theless be obtained. The output signal then is a sinusoidal voltage with a
frequency 1/ VLC and almost constant amplitude, though no input
signal is present.

It is thus possible by means of resonant circuits, or active circuits con-
taining resonant circuits, to amplify exclusively a narrow band around
a central frequency. However, as we have mentioned before, the use of

33] RESONANT CIRCUITS 249

coils will be avoided as much as possible, particularly in measurement
circuits for low frequencies. This will become more urgent as the measure-
ment frequency is lower because, in general, inductances of a much larger
value become necessary. Particularly at low frequencies it is, however,
relatively simple to design active circuits with the selectivity properties of
resonant circuits without the use of coils.

G
— Al ——
? Ry C,jL Ry Y%

—0

Fig 337

In the first place we can start with the above mentioned possibility to
increase the quality factor of resonant circuits by means of positive feedback.
In this respect there are networks which consist exclusively of resistors and
capacitors, but whose frequency characteristics show great similarity to LC
resonant circuits with a small quality factor. Fig. 33-7 shows an example of
such a circuit. The transfer impedance ,/i of this circuit is easily derived:

_lio~ . jw RiRsCy
i 1 +jw{R1(C1 + Cy) + RZCk} — w2R1R:C1Cx

This expression is real at a frequency wo, which satisfies
w02 R1.R2 C]Ck =1

Introducing this frequency

Yo jo RiRaCy
i ) w?
1 +]w{R1(C1 + Cy) + RzC/c}— —
W
_ Ri1RC . 1 R
R(C1 + Cu) + ReCy iB  1+j00f
wo {Rl(C1 + Cx) + R2Clc}
where R= fuRaCa
Ri(C1 + Cr) + R2Ci
and Qo — 1 V R1R:C1Cy

wo{ Ri(C1 + Cz) -+ ReCk}  Ri(Ci + Ci) + ReCr
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The expression R/(1+jQop) for the transfer impedance is the same as that
for an LC resonant circuit. However:

Ri(C1 + Cy)
00 + RE Ri(C1+ Ci)- ReCi _ RoCy
* T RiR:  {RiCi + Cp) + ReCi}? {Rm + G }2
RsCx

This latter form has a maximum value of % for Ri(C1+ Cx)=R:Ci

2

2
so that Qo? + o <3
The maximum attainable value of Qy is therefore 0.5, though in practice,
we have to be content with a smaller value (~0.4) because the value of the
“shunt resistor” R becomes very small for Qp~0.5.
Inserting the network in a circuit with feedback, will again result in
a transfer characteristic of the same form but with a greater Q. Fig. 33-8
shows an example of this. Assuming for the sake of simplicity that the
cathodes completely follow the grids, we can write:

—Rix . g Vi — Vo
Vo=-——— and ij = —
1 +JQ0ﬂ Rk Ro
therefore: % R(Rt + Ro) 1
u Ri(Ro — R) . R
1
+] Ro_R 0o

which gives for the quality factor of the system:

Ro
C=R-r?

A large value for Q can be obtained by making R only slightly larger
than R. However, the difference Ro— R becomes more apparent for varia-
tions in the values of Ry and R as it becomes relatively smaller. The use of
high-stability components allows the designer in practice to realize values
for QO up to approx. 50. The amplification in this case is quite considerable.
At the resonant frequency we find, when Ro~R:
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Fig. 33-8

The valve circuit of Fig. 33-8 is particularly suitable for low frequencies.
The upper limit is determined by stray capacitances. For reasons yet to
be mentioned, it is necessary to make the resistor values fairly large. We
therefore do not use this type of filter at frequencies higher than a few kc/s in
measurement electronics. The lower limit is determined by those values for
which it is possible to obtain components of sufficient stability, and is below
1 ¢/s when valves are used. When transistors are used the lower impedance
levels cause this frequency region to be shifted accordingly upwards.

In reality, however, valves are not ideal cathode followers. The output
impedances of the cathodes (=#1/S) are connected in series with Ry, so that
possible variations in the slopes can affect the amount of feedback and
therefore the quality factor and the amplification. This effect can be minimized
by choosing the largest possible values for the resistors fora given working
point. This is also desirable at low frequencies in order to be able to use
relatively small capacitances (precision mica types). When large resistors
are used, we must take into account several limiting factors. Firstly it is
very difficult to manufacture stable resistors of very high values. In order
not to make the requirements unnecessarily high, it is recommended that
one starts with a circuit for which Qo approximates 0.5 rather closely.

By choosing Ri1, Rz, C1 and Cy so that the condition Ri(C1+ Cx) =
RsC is satisfied, Qo = 4 V' C1/(C1 + Cr) and R = }Ry. The signal
transfer in this case is 50 per cent of the theoretical maximum. With
C1 = C, and therefore Rz = 2R;, Qo will be about 0.35. By making
C1 = 4Cr and thus Rz = 5Ri1, Qo will be about 0.45.

Particularly at very low frequencies, we sometimes feel the need to select
larger values for Ry and R; than possible or allowable in the circuit. However,
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it is often possible to solve this difficulty by connecting the anode and/or
the grid to tappings of Ri and Rs respectively. This is indicated in Fig. 33-9
for the anode.

Rl 'Ra

Fig. 33-9

Finally, we must take into account that the input capacitance of the right-
hand valve Bz is connected in parallel to Re2. When R is large, or the resonant
frequency of the filter relatively high, there is a possibility that the impedance
of this input capacitance can no longer be neglected. Since such a capacitance

Gy

J_ il _L o

R
1 C’T CZT R2 o
. . O

Fig. 33-10

——.

has little stability, inadmissible fluctuations can occur. Apart from reducing
Ro, the effect of this capacitance can also be minimized by inserting a
sufficiently large and stable capacitor parallel to R; (C: in Fig. 33-10).

In this case we have for the filter:
wo?R1Re(C1C2 + C1Cx + C2Ci) = 1,

R= R1R:Cx
Ri(Cr + Co) + Ra(Ce + Co) ’

1

0 = o (RAC + C) T FeCa ¥ D} °
so that once again:
R?
2 <.
Qo + A P
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The equality sign is valid for Ri(Ci 4+ Cix) = RC: + Ci). If this
condition is satisfied, we obtain:

Cx
R=%}Ri-_ % _
1R Cz2 + Cx
Ci?
d =3-1/1 -
an Qo "'V (€1 + C) (G2 + Co)

In the “symmetrical” network, R1 = Rs and C1 = Cs, we obtain a good
compromise for Cx/C1 = 3/2, R = 0.3R: and Q¢ = 0.4, whilst
wo = 1/2R1Ch.

The greatest impediment to obtaining sufficiently high stability at high
values of Q is caused in the circuit of Fig. 33-8 by the effect of variations in
the slope of the valves. Marked improvement can be achieved by considering
circuits by which a different method of feedback is applied. Using a separate
valve for the feedback (B3 in Fig. 33-11) gives such an improvement.

B

q[}_

Fig. 33-11

The degree of feedback is then determined in the first instance by resistors
Raz, Ry and Rys:
i Rz (/)
3= — —————
Ri2Ris
This approximation is better satisfied when the reciprocal values of the
slopes of Bz and Bj; are small with respect to Rz2 and Rgs3. Since there is no
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objection to making these resistors larger than Ro in Fig. 33-8, the effect of
variations in slope will be correspondingly smaller.

An even greater improvement is effected by inserting still another valve
(Ba in Fig. 33-12) and by applying the principle of “adding what is lacking”.
Assuming the valves Bz and Bs to act as ideal cathode followers, we have
Uk3="0g3="Va2= —(Ra2/Ri2)vo= —(Ra2/Ri2)vg2. If resistors Rz and Rs are
chosen such that Ra:R3=Rgs: Rqe, then there will be no signal voltage at

y;“—

Fig. 33-12

point P with respect to earth, and therefore no signal current will passthrough
By. The operation of the circuit is then exactly the same as that of Fig. 33-11;
the only difference is that in terms of signal current, the parallel network of
Ris and Rs will now be present in the cathode circuit of Bs, instead of Ris
alone. A deviation from this situation, which may be caused by slope varia-
tions, produces a signal voltage at P, which is opposed however by the feed-
back through Bs. Voltages and currents will therefore always adjust them-
selves such that there is almost no signal voltage at'P. The degree of feed-
back is then solely determined by resistors Rz, Rs and Rys:

. 1 1y (l N R3 )
8= Or (733_ + Rk3> e Ry RoRgs

Active resonant circuits based on the principle of Fig. 33-8 offer the great
advantages of simplicity and versatility. Disadvantages are that the value of
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Q is obtained by feedback, so that the danger of oscillation often becomes
intolerably large above a certain value (~50), and also, for many appli-
cations, that the amplification at the central frequency changes proportion-
ally with the adjustment of Q. These disadvantages are absent in an other
way of synthetizing resonant circuits without coils. This is achieved by
inserting selective circuits in the feedback loop of feedback amplifiers. Such a
circuit must give little feedback at the central frequency, i.e. zero transfer at
this central frequency, but passing any other frequency. The danger of
oscillation can easily be prevented here, even if the loop.gain is made so
high that very high quality factors are reached (~1000). A disadvantage is
that the adjustment of circuits which have a zero transfer for a certain fre-
quency is rather critical, while at the same time the requirements for the
stability of the components are very stringent.

The best-known circuit which has a zero transfer at a certain frequency
is the “twin-T” network (Fig. 33-13). Its properties are usually calculated
by applying the star-delta transformation.

4 12 V2 /
G G
- Zn
. R1 Rz V-
7 o] e, % y 3
T o ) i3
Fig. 33-13 Fig. 33-14

We have for the star circuit (left-hand side of Fig. 33-14):

0 —-v oz —uv V3 —v . N
, iz = iy = » D+i24i3=0

i = y
Zy Zs Zs

so that u(_l_+i+ ])—”14-”2 + 2

Ay Z 7; - Z 72 Zy
or v(Z1Zs + 2123 + Z3Z3) = Z3Z3 01 + Z1Z3 vs + 2173 vs
Provided Z\Zy + Z\Z3 + ZpZ3 # 0:

— Z2Z3 v1 + Z1Z3 v2 + Z1 7 vs
Z1Z3 + ZhZ3 + ZsZs

v
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Substituting this value for v in i1 = (1 — v)/Z1:

(v1 — v2)Zs (v1 — v3)Zs
ZZys + ZhZy + ZpZs  Z1Zp + ZhZ3 + ZaZ3

Since expressions with the same terms are obtained for iz and is,
it follows that the external behaviour of the star circuit of the left-hand
side of Fig. 33-14 is identical to that of the delta circuit of the right-hand
side of Fig.33-14, provided

i1 =

Zis = ZrZs + Z;Zs + Z:2Z3 —Zit Zat VAVA)
3 Zs

etc.

It is interesting to note that Zys, Z1a and Z33 do not have to be
impedances which can be realized themselves. In that case the transfor-
mation is a purely mathematical operation, which can however greatly
facilitate the calculations involved for some circuits.

We can also transform the delta circuit into a star circuit, provided
Zy2 + Zis + Z23 7 0. We then find:

VALY AT

=
Zi2 + Z13 + Zaa
etc.

In this case also, the resultant impedances themselves do not have to
be realizable.

A few words about the additional conditions. If one of the terms
2172 + Z1Z3 + Z2Zs and Ziz + Zis + Zas proves to be zero, the
corresponding transformation gives a result which should not be inter-
preted in too strict a fashion, because the simultaneous condition of
impedances becoming zero or infinite must not be considered as so
many short- or open-circuits. For example, the following equations
apply to an ideal transformer:

o1 = joLii1 + joMiz = jo(L1 — M)i1 + joM(i1 + is)

vz = joMiy + joLsis = joM(i1 + is) + jo(Lz — M)iz
where M = +/I1Ls, so that the transformer on the left-hand side
of Fig. 33-15 is identical with the star circuit in the centre of Fig.
33-15. When transforming these into a delta circuit according to the
above relations as shown on the right-hand side of Fig. 33-15, we find
for all elements the value zero. It is obvious that this should not be
interpreted as three short-circuits.

—o0

Fig. 33-15
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The twin-T filter of Fig. 33-13 can now be considered as the parallel
circuit of two star circuits. By applying the star-delta transformation to each
of these, we obtain the result shown in Fig. 33-16. The impedance between
points 1 and 2 consists of a parallel connection of Z; =Ry +Rz+ joR1R>Cs
and Z; = 1/jwCi+1/jwCs—1/w?RsC1Cs and therefore has the value
Z,Z5/(Z1+ Z3), where we can write for the denominator:

Zy+Z2=R1+ Rs —

+j (wR1R2C3 — g&)

1
®?R3C1C2 wCi1Cs

o—D—I—:}—«% :
C

Ry+R; R1RC3

Ca C3Ry C3R1
R1+Rz

Il
3>
59

G CZ ”2R301C2

o 2
» C1+Cz R3 C1+C
R3 =
R1+R; R1R:C3
1 R’ Rz 2
Cy -Cy
E -
KC"‘) Vo = Y 9
Ry :l:c3
-0
Fig. 33-16

By selecting the components such that for frequency wo

1 G+ C
Ri+Re=———— and woRR:Cs= " 2
@02R3C1Cs woR1R:Cs 2eCiCa

Zl‘+Zz will be zero for this frequency, and the impedance between
points 1 and 2 will be infinitely large, i.e. v,/v;=0. The most common
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filter which satisfies these conditions is the symmetrical twin-T filter of
Fig. 33-17. The following applies to its transfer characteristic:

2o _ B
vt 4+ip
w wo d 1
=——— and wp = ——.
where B P 0= 2C

°© wy 2wy —w

Fig. 33-17

This transfer corresponds to that of a voltage divider, consisting of an
ideal resonant circuit and a resistor (Fig. 33-18) for which R=1V/ L/C. Using
this filter as feedback network in an amplifier with an amplification Ao, the
amplification with feedback will be:

o A AdL+3iD |
P AP T EMe+ D

T

which for small values of § can be approximated to:
A
App = °
1+i%%
4

Thus, the frequency response of this circuit behaves almost like a resonant
circuit with a quality factor } Ao. In this case, the limit is determined by
the stability of the filter components. Practical designs with Q~1000 are
quite feasible.

A very constant value of Q can be obtained by making Ao extremely

33] RESONANT CIRCUITS 259

’_rver\f\_ R CL

fo — { -0 ER e - )
gcg l !!c gc °
W R w y Eq] B %
TT
o, O O
Fig. 33-18 Fig. 33-19

constant by means of feedback. When using the voltage divider of Fig. 33-18,
this would be achieved by connecting a resistor across the resonant circuit.

With the twin-T filter, we must insert the series combination of a resistor

and a capacitor between points 1 and 2 (Fig. 33-19). We obtain a value of
Q < }4o with the symmetrical filter by making the resistor 2Q0R and the

capacitor C/2Q. The amplification at the central frequency is then 4Q.
Apart from the twin-T filter, there are many other RC-networks
for which the transfer function is zero at a certain frequency. An interest-
ing problem is to consider whether it is possible here to alter this central
frequency by means of a single variable component.
This is possible with the twin-T filter by converting resistor 4R in Fig.
33-17 into a potentiometer. We then obtain the Andreyev circuit shown
in Fig. 33-20, where

1
- RCVI -
in which a is the fraction of the potentiometer track between the wiper
and capacitor 2C.

A different circuit with the same property is that by Hall (Fig. 33-21),
where

Wo

1
O RCVIT T Val—2

when a is the fraction of the potentiometer track between the wiper
and one of the terminals.

(1) (1428} 5
N

[ [ [ zC [
e
¥ |4
1
Y R T % R
> O -0
Fig. 33-20 Fig. 33-21
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It is often necessary to replace the bell-shaped transfer characteristic

[v.,/v;i:A/(\/ 1+ Q2% by a more rectangular one. One method of approx-
imating to the latter is by means of the characteristic:

Bl A4 (33.3)
v V1 + (Qp)*n

This approximation will be best when the integer # is larger (Butterworth
approximation). Such a characteristic can be obtained by means of nresonant
circuits connected in cascade, with the quality factors and resonant fre-
quencies having certain values. Hence the term “staggered tuning”.

As we shall see below, this possibility generally exists for those cases where
the form under the root sign contains terms in B with even exponents
< 2n, and is positive for all values of w, as otherwise the amplitude would
not be real. This statement is in fact a special case of a more general state-
ment regarding the possibility of practical realization of transfer functions
of the form V/P1/P;, where P; and P; are positive definite, even polynomials
in w.

Restricting ourselves to the case in hand, we can derive the quality factors
and the central frequencies of each of the # resonant circuits as follows.

With the prescribed form of the modulus (33.3) goes a transfer of the

type:

Vo A
— = (33.4)
v, l4ax+bx2+4... 4 xn
where x=j0Op.
We can write for the denominator:
IT4ax+bx24...+x7=(x—x1)(x — x2)...(x — xp)
where x1, x2 ... x, are the zero’s of I+ax+bx24...+x" Since x

is purely imaginary, we have ]x~xk2=——(x——xk) (x+xx*), where xx* is
the complex conjugate of xi (left of Fig. 33-22). We can then write for the
square of the modulus of the above form:

(x1 — %) (x2 — x)... (xn — %) (x + x1*) (x + x2%)... (x + xa*).

It is necessary that this equals 1+ (08)2% =1+ (—jx)2» and hence the zero’s
of both forms must coincide. Those of the latter are equidistantly distributed
over the unit circle in the complex plane (centre and right of Fig. 33-22).
In order to obtain a system with damped natural modes (otherwise it would
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Fig. 33-22

oscillate) x1, xz . . . x, must have a negative real part, and therefore be those
zero points of 1+(—jx)?» which lie in the left half-plane.

Apart from the positive factor Q, x equals jf = (jw/wo + wofjw).
This quantity corresponds to (p -+ 1/p), ignoring the positive factor wo,
where p = d/de. If the natural frequencies p; have a negative real part
(which is necessary for a stable system), then this will also apply to
¢ + 1/p¢ and therefore to x;.

We thus derive for the denominator of (33-4):
ne

2 kn kn
x+1 Il (x + eJT) (x + e‘17> for n = odd
k=1

n
d 2 2k-1 2k-1
an IIH{x+ezn™)| x+e—¥T2 ") forn = even.
k=1

The factor x+1=1+jOB can be realized by means of a resonant circuit
which is tuned to the central frequency wp and which has a quality factor Q.

The factors of the form x+e/4 cannot be realized individually, but only
the product

(x + e (x + ) = (OB + ¢ (OB + &%) =
1 + 2jQBcos ¢ — 0242

This appears to correspond to two resonant circuits with the same

quality factors, which are tuned to frequencies which are a certain factor

larger or smaller than the central frequency. The denominator of the fre-

quency characteristic of two cascade-connected resonant circuits having the

same quality factor Qx and tuned to frequencies awo and wo/a respectively,
will be:

(33.5)
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(1 +iQuf1) A + jQxpe),
where f1 = w/awy — awo/w and Pz = aw/we — wo/aw.
Since B+ Bz = (a + 1/a) (w/wo — wo/w) = (a + 1/a)f
and B1fz = (w/awe — awo/w) (aw/wo — wofaw) = B2 — (a — 1/a)? we find
(I +jQeB1) (1 +jQuP2) =1 +jQu(P1 + f2) — Qx?B1f2 =1 +j(a + 1/a) Qif
— 0?2 + OQx%a — 1/a)? =

2R2
{1+ 02 (a— 1/a)2}{1 SRR x5 }

I+0¢(@—1/ap 1+ 0 (a— I
By equating the last factor to (33.5) we find:

os? _ (e+1a)Qe
T 0 (a — 1oy = 0? and T} O (a — 1oy = 2Qcos ¢

It follows from the first equality:
1+ 0w? (a— 1/a)? = {1 — Q%a — 1/a)2 }1
which, together with the second, yields:
(a4 1/a)2{1 — Q% (a — 1/a)?} = 4 cos? ¢ (33.6)

a can be calculated from this equation. (It can be seen easily that there is
always a positive root a.) We then obtain Qx from:

Q

Or = (a+1/a) 2 cos ¢

(33.7)

As 1— Q% a—1/a)? must be positive according to (33.6), (a—1/a) will be
small compared to 1, and therefore a~1 and a+ 1/a will equal 2in very good
approximation in the case of relatively small filters, thus when Q is large.
Equations (33.6) and (33.7) can then be approximated by

g =% 4 gp— 2

a 0 cos @

(33.8)

In most practical cases we take n=3, whilst n>5 is hardly ever applied
because of the little gain as opposed to the complexity of adjustment.

Example: We require a response with a central frequency of 800 c/s
involving three resonant circuits, such that the drop for a deviation
of 20 ¢/s is 1 per cent.

For a deviation of 20 c/s, f = 0.05, and for this value of f§ we find
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therefore that the following must apply: V1 + (QF)8 = 1.01. 1t follows
that Q ~ 10, i.e. a single resonant circuit must be tuned to 800 c/s and
possess a quality factor of 10. With n = 3, ¢ = 60° so that, according
t0 (33.8), @ — 1/a = 4/3]20 = 0.086, hence a = 1.043. The other circuits
must therefore be tuned to 800 x 1.043 = 835 c¢/s and 800/1.043 =
765 cfs. Their quality factor must be 10/cos 60° = 20. Fig. 33-23 gives
the practical result of a design based on this calculation.

The frequency response of two staggered tuned circuits can also be ob-
tained in very good approximation, when using resonant circuits incorporat-
ing coils, by tuning two circuits to the central frequency and adding inductive
or capacitive coupling. This is one of the usual methods applied in tele-
communication techniques, for example for the intermediate frequency

700 750 800 850 800

-9 0~0 ¢
SVl
] i i i
%
—*f(%s) .

Fig. 3323 Fig. 33-24

Yo

band filters in radio receivers. A similar method can also be applied to
active resonant circuits not using coils, and has the advantage of easier
tuning because all resonant circuits can then be tuned to the same frequency.

It is then possible to write the form 1+2jQp cosp— Q242 from (33.5)
as sin®p+(cos p+jQf)2=cos? g {tan2 p+(1 +j0B/cos ¢)2}. Following the
principle of Fig. 33-8 for making two filters with quality factors Q/cos ¢
and placing them in cascade, the transfer function will be:

Ao
g,

cos ¢

If we insert in this system frequency-independent feedback from output
to input with a feedback factor ko, the new transfer function will be:
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A Ao

T 1+ 4ko 2 :
T+l (1+j ¢ ﬂ) + Aoko
cosg

Agp

By adjusting kg so that 4¢ko=tan? ¢, the required frequency characteristic
is obtained. Feedback can be arranged by inserting a resistor between the
second cathode of the second resonant circuit, and the first cathode of the
first resonant circuit (left-hand side of Fig. 33-24). It will normally be
necessary in practice to give this resistor a very high value, resulting in
difficult tuning; an easier solution is obtained by inserting a single adjustable
common resistor in both cathode circuits. This is the star-delta transfor-
mation of both cathode resistors and the feedback resistor (right-hand
side of Fig. 33-24). The twin-resonant circuit is shown in Fig. 33-25. Ad-
justments are very simple indeed. Both filters are first tuned to the cen-

I

Fig. 33-25

tral frequency without feedback (i.e. without common cathode resistor).
The most accurate way of doing this is by making the phase difference
between input and output signal zero at this frequency, and by bringing
their quality factor to the correct value by adjusting the feedback resistors.
The latter adjustment can be checked by measuring the amplification. We
then measure the total amplification 4 of both filters and introduce so much
overall feedback that the amplification is reduced to Ao/(1 + tan2p) = Ao cos2p.
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The filters discussed in this section are used in amplifiers when it is
necessary to amplify a narrow band. This is the case when the measuring
signal only consists of frequencies within such a narrow band and one wants
to minimize the interference. Still greater bandwidth restriction than is
obtainable with the “selective amplifiers” as described above, can be achieved
by applying synchronous detection, which will be discussed later (Section 40).



34. Wide-band amplifiers

In the previous section we discussed some methods for restricting the
transmitted bandwidth. We shall now see how we can extend the passed band
to higher and lower frequencies. We shall begin this section by discussing the
field involving extension to higher frequencies. Because of the limited appli-
cation of these special techniques in measurement electronics, we shall
restrict ourselves to indicating the difficulties and possible methodes. We
shall also indicate in this section how limitation of the band to the lower
~ frequencies can be obtained for a.c. amplifiers, whilst the problems met with
d.c. amplifiers will be discussed in the next section.

Large amplification with a flat frequency characteristic over a frequency
range of 1 c/s to 105-108 c/s is possible with ordinary a.c. amplifiers using
valves, without excessive complication. Considerably higher frequencies can
be amplified over a relatively narrow band by the application of resonant
circuits. The use of staggered tuning can widen the frequency band over
which the transmission characteristic is flat. For example, this solution allows
good amplification of the band between 10 and 30 Mc/s. However, the ratio
of the highest to the lowest transmitted frequency is then always relatively
small, i.e. of the order of magnitude 1. With this method it is, however, not
possible to amplify a relatively wide band starting at low frequencies,
possibly zero frequency, and extending to several tens of Mc/s.

The very high cut-off frequency of modern h.f. transistors makes high
amplification over wider bands more likely with transistors than with valves.
This sometimes makes a relatively simple solution possible.

However, in some cases we shall have to use special techniques developed
for the amplification of a relatively wide band. Since these are based on

certain properties of cables and ladder networks, we shall derive these first

of all.

A cable consists of two or more parallel conductors, separated by a
dielectric. In the case of two conductors, one is often arranged concentrically
around the other. We call this a coaxial cable. The outer conductor is called
the sheath. Twin screened cables are also used rather frequently, which have
two separate conductors inside the sheath.

Strictly speaking, calculations of the properties of cables should be based
on Mazxwell’s theory. This leads to a complicated analysis, one of the results
being that, aslong as wavelength A corresponding to a signal frequency f (A=
c/f, where c=velocity of light) is large, compared to the diameters and mutual
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separation between the conductors, the behaviour of the cable can be
accurately described by imagining the conductors to consist of uniformly
distributed inductance and resistance, and uniformly distributed capacitance
and conductance between the conductors. A small section dx of a cable
with two conductors can therefore be represented by the circuit shown in
Fig. 34-1. L; and Ly account for the effect of a magnetic field in the con-
ductors, and L;s for that of a magnetic field between the conductors. Due to

Lidx  Ylpdx Rydx
i{x)—m ° — j(x+dx)
vix) Cdx Gdx  y(x+dx)
i(x)e— o g O w— i(x+dx)}

Lade  Llygdx Rydx

Fig. 34-1

the “skin effect”, L, and Ly decrease at high frequencies, whilst R; and
Rs increase. The losses of the dielectric which are accounted for in the
conductance G, increase at high frequencies. In the following calculations
we shall always consider the situation at a single fixed frequency, so that
all parameters corresponding to that frequency will be constant. Analogous
to its practical application, the cable will be considered as the connection
between two circuits, so that, in each cross-section, the current passing
through one conductor can be assumed to be equal and opposite to that
passing through the other conductor. We shall now see how the amplitudes
of the voltages and currents, which vary in a sinusoidal fashion with time,
depend on the point of observation in the cable. If w be the signal frequency,
we have in that case the following equations for current i(x) and the voltage
between the conductors v(x):

i(x + dx) = i(x) — joCo(x + dx)dx — Go(x -+ dx)dx
and  o(x + dx) = v(x) — jo(Lls + L2 + Li)i(x)dx — (R1 + Re)i(x)dx

. di
With L =1Ly + Ly -+ La, R = Ry + Ry, i(x + dx) = i(x)—{—aldx
d
and  o(x 4 dx) = o(x) + a—vdx, this becomes
x

dt(x)
dx

— (G + jul) v(x) . (34.1)
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d
and :f:) = — (R 4+ joL)i(x) (34.2)

Eliminating i from both equations:

d2p(x) . .
Rk (R + joL) (G + joC) v(x)
4z
o dvx(;c) — (%) (34.3)

where y=“propagation factor” =4/(R+jwL)(G+jwC). Because of the re-
quirement that the dissipation in the system must be positive, the root with
positive real part must be used here.

By solving #(x) from (34.3) and i(x) from (34.2), we find:

v(x) = Ae~** + Betrr (34.4)

1
and i(x) = A (Ae—r% — Betr?) (34.5)
0

where Zop=\/ (R+joL)[(G+jwC), with positive real part; it is called the
“characteristic impedance” of the cable.

The integration constants 4 and B are determined by the situation found
at the beginning and the end of the cable. It will, of course, often happen that
the beginning of the cable is connected to a voltage source v; with internal
impedance Z,, whilst the’end is connected to a circuit with input impedance Z
(Fig. 34-2).

- =l
Zs —>i(: ° o L»il}
+ +
Vs v(o) vi) | |Z
Fig. 34-2

At the beginning, where x=0, we have:
U(O) = Ug — Z; i(O)
and at the end, where x=1/:

o) = Z i)
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Substitution in these equations of the relations following from- (34.4)
and (34.5): vW(0)=A+B; i(0)=(A—B)/Zo, A)=Ae "+ Be*?' and i(l)=
(Ae~7'— Be*)/Z, yields two equations from which 4 and B can be solved.
With these values (34.4) and (34.5) become:

_ (Z + Zo)e*vz +(Z — Zo)e—y(ZI—-:t)
T (Z + Zo) (Zo + Zs) + (Z — Zo) (Zo — Zs)e 7

u(x) «Zoos (34.6)

(Z + Zo)e7* — (Z — Zgler@2 - 2)

(Z + Zo) (Zo + Zs) +(Z — Zo) (Zo — Zy)e~27 Vs (34.7)

and i(x) =

In a good cable losses R and G are small. This implies that the real part

a of y will be also small. The imaginary part of y then equals jw\/L_C for
sufficiently large values of w. The results for the instantaneous values also
follow from the above calculations, which are valid for the amplitudes, by
replacing vs by vsel@t. The term v, e~7® ¢let, occurring in (34.6) and (34.7),
can then be approximated by vze—9% el‘”“‘"“/m. This expression represents a

signal which is propagated with decreasing amplitude and a velocity l/\/i_C
along the cable, in the positive x-direction. Analogously the term v,e—7(2i-%)elot
represents a signal with decreasing amplitude, propagating with the same
velocity, but this time in the negative direction. It appears from (34.6) and
(34.7) that this last signal is not present when Z=Zy; in all other cases we
can say that at the end of the cable,a refiection occurs with a coefficient
(Z—Zo)(Z+Z0o). If Zs # Zy, reflection will also occur at the beginning of the
cable for the returning wave, with a reflection coefficient (Z;— Zo)/(Zs + Zo).

In general, when transferring signals through cables, one does not tolerate
these mutually interfering signals because they affect the amplitude of the
output signal and make this also strongly frequency-dependent. Reflections
at the output of the cable can be avoided by making Z equal to the charac-
teristic impedance Zo. In order to keep the effect of reflections small in
the case of a possible imperfect match at the output end, the source im-
pedance Z; should also be as closely equal to Zy as possible. If the cable
is thus terminated at both ends with its characteristic impedance, (34.6)
and (34.7) will become:

u(x) = fvs e %

and i(x) = vs €%,

27y
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From a source voltage v,el%f the output voltage will therefore be Jvee—al,
e’“’(“’m; a damping e~ occurs and the signal is retarded by the
“delay time” I\/ LC.

According to the above, the input impedance Z;=uv(0)/i(0) of the cable
terminated with impedance Z, will be:

_Z+Zo+(Z — Zo)e 2t
 Z+Zy— (Z— Zoye?H

f (34.8)

If Z=Zo, Z; will have the value Zo, independent of the length of the cable.
However, if Z is greatly different to Zo, very high or very low input impedances
may be obtained for certain lengths of cable. This effect is used in h.f.
techniques (Lecher lines, etc.), whilst it must be taken into account when
using cables for the connection of two h.f. circuits.

At sufficiently high frequencies and with a good cable, we may replace Zo=
Vv (GoL+R)/GwC+G) by Zo="/L/C, so that the characteristic impedance
is then a pure resistance. The values of L and C follow from the dimensions
of the cable and the values of the relative permeability Hr (~1) and the
dielectric constant & of the medium present between the conductors.
In order to minimize the dielectric losses, it is normal to use only as much
dielectric as is necessary to support the conductors. For example, in the
case of coaxial cables, beads, discs and spiral windings of dielectric are used
for this purpose, and ¢, will therefore tend towards unity. We find for the

propagation velocity =1 /\/ LC'thevalue C/\/ lrer, Where c is the velocity of
light. v=c/v &r is then Valid in good approximation. We derive from this
the characteristic impedance Z, =\/ er[cC. Since C is proportional to e,

Zp will be inversely proportional to \/ &, ie. Zo= l/cCo\/ —s:, where Cp is
the capacitance of the cable without dielectric.

With a coaxial cable, C is inversely proportional to In rofri, where
ro and rq are the outer and inner diameters of the dielectric respectively.
Numerically expressed:

Zo = 60 &+In " ohms.
ri
The value of Zo lies between 40 and 150 2 for the usual practical
dimensions.
We have for the characteristic impedance of two parallel conductors
(“twin-lead™):

Zo = 120 &~ arcosh (é)
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~where [ is the distance between the conductors and d the diameter of
the conductors.
This can be approximated for I > d by:

Zo = 120 &t In !
o= imartin(3)

Normal values are found between approx. 100 and 400 2. Roughly
speaking, the losses in the cables are proportional to 4/w. With practical
cables, the value of a is between 0.1 and 2 per cent per metre at 100 Mc/s.
Apart from the low cost, the great flexibility of twin-lead cable is an
advantage. Its disadvantage is its much greater radiation and sensitivity
to extraneous fields.

Ladder networks are similar to cables, particularly the type consisting
of inductors and capacitors (Fig. 34-3). Also with the general ladder network
of Fig. 34-4 one can speak of the characteristic impedance Z, by interpreting

L L
m° T
o— -— —0
Fig. 34-3
Z % Z;
4 4 4 4
o—i ———— —0
Fig. 344

this as being the input impedance of an infinitely long circuit, or the im-
pedance necessary for terminating a finite number of sections resulting in
an input impedance of the same value. Zy can be calculated quite simply by

&

Fig. 34-5

considering that the input impedance of a single section which is terminated
by Zo, must be Z, (Fig. 34-5):
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_ Z(Zo + Zy)
0 2+ 2+ Zy

Z, Z2
It follows: Zy = — - =+ e + Z12Z5

We must select that sign for the root which makes the real part of Z
positive, once again realizing that a positive energy dissipation must exist.
Only when the term inside the root sign is negative and real this rule is not
decisive. This case occurs only when Z; and Z;+}Z> are both purely
imaginary and have the same sign. Obviously the root then has the same
sign. For example, we find for the circuit of Fig. 34-3:

joL —w?2l2 L

Zo =
0 7 * i T¢

The root is real for w2L%/4 < L/C, and the positive sign must be used.
We therefore find in the frequency range 0 < w < wo = 2/4/LC for the
modulus of Zp:

]Z w22 4 (—w2L2 4 L) L
=)= i Te)T)e
This is therefore constaflt. We find for w > wyg:

Z_,(—wL+ 0z L
0= 4 E)

The curve of |Zo] against frequency is shown in Fig. 34-6.
Considering the network of Fig. 34-4, the attenuation factor per section
is Zo/(Zo+ Z2). In the special case of Fig. 34-3 this becomes:

joL N —w?L? +L

2 4 C

N joL N —@2L? J:Z
2 4 C
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The ‘moduli of numerator and denominator are the same for w< wy,
so that no attenuation, only a phase shift will occur. On the other hand, the
absolute value of the ratio of numerator to denominator will rapidly decrease
above the “cut-off frequency” wo. A “low-pass” filter is obtained by connect-
ing a number of such sections in series. It will pass all frequencies below wp
without attenuation, while those above wg will be strongly attenuated. In
order to obtain a result in accordance with the above calculations, one must
terminate such a filter with Zo. However, it is not possible to do this exactly,
because of the irrational form of Z,. Termination can only be approximate.

As a first approximation we can use a resistor equal to V'L/C for this.
A better approximation is achieved by connecting this in parallel to a
capacitor of the value 4C.

[ C [
—l _-_-—"——O
R R R
ui° 2".“0 ——fw [ - O

Fig. 34-6 Fig. 34-7

[l

Another simple ladder network is shown in Fig. 34-7. The characteristic
impedance is here:

Im(ZU)
R
\ Re(zu)
\\ W=
\:\\ ﬁE
\ \\
N
200 ~e 2R
\ ————
\
\
Y
Fig. 34-8
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For large values of w, i.e. when w > 1/RC, we can write as good approxi-

mation:
R R
Zo=1]/ — =00 —]j .
0 l/ wc 49 l/ 20C

This means that the modulus of Zy at these frequencies is inversely
proportional to \/;, whilst the argument is —45°, independent of w (drawn
line in Fig. 34-8).

One can often obtain a network with better properties in this respect
by doubling the value of the first parallel branch, or by inserting half

the series impedance in series with the network (Fig. 34-9). The corre-
sponding input impedances are also indicated in Fig. 34-8. .

c

c c o 2 oC
i iZR ‘ R iR R R

Fig. 34-9

It can be shown that with the more general ladder network of Fig. 34-10
impedances are obtained which, in a specific frequency range, possess to
very close approximation any required argument ¢ between —/2 and +7z/2.
The modulus of the impedance is in that region approximately proportional
to w2®/z. An application of this property is given in Section 42.

Zz mZz ITFZZ m’Zz

Fig. 34-11
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With a given a.c. valve amplifier, the amplification behaviour at high
frequencies is determined by the stray capacitances of the anode and grid
circuit (left-hand side of Fig. 34-11, where C,=capacitance of the anode
with its wiring, and C,=capacitance of the grid with its wiring).

For high frequencies it is usually possible to consider the coupling
capacitance C; as a short-circuit, so that the circuit can be reduced to that
shown at the right-hand side of Fig. 34-11. Assuming u to be large, the
amplification of the first valve is SR/(1+jwRC). The frequency wmax, at
which the amplification is smaller than amplification Ao at low frequencies
by a factor 4/2, is in this case 1/RC, which may be written as S/40C, and
thus: Agwmax=S/C.

This is known as the gain-bandwidth product relation. This product is
determined by the value S/C of the valve, where C= the sum of anode
and grid capacitances, if we assume that we are able to keep the wiring
capacitance insignificantly low. This value S/C is called the “figure of merit”
of the valve and is greatest for valves having a large slope: approx. 10°
rad/sec. The above relation remains valid even when selecting another
value than wmax for the upper bandwidth limit, the only change being that
of a proportionality constant. For example, if it is mandatory that the
amplification only drops by 1 per cent at the limiting frequency, the product
will be S/7C because this drop occurs at w~1/7 wmax.

A perfectly flat amplitude characteristic over a bandwidth is theoretically
possible by using a ladder network as the anode impedance and in which
the stray capacitances appear as elements. The circuit of Fig. 34-3 is
particularly suitable for this purpose and its application gives the configu-
ration of Fig.34-12. Since the impedance of this circuit has an absolute
value 4/L/C up to frequency wmax=2/4/LC, we have for the amplification
Ao=S4/L][C, and for the product of amplification and bandwidth 4¢wmax=
28/C.

L ok ok

Fig. 34-12
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In a practical design it will be necessary to terminate the ladder network
after a number of sections, which causes a slight deviation from the theoretical
properties. However, terminating even after only a few sections still gives a
good result. Termination with a resistor immediately after the first inductor,
is often applied (Fig. 34-13). The flattest amplitude characteristic is obtained
when L=R2C(\/§ —1)~0.4R2C. The amplification at the cut-off frequency
is then reduced to approx. 0.6 of the theoretically obtainable value with
an infinite circuit. A large gain is achieved by the additional insertion
of a second capacitor (Fig. 34-14). Assuming that a reduction in amplification
of 1 per cent is still acceptable, the increase in bandwidth is then approx. 15
times that when only an anode resistor is used.

Making use of the property that this ladder network does not attenuate
below the cut-off frequency, an increase in bandwidth of approx. 2 times can
be obtained by connecting the grid of the next valve not to the first, butto the
second capacitor of the network (Fig. 34-15). C, will then serve as first
capacitor and Cy as the second. A correction may be necessary when C, and
Cy are not equal. Here, too, an approximate termination is possible, for
example, as indicated in Fig. 34-16. The bandwidth, compared with that of
the circuit with only an anode resistor, can be approximately of 25 times

Fig. 34-14

Fig. 34-15
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greater. It should be noted that the amplification at high frequencies will now
drop far more rapidly than with just the anode resistance, and this may cause
overshoot with signals containing these frequencies (Gibbs’s phenomenon,
see Section 22). Amplifiers of the configurations of Figs 34-12--16, when
designed for maximum bandwidth, are therefore solely to be used for the
amplification of signals where all components lie within the transmitted
frequency band. Depending on the requirements, it is also possible to
adjust these circuits to other criteria, such as good step function response.

A still more intensive application of the properties of the ladder networks
is made in the “distributed amplifier” (Fig. 34-1 7). Two ladder networks are
used here, where the capacitances of the first network are the grid capaci-

'LCa 'Lca -
Y Co =Cq FC .ch
T T T T
1

Fig. 34-17

tances of a great number of valves (in practice 10-20), corrected to equal
values, and those of the second network the corresponding anode capacitances.
If the propagation times are equal in both circuits, the signals amplified by
the valves will arrive at the output in phase, and the resultant output signal
will increase proportionally to the number of valves.

Another feasible solution is to design a multi-stage amplifier, where in
each stage a certain number of valves are connected as in a distributed
amplifier. It is obvious that the design and setting up of this configuration is
far from easy, and that the gain is achieved only after much expenditure.

Whilst the upper frequency limit of the transmitted band of a.c. amplifiers
has an obvious origin, namely the unavoidable presence of stray capaci-
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tance, the lower frequency limit is only of a practical nature. Considering
the coupling of two stages as shown in Fig. 34-18, we have:
. RaR,
Vg = —ia I
Ra + Ry + 3;;5

The frequency at which the transfer is attenuated to a given fraction is
inversely proportional to C, and this limit can therefore be made lower by
increasing the capacitance. The practical restriction lies in the first instance
in the fact that suitable capacitors can only be obtained up to a certain value;
electrolytic capacitors are not often used as coupling capacitors on account
of their large leakage, and other types of capacitor are rather bulky above
the 10 yF-value. Furthermore, capacitors with a large bulk will also introduce
quite an amount of stray capacitance in the anode and grid circuits, which
can mean a drastic reduction of the upper limit of the passed band for
wide-band amplifiers. A further disadvantage of the use of very large time
constants in the coupling of successive stages is in the long blocking times
which can occur as a result of large interference signals. This can be illus-
strated by imagining a large negative pulse on g; in Fig. 34-19. No current
will then pass through the first valve for a certain time. The voltage of anode
a; will increase until the supply voltage is reached. It follows that the po-

Ra
114 &y
Rg
Fig. 34-18 Fig. 34-19

tential of grid gz is pulled upwards because the voltage across capacitor C
cannot change quickly enough. However, the moment this grid becomes
positive with respect to the cathode, grid current flows, which injects charge
into the capacitor. Since the grid-cathode diode has a low internal re-
sistance (a few k(2) and the anode resistance is usually much smaller than
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the grid resistor, the increase in voltage across the capacitor will occur much
more quickly than that which corresponds to the normal time constant of
the circuit. The first valve will again pass current after the negative pulse
at g1 has finished, and there is nothing to prevent a corresponding
decrease in the voltage at anode ay, thus taking grid g2 with it. The latter
becomes strongly negative, and since the leakage current is now determined
by the large time constant of the coupling circuit, it may take many times this
time constant before the voltage at gz has risen sufficiently close to the quies-
cent position. If the second valve is followed by a similar third stage, the same
phenomenon will occur during the period when no current passes through
the second valve. Because of this effect, the total effective duration in a 3-5
stage capacitor-coupled amplifier may amount to tens of times the “time
constant” of the amplifier, even if the interference pulse only lasted a very
short time. We have seen before that a great improvement can be achieved
by the exclusive use of balanced stages, since much greater signals can be
accepted by these without grid current occurring.

R Ca
Ra
C
Rg
Fig. 34-20 Fig. 34-21

There are some ways of amplifying lower frequencies than with the usual
methods, in which only relatively small coupling capacitors are used. In the
first place we can use the coupling circuit according to Fig. 34-20 which has
been discussed in Section 27, if necessary extended with a third element. It is
also possible to make the grid resistance apparently larger as was discussed
in Section 26. A third method is indicated in Fig. 34-21. When the relation
R,Co=RyC is satisfied, the distribution of the anode signal current over
both branches would be independent of frequency in the absence of R; this
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would also apply to the transfer. This property is partly spoiled by
resistance R (which is necessary for direct current), but to a lesser extent
when R is made large with respect to Rg. This relation obviously necessitates
a high value of C,, but since no separation for direct current is required in
this case, an electrolytic capacitor can be used.

The increase in bandwidth of all these circuits is not particularly great.
With the last method the gain is achieved at the cost of the overall amplifi-
cation since for a given value of the total anode resistance, R, will have to

 become smalier. If one is prepared to sacrifice amplification, the target can
also be attained by using feedback (Fig. 34-22).

Yo

=
Fig. 34-23

Coupling capacitors are sometimes used, not to obtain an easy signal
transmission with separation of the d.c. levels, but for the purpose of keeping
the d.c. voltage amplification small as compared to that for a.c. signals.
In these cases, the target can often be reached by applying selective feedback
to a direct-coupled amplifier, as for example in Fig. 34-23. If a d.c. voltage
amplifier is used which amplifies —A4 times for @ <wmax, the following
equations apply to the feedback system:

k

= —A(v o), U= -
Uo (s+ t) 't 1+jar

Uo

where v=RC and therefore:
To —A4
Vs Ak
+ .
1+jor
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Amplification is almost —A for frequencies w » Ak/t. However, this
drops to approximately 1/k for d.c. signals, and this will be much smaller
than A4 if 4k > 1. ’

Example :

A =1000, k = 1/50 and 7 = 20 sec. gives Ak/t =1, so that the ampli-
fication is 1000 for frequencies @ > 1, whilst a d.c. voltage will only be
amplified 50 times.

We not only obtain a very stable d.c. voltage level with this method, but
the circuit has also the advantage of not being blocked by short-duration
overload pulses. This method is therefore highly suitable for amplifying
step-function signals. It is also possible in this case to realize the required
large time constant with relatively small coupling capacitors, as R can be
made large with feedback to a grid. The d.c. voltage feedback permits a
much higher value of R than would be possible with a fixed working point
where there is a limitation due to grid emission dangers.

With transistor circuitry the effect of stray capacitances is much smaller
than with valve circuits, because of the low impedance level. The high fre-
quency limit is imposed by the cut-off frequency of the transistor and possibly
by stray inductances. As stated before, high amplification extending to very
high frequencies can be obtained with modern h.f. transistors, where the
values of the cut-off frequencies are of the order of magnitude of 1000 Mc/s.
For this reason, only the simpler correction methods as indicated in Figs.
34-13 and 34-14, are used with transistor amplifiers.

Transistor amplifiers for very low frequencies often require an artificial
increase in the input impedance to avoid extremely large coupling capacitors.
Such an increase can, for example, be obtained with an emitter follower
circuit. This method is not particularly attractive however, since, as we shall
see in the next section, direct coupling is usually much easier with transistor
circuits than with valves.



35. D.C. amplifiers

It is necessary for some purposes that when a signal is being amplified,
its d.c. voltage level is included, so that all changes in this level, however
slow, will appear in an amplified form at the output and can be used. With
a.c. amplifiers, there is no need to satisfy this requirement, particularly the
“however slow” component. This makes it possible to include coupling
capacitors between the stages. The d.c. voltage level at the output is then
independent of that at the input and is therefore not a measure of it. When
designing amplifiers where d.c. voltage changes from the quiescent position
must also be amplified — and these are therefore called d.c. amplifiers — it is
first of all not possible to use coupling and decoupling capacitors, and second-
ly we must take into account the fact that a possible “drift” of the quiescent
voltages and currents will cause a signal at the output. We shall discuss the
complications produced by these factors in this section.

First of all we shall see what methods there are for coupling the successive
stages of d.c. amplifiers. In all these cases we speak of “direct coupling”.

0+300V -10v
-4
-2V
ov

Fig. 35-1

The simplest example of such coupling is a circuit where the control
electrode of a stage is directly connected to the output electrode of the
previous stage (Fig. 35-1). However, in the case of multi-stage valve amplifiers
the required supply voltages will become very high indeed, whilst the d.c.
voltage level of the output, at zero signal, may be hundreds of volts
higher than that at the input. Although this is not objectionable in some
cases, we usually require that both levels are the same, normally earth
potential. These considerations apply in a much lesser degree to d.c. transistor
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amplifiers because of the small collector-emitter voltages necessary, and
because of the possibility of alternately using n-p-n and p-n-p stages.

Apart from the possibility of using accumulators or dry batteries (which
are in any case not recommended), there exist several other methods of
coupling stages which at the same time reduce the d.c. voltage level. They
are all based on the use of voltage dividers. The simplest design is that
of resistors connected to a suitable negative supply (left-hand side of Fig. 35-2).

Fig. 35-2

The loss in amplification has two causes. One is that the anode resistor must
be made smaller because of the additional current through the voltage divider
and the anode load is further reduced because the voltage divider is arranged
parallel to the anode resistance. Secondly, only a fraction of the anode
signal voltage will emerge at the next grid (in the example 8/14=57%).

The first cause can be remedied by selecting high-value resistors for the
voltage divider (right-hand side of Fig. 35-2). Because of input capacitance C;
of the second stage, the amplification will begin to drop at a relatively low
frequency. This can be remedied by arranging parallel to the upper resistor
a capacitor of such a value that the time constants of both branches become
the same.

The second cause of signal loss, namely the fact that only part of the anode
signal arrives at point B, becomes particularly troublesome when the signal
at B must be large, as is the case for an oscilloscope deflection stage. In this
case it is not so much the loss in amplification which is important, but the
fact that anode A must be able to handle an unnecessarily large signal,
which demands very conservative design of the left-hand stage. It is then
often worth while to replace the upper resistor by a stabilizing valve (Fig.
35-3).
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Fig. 35-3

As the internal resistance of this valve is small for changes when compared
to the other resistors (approximately 400 £), the signal loss is now negligible,
but the anode impedance must become much smaller because of the relatively
large current this valve requires (in the example 100 k(2 parallel to 200 kQ:
approximately 67 k(). This too can be prevented, namely by inserting a
cathode follower (left-hand side of Fig. 354). To avoid both the high noise
of the stabilizer valve and the frequency dependence of the amplification
because of the valve’s increasing internal impedance at higher frequencies,
a capacitor-resistor network is often placed across the valve (right-hand
side of Fig. 354). The resistance is necessary because the impedance of the
valve becomes inductive at high frequencies, and can, in combination with

Fig. 354

the capacitor, form a resonant circuit with a rather high quality factor, which
would resonate at its natural frequency with only a slight damping.
A different voltage divider, also without any significant signal loss can be

t
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designed by replacing the lower resistor by a circuit with a high differential
resistance, for example, a triode with large cathode resistance (left-hand
side of Fig. 35-5). Once again, a circuit arrangement with a cathode follower
can be used to avoid a direct current load on the anode (right-hand side of
Fig. 35-5). Similar facilities obviously exist for transistor amplifiers, but the
need for them is much less frequent, as we have already remarked.

Fig. 35-5

The most troublesome phenomenon with d.c. amplifiers — in any case
when a high degree of sensitivity is required — is the drift of the quiescent
voltages and currents. Variation in supply voltages is an obvious cause,
particularly when these are derived from the mains voltage. Another con-
tributory factor is the change in the values of components and contact
potentials because of temperature changes and ageing. It is theoretically
possible to take precautions against all these phenomena, so that the ultimate
limitation of the sensitivity is determined by “spontaneous” changes, mostly
of a microscopic nature: recrystallization, diffusion of substances, adhesion
to surfaces and suchlike. A measure of the total of these effects is usually
taken to be the “equivalent input signal”, i.e. the input signal which would
give as large an output signal as produced by the phenomena. Since the
effect of such phenomena is greater when there is less amplification
between the input and the place where the disturbance occurs, it is essential
that these phenomena are kept as small as possible especially in the first
stages of an amplifier. ' '
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Fig. 35-6

The effect of changes in the supply voltage is very great with a single-
sided stage. For example, in the circuit of Fig. 356 the equivalent input
signal of a change 4V, in the positive supply voltage equals —AV,/SR,.
For we have:

hY av, — AV,
u a
1 1 av.
— AVy =—2 _ Ay,
so that (,u + SRa) a SR a

A change in voltage AV, corresponds therefore to a change AV, =
— AV, [SR, in the voltage on the control grid.

Even when SR, has the relatively large value of a few hundred, a
change of, say, 0.1 volt in the positive supply voltage nevertheless corre-
sponds to an equivalent input signal of a few tenths of a millivolt. We must
therefore conclude from this that it is necessary for the positive and negative
supply voltages to be highly stabilized if a high sensitivity is asked of a
single-sided amplifier.

The same applies to the heater voltage. Measurements have shown that a
change in the heater voltage of 10 per cent causes a displacement of the
I —I; characteristic, due to the consequent temperature change and hence the
change in the emission of the cathode, which corresponds to a change in the
grid voltage of 100-200 mV. It is therefore necessary that the heater voltage
is also well stabilized.

When we discussed difference amplifiers in Section 28, we saw that the
effect of supply voltage changes is considerably smaller with these symmetrical
circuits; the better the two halves are matched the smaller the change. The
rejection factor proved to be a measure of this, and calculations show that the
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equivalent input voltage for changes in positive and negative supply voltages
is approximately as many times the rejection factor smaller than the changes
themselves. Since the guaranteed rejection factor can easily be made larger
than 10% when valves are used, the effect of these supply voltages is about
100 times less than with single-sided stages. In order to escape from the
above-mentioned stringent requirement imposed on the stability of supply
voltages for single-sided stages, it is almost mandatory to design the first
stages of sensitive d.c. amplifiers as difference stages. Obviously the favour-
able result of a good first stage should not be spoiled by an insufficient
successive stage; it is therefore recommended to use a difference stage for
the second stage as well, with a reasonable degree of symmetry (H > 100).
A simple triode difference stage is frequently sufficient. Because of the
advantages of a balanced output and the small risk of oscillation, even at
high amplifications, simple difference stages are often used for subsequent
stages as well.

High demands are made on the stability of the anode resistors of the
first stage, because they usually carry a d.c. voltage of 100-200 volts. A
mutual difference of 10— between the relative changes of the anode resistors
results in an anode difference signal of the order of 10 mV and an equivalent
input signal of the order of 0.1 mV. This makes it necessary that the anode
resistors are stable with a low temperature coefficient, and must be physically
arranged so that their temperatures will be the same as far as possible.

If a voltage divider is present between the first and second stage, the
situation becomes still more unfavourable because there are more resistors
and therefore more sources of variation, whilst the effective amplification of
the first stage is necessarily smaller. These disadvantages can be avoided by
the direct connection of the first and second stages, i.e. without using
voltage dividers, which are not inserted until after the second stage. We thus
obtain the basic circuit of Fig. 35-7.

The advantage which can be obtained by difference stages in their in-
sensitivity to variations in the positive and negative supply voltages, does
not apply to the same extent to the effect of the heater voltage. The displace-
ment of the I;— V', characteristic as a result of a change in heater voltage is
not the same for all samples of valves of the same type, which are theoreti-
cally identical in design. Although there will always be a certain degree of
compensation because of their balanced usage, this does not exceed a factor
5-10 with entertainment valve types. Professional valves have smaller tol-
erances in their components and more care is taken in their manufacture,
so that a better compensation can be expected. Valve E80CC (6085) is
superior in this respect; the relative difference between the two halves rarely
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Fig. 35-7

amounts to more than 10 mV at a 10 per cent variation in heater voltage,
and is normally only a few millivolts. However, even when using this valve
in sensitive amplifiers, it will be necessary to stabilize the heater voltage of
the first and possibly of the second stage to considerably better than 10
per cent.

Acoustic and mechanical vibration mentioned in Section 30 can also
cause changes in the characteristics. These changes can sometimes be per-
manent and are caused by a mechanical displacement of the components in
the valve, particularly of the heater. It is therefore necessary to apply the
relevant precautions with d.c. amplifiers.

Asfar as applicable the above considerations are also valid for transistorized
d.c. amplifiers. Here also, the use of difference stages gives a considerable
improvement compared to single-sided stages. Whilst, with a suitable selection
of the type of transistor we can obtain with a simple balanced design, rejection
factors of the same value as with a cascode circuit using valves, the absolute
values of changes in the supply voltages are considerably smaller for the
same degree of stabilization. We can therefore state that with transistor
amplifiers, more so than with valve amplifiers, variations in the supply
voltages are not the limiting factor for sensitivity.

35] D.C. AMPLIFIERS 289

Although transistors have no trouble with changes in heater voltage,
there is, however, the rather great effect of ambient temperature on the
transistor characteristics. We have seen in Section 21 that for a transistor
a temperature change of 1 °C can be taken into account by a change of the
base-emitter potential of 2-2.5 mV and a change of approximately 8 per cent
in the leakage current between base and collector. By usingsilicon transistors,
the latter becomes of the order of magnitude of 10~ A at room temperature,
so that only the first effect is of importance for measurement of signals from
sources with relatively low internal resistance.

In the case of a balanced amplifier, the effect of a common change of the
base-emitter voltages is reduced by the rejection factor, and can thus remain
sufficiently small. Only the difference between the changes of the base-
emitter potential for the same change in temperature will remain. The
difference in thermal conductance of the transistors can be the prime cause of
this, as the transistor temperatures will not immediately follow at the same
rate relatively rapid changes in the ambient temperature. This effect can be
reduced by placing the transistors in a single copper or aluminium block, or,
as is possible with modern techniques, by making the transistors on a single
slice. A second cause is the poor match between the temperature coefficients of
Ve for the two transistors. ¥, equals the sum of the voltage across the junc-
tion and the voltage drop brought about by the base current flowing through
the resistance of the base material. It is mainly the latter which causes the
difference in the temperature coefficients. Favourable results can be expected
here by selecting a transistor pair manufactured on a single slice of material.

Depending on the precautions taken, we must reckon with an equivalent
input voltage of 1-50 x4V per °C with the balanced design. The small bulk
of transistorized d.c. amplifiers often makes it worthwhile to place them in a
simple thermostatically controlled volume.

However, there will always remain a d.c. potential instability (or drift)
at the output of both valve and transistor d.c. amplifiers, even with perfectly
constant external conditions. This is mainly caused by changes in the surface
of the cathode or other electrodes in the case of valves, or by those of the
crystals in the case of transistors. The exact nature of these phenomena is still
unknown, although experiments seem to indicate the effect of certain im-
purities and processes. Care in manufacture can usually keep these effects
reasonably small. The professional valve E30CC (6085) is also very good in
this respect. For about 90 per cent of all measured specimens, the equivalent
input drift (after about 50 hours burning in) was less than 400 uV/hr,
and for about 50 per cent less than 200 uV/hr. By selecting a value for the
heater voltage approximately 5 per cent below the nominal value, it is
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possible to reduce these quantities a little more. Since the drift is not constant,
we must allow for a greater value over shorter periods, with a maximum of
approximately 1 uV/sec. Over still shorter time intervals the d.c. voltage
drift is characterized by the flicker noise of the valve.

Next we consider a transistor amplifier in which the first stage consists of
two selected Si-transistors (relative difference in the collector currents for
equal voltages: <109;)and which will operate satisfactorily with a collector
current of 0.1 mA. Here, if the necessary precautions against disturbances
are taken, the drift can be limited to much less than 10 x¥/hr which is an
order of magnitude smaller than that experienced with the best valves.

These values apply for a short-circuited input. For a valve amplifier the
influence of the source resistance is small as long as this resistance is not
greater than a few megohms. In transistor amplifiers with collector current
of 0.1 mA in the first stage, one can expect fluctuations in the base currents
of the order of 10~? A so that such fluctuations become dominant with
source resistances of 10 k(2 and more. Thus the transistor amplifier is partic-
ularly suitable for the measurement of voltages from a source with low
resistance, like those presented by most thermo-couples.

The guaranteed zero-point drift of d.c. amplifiers with valves or transistors
is still too large for many measurements. However, there are a number of
ways and means which make a very sensitive measurement possible. These
are all based on the same principle, although their implementation may vary
greatly.

If we have a signal source which can be turned off periodically, it is possible
to determine quite accyrately the zero-point in so far as its drift is slow
compared to the rate of switching. This method is used, for example, when
measuring the intensity of a light beam by means of a thermo-couple. By
interrupting the light beam periodically, the voltage of the thermo-couple
with and without incident light can be measured. A disadvantage of this
method is that part of the time no information is gained about the behaviour
of the input signal, and part of the time no information about the zero-point.
It is therefore not possible to determine rapid changes in this way.

A similar technique can be used for measuring the Hall effect (Fig. 35-8).
The “Hall effect voltage” Vi between two points of a semiconductor is
proportional to the product of the current I passing through the conductor
and the magnetic field B perpendicular to the semiconductor. The propor-
tionality constant depends not only on the dimensions, but also on the load
and mobility of the charge carriers. This latter value is important for many
applications, and can thus be derived from the value of the Hall effect
voltage. Here, too, it is possible to switch-off the signal source by switching
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off the current through the conductor. Twice the effect sought can be obtained
by changing the direction of this current. This method can be considered as
transposing a d.c. voltage signal into an a.c. voltage signal. Strictly speaking,
however, we have then returned to an a.c. amplifier.

If it is undesirable or impossible to switch the signal source itself, it is
still possible to supply an a.c. voltage to the amplifier that is proportional
to the d.c. voltage, by inserting-a “chopper” between source and amplifier
so that the input is alternately connected to the two terminals of the source.

Vi =t
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Fig. 35-9

In this case the amplifier may therefore also be an a.c. amplifier (Fig. 35-9).
After sufficient amplification the a.c. voltage signal is then changed again into
a proportional d.c. voltage, for which we can use synchronous detection. We
shall refer to this in Section 40.

The above-mentioned chopper usually consists of a vibrating reed between
two contacts, moved by an electromagnetic drive. Because of the rapid
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increase in the wear of the contacts at high frequencies, the switch frequency
is usually below 100 c/s. As the signal is amplified at the same frequency as
that of the drive, the screening between drive and amplifier must be very
good indeed. The contact potentials can be kept surprisingly low by using
suitable materials and taking advantage of the self-cleansing action of the
vibrating reed with the contacts. The total residual voltage will not exceed
0.1-1 microvolt with ordinary designs, and the best types guarantee a drift
voltage of not more than a few nanovolts per hour, provided the internal
resistance of the source does not exceed a few tens of ohms. However, the
difficulty here is that the connection to the signal source may possess contact
potentials which will exceed this residual voltage by several orders of
magnitudes.

A chopper amplifier can only be used for signals where the highest fre-
quency component in the signal is not more than approximately one third
of the chopper frequency. This means in practice that an amplifier with a
mechanical chopper can only be used for 1.f. and d.c. voltage signals. Since
the input capacitance must be recharged at each cycle of switching, the
amplifier will present an additional load, apart from the normal load imposed
by the finite input resistance, e.g. the grid input resistance. The total absorbed
charge per second is fC;V at a switch frequency f; so that this additional
load corresponds to a resistance of the value 1/fCi. With f=100 c/s and
Ci=25 pF, for example, this works out to be 400 M. In designs where the
grid resistance is not apparently increased by feedback, the latter will
thus usually determine the input impedance.

Much attention is paid to the development of electronic analogues of the
chopper; in the first place because of the low switching frequency of the me-
chanical chopper, and also because of considerations of life and reliability.
Fig. 35-10 shows the principle of the majority of solutions proposed for this
problem. If the auxiliary voltage Vg is sufficiently positive, the diodes will
not conduct and there will be no connection between A4 and B If Vg is
sufficiently negative, the diodes will conduct and have a small differential

Fig. 35-10
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Fig. 35-11

resistance, so that the signal will be transmitted from A to B, Practical
difficulties arise from the potentials which remain across the diodes when
they are in the conducting state, and from the switching currents which
pass through the input and output circuits. When vacuum diodes are
used, the application is mainly restricted because of the difference in the
rather high voltages across the diodes. The compensation obtained by the
proposed use of two diodes is far from complete, so that the out-of-
balance voltages are usually tens of millivolts, combined with poor stability.
The use of semiconductor diodes makes the residual voltages considerably
smaller, but by far the best results are achieved by using transistors as
switching elements. As follows from the basic circuit of Fig. 35-11, a better
isolation between the measurement and switching circuits is obtained by this
method. Silicon transistors are best for this purpose because they have much
smaller leakage currents than germanium transistors in the off-position. Prac-
tice shows (as can also be derived from theory) that both the residual voltage
in the conducting position and the leakage current in the off-position will be
a’/a’s times smaller, if the base and the collector are connected in the
switching circuit instead of the base and the emitter. o’ is here the “normal”
current amplification factor and a’; that in the “inverse” direction, The latter
is usually of the order of magnitude of 1.
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Fig. 35-12
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Fig. 35-12 shows results of measurements with a silicon transistor BCZ10
used as the switch in the normal and in the inverse circuit, which illustrates
what we have stated above. In this case the resistance in the inversed direction
is more than 1011 £, whilst the forward resistance is approximately 10 Q.
The small leakage current and the part-compensation of the already small
residual voltages, make it possible to switch voltages of a few tens of micro-
volts with sufficient accuracy according to the principle of Fig. 35-11. This
may be done without taking many precautions and even when these voltages
are supplied by sources with an internal resistance of a few kilo-ohms. The
literature of recent years shows that a rapid technological development
has taken place in this field. It is possible to obtain residual voltage levels of
less than 0.1 4V, provided extensive precautions are taken. We should also
note that the field-effect transistor will probably possess still better properties
for this purpose.

Another analogue of the mechanical chopper involves photo-resistors.
These exhibit a strong increase in conductivity of the material they are made
of, when exposed to light. The ratio of the resistance in darkness to that on
exposure to a neon tube can be of the order of 105. By alternating exposure
of the photo-resistors in the circuit of Fig. 35-13, we obtain a square-wave
voltage at the output, which is proportional to the input voltage. The
response of photo-resistors is rather slow, especially in the direction of
darkness, which restricts the switching frequency to approximately 100¢/s.
The capacitive load of such a circuit can easily be made equivalent to a
resistance of several megohms, whilst residual voltages of less than 1 uv
are possible. The latter are mainly caused by impurities in the material and
inaccuracies in the exposure.

Fig. 35-13

Apart from chopping, there are a number of other methods for the measure-
ment or amplification of d.c. voltages, which make use of a conversion from
d.c. to a.c. voltage. Some of these utilize effects caused by the d.c. voltage
which can be observed and used as a measure for that voltage. The “varactor”
is an example. A semiconductor diode in the cut-off condition has a capaci-
tance in parallel with the reverse resistance as a result of charge displacements
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at the barrier layer. Now the thickness of this layer, and hence the capacitance,
is dependent on the value of the reverse voltage, and appreciable changes in
capacity can be produced by changes of the order of millivolts in this
voltage. Thus we can measure the small d.c. voltages by studying the
changes in capacitance, and this can be done by inserting the element in an
a.c. voltage bridge, or by combining it with inductance into a resonant circuit.

Another example is the “magnetic amplifier”, where the signal voltage
causes a displacement in the B-H curve of a magnetic material, which can
be measured as a change either in the inductance of a coil or in the transfer ofa
transformer (Fig. 35-14). The input resistance of magnetic amplifiers is low,
usually less than 1 k€2, but the out-of-balance potential may be lessthan 1 V.

t——0
Vi %
VH e
Fig. 35-14

The vibrating membrane electrometer (Fig. 35-15) incorporates an old
principle for the measurement of d.c. voltages, where the load on the signal
source must be particularly low. The d.c. voltage to be measured is applied to
a capacitor Cyqr through a large resistor R. The capacitance of Cygr is
varied periodically by moving one of the plates to and fro. If resistor R
is so large that the charge on the capacitor can hardly change during a
cycle of the plate movement, the voltage across the capacitor will be inversely
proportional to the capacitance (V'=Q/C) and therefore proportional to
the plate distance. The a.c. voltage resulting in this manner is proportional
to the applied d.c. voltage, and can be amplified with a normal a.c. amplifier.
This circuit behaves, theoretically, after the initial charging of the capacitor
as an infinitely small load on the signal source; the mean voltage across the

—
R L
v =
’ CVGI' Vo
. .
Fig. 35-15
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capacitor equals the signal voltage. The input impedance is therefore mainly
defined by the insulation resistance of the capacitors and can be very high
with suitable design (1012-1014 ©).

As with the mechanical chopper but to a much higher degree, because
of the higher impedance levels, we have to be aware of the danger that
the drive may develop interference voltages in the measurement circuit.
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Fig. 35-16

However, the circuit of Fig. 35-16 allows a difference of 100 times or more
between measurement and drive frequency, so that a filter can easily separate
the measurement signal and the interference. Because the attractive force
between the plates of a capacitor is proportional to the square of the voltage
between the plates, plate B, which has the form of a membrane, may be
driven by an h.f. voltage of, say, 1 Mc/s applied between plate B and the
fixed plate C. The amplitude of this voltage is made to vary with the resonant
frequency of the membrane. The latter amounts to a few kc/s, and the drive
voltage is then a voltage modulated in amplitude (see Sections 36 and 41),
which only contains frequencies in the immediate neighbourhood of 1 Mc/s,
whilst the measurement frequency equals that of the membrane. By inserting

ampl. oS _L o
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capacitance Cpc in the feedback path of an h.f. oscillator (see Section 37), the
variation of the oscillator voltage and hence the drive of the membrane can
be made equal to the resonant frequency of the lathers. We shall not go
into details of this mechanism. The variable measurement capacitance is
C4p, 1.e. the capacitance on the other side of the membrane. By mount-
ing the whole unit, including the coupling capacitance C4p and possibly
resistor R in an evacuated envelope, many advantages are apparent; high
insulation resistance, low damping of the membrane and therefore small
drive energy, constant contact potentials, and no ionization caused by local
radioactivity or cosmic rays. The relatively high measurement frequency has
also its advantages: greater bandwidth, low input impedance, ard no inter-
ference from flicker noise of the a.c. amplifier used. The change in potential
is mainly caused under these conditions by the effect of the temperature on
the contact potentials of the capacitor electrodes. This effect is of the order
of a few microvolts per °C.

When classifying the methods discussed according to input impedance,
drift and bandwidth, we obtain the following survey:

input residual bandwidth
impedance potential/hour
Valve amplifier high 200 uv large
Transistorized amplifier rather low 10 wpuv large -
Mechanical chopper high 0.1 uv very small
Electronic chopper high 10 uv small
Photo-resistor chopper high 1 uv very small
Varactor high 10 uv rather small
Magnetic amplifier low 1 uv small
Vibrating membrane
electrometer very high 1 uv small

Sometimes for measurement purposes one needs a d.c. amplifier with a
flat amplitude characteristic up to high frequencies (e.g. 0.1 Mc/s or more),
with a high input impedance (> 1 M£2) and also a very small voltage drift
(constant within a few microvolts). Such an amplifier is, of course, also
attractive for general use, but none of the amplifiers listed above combines
all these useful properties. However, by combining different types it is
possible to build up an amplifier which satisfies all the requirements mention-
ed. A good combination in this respect is that of a valve amplifier with one
of the methods providing high input impedance and low drift, particularly
the one with the mechanical chopper. Several ways of combining these two
amplifiers are possible.
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In the first place, the amplifiers can be connected in parallel (Fig. 35-17).
Here we use the valve amplifier as an a.c. amplifier, whilst the chopper
amplifier only amplifies the low frequencies. The amplitude characteristic
should be such that the drop in frequency characteristic of the a.c. amplifier
is just compensated by the low frequency amplifier. The input impedance
of such an amplifier is high, namely the parallel combination of the high
input impedances of the individual amplifiers. The drift equals that of the
chopper amplifier, whilst the limitation of the bandwidth is solely determined
by the cut-off frequency of the valve amplifier. Heavy demands must be
made on the amplification stability and the phase characteristics of the two
amplifiers to ensure a flat amplitude characteristic of the combination, even
against ageing effects. This is the principal reason why only recently a
number of practical designs of this “hybrid amplifier”. have been published.
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The oldest and still most popular method is shown in Fig. 35-18 and is
called the Goldberg-amplifier, after its inventor. Amplification 42 of the
chopper amplifier is here much larger than amplification 4; of the valve
amplifier; in many designs 4;=1 and A2> 104. The post-amplifier 43 is also
a d.c. amplifier, so that we can speak of pre-amplification of the low fre-
quencies by the chopper amplifier, and the effect of the zero-point drift of
Ai and 43 is reduced correspondingly. The uncompensated amplitude char-
acteristic rises strongly at low frequencies but is flattened by applying strong
feedback. This method hasthe disadvantage that the amplification also becomes
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dependent on the source resistance Ry, if this is not small enough compared to
Z, to be negligible. This method can therefore only be used when R; is
negligible, or when it is constant. The input impedance of the amplifier
approximately equals Z;.

Landsberg’s method is shown in Fig. 35-19. The amplification of the valve
‘amplifier is restricted to value 41 by means of feedback and is very constant
at all frequencies. The chopper amplifier now compares the fraction 1/4;
of the output signal with the input signal. Any difference can only have been
caused by the zero drift of the valve amplifier and is added in amplified
form at a suitable point to this amplifier, so that the residual error will be
largely compensated. The chopper amplifier here only comes into operation
when a deviation is present, and has therefore exclusively a corrective func-
tion. Such a method of compensation may be compared to “adding what is
lacking” (Section 27) and has comparable advantages, namely, there is less

o\ va{ve amplifier
with feedback
N , p
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nIRe
chopper amplifier
¥(~
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Fig. 35-19

danger of unwanted oscillation. This type of amplifier has a high input
impedance.

The above-mentioned methods are suitable for fairly general application.
Modifications are, however, possible, which can be of advantage in special
cases. For example, if we have a valve amplifier with a zero-point drift of
less than 1 x#V/s, it would not be sensible to compare the input and output
50-100 times per second, as is the case for the circuit of Fig. 35-19. Dependent
on requirements, it is often sufficient in such cases to make one check every
1-10 seconds. If the measurement may be interrupted during a short
period, the check may be carried out by shorting the input by means of a
relay and automatically counterbalancing the residual error at the output.
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The wear on the switching elements is then obviously much smaller than
with most choppers. If no measurement time can be lost, we can connect two
of these amplifiers in parallel, so that one of the two can carry out the
measurement, whilst the other is checked.

As appears from the above, all solutions for obtaining wide-band d.c.
amplifiers are rather complicated. The situation would be considerably
eased if it were possible to improve one of the earlier mentioned methods
for d.c. amplification so that we no longer need a combination of ampli-
fiers. As it is not likely that it will ever be possible to increase the bandwidth
of one of the indirect methods to any great extent, we must concentrate
on an improvement regarding zero-point drift of valve amplifiers, or input
impedance of transistorized amplifiers. The situation with valves is not very
hepeful, especially when we remember that a shift of 200 4V corresponds
to a change of not more than 0.1 °C in the difference of the cathode temper-
atures in valves, otherwise assumed identical. However, there are indications
that the further development of both junction transistors for very small
currents and field-effect transistors will considerably assist in the solution

of this problem.



36. Bandwidth and modulation

We have seen in the previous sections that we can design amplifiers with
specific frequency characteristics. In practice it is also important to know
what demands must be made on an amplifier or, in general, on a linear
transfer system to obtain at the output a sufficiently true reproduction of the
input signal. Further we must also know what distortion occurs as a result
of the limitations imposed by realizable frequency characteristics.

Asmentioned in Section 1, the signal in 2 measurement system is submitted,
after initial linear amplification, to one or more processes before being
recorded. It is obviously nonsensical to require that an amplifier transmits
frequencies that will be eliminated at a later stage, i.e. during a further
process or recording, and will not be reproduced in the final output. In the
following discussion we shall start from the concept that it is sensible to
attempt to make the output of an amplifier reproduce a faithful image of the
input conditions. We shall therefore not discuss the frequency-dependence
that is required in most practical circuits, either to compensate for certain
shortcomings in the rest of the apparatus or to improve the ratio of the signal
to noise or interference. Regarding the latter we should note that, whilst
the determination of the optimum transmission characteristic for a given
signal form and noise spectrum, is generally extremely complicated (and
its discussion falls outside the framework of this book), it is not difficult to
select the most suitable transmission characteristic for the majority of
practical measurement cjrcuits.

The demands made on the frequency characteristic of a linear transfer
system are first of all determined by the frequency composition of the expected
input signal. Sometimes this composition follows directly from the nature
of the signal, but it often happens that our only available data concern the
nature of the signal against time. The frequency composition can be derived
in the latter case by means of Fourier analysis, which is based on the fact
that any signal which is realized by physical means, may be considered as a,
possibly infinite, number of sine and cosine functions, where the argument is
proportional to the time. These periodic functions start at the instant in
time ¢=—oo and continue until #= + co.

Because

elot | e—fot . elot _ e—jot
cos wf = ———— and sinwt=_-——— "
2 2j
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we can write the realizable time function g(7) as a sum or integral of functions
el*? with positive and negative w:

g(t) = ZFw)elmtdw (36.1)

-0
where f(w) is given by:

A(w) = % f ;E;)e‘j“"dt (36.2)

Since g(?) is a real function, we can write for hw):

+o 3 +®
hw) = Zin f <Egot) coswt df — 2i7z f ﬁg)sinwt dr

so that
h(—w) = h*(w) and ]h(—m)[ = [h(w)]

where 2*(w) is the complex conjugated function of hw).
When discussing bandwidths, we should remember that —e and +w
represent physically the same frequency:

2 cos wopt == elogt + g—logt

does not contain the two frequencies —wg and + wy, but only the positive,
physical, frequency w.

In the special case that g(7) is a periodic function with period T (this case
often occurs in practice but then only over a finite period of time) the spectrum
will only contain frequencies which are a multiple of wo=2%/T. Equation
(36.1) then reverts to:

<+
g(t) = >n cyeinogt (36.3)

-0

where 7 only assumes integers. The coefficient ¢, is given by:
l to+ T
on= f g(t)e-tmontds (36.4)
tO

Written in sine and cosine functions, this gives the well-known Fourier
series:
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g(®) =bo + >n bncosnwot + Sn asin nwot (36.5)

n=1 n=1

1 to+T
where bo = — f g(r) de
T t

2 to+T
by = - f g(#) cos nwopt dt

2

2 to+T
ap = — f g(®) sin nwot dt
T to

and ¢ is any chosen reference instant in time.

For example, if we have the square wave function from ¢ = —oo
to t = + oo of Fig. 36-1, all coefficients b will equal zero, because g(z)
is here an odd function of ¢, g(—¢) = —g(¢). By integration from
—3T to +3T we find for the coefficients a@x:

BT 2 xX=2n
ap = — j‘ sinnwtdt = ——_—cosnx
T 0 nr x=0
so that é,. = 0 when 7 is even, and a, = 4/nn when n is odd.

Therefore

=2 (sin wot + _;_sin 3wot + %sin Swot + .. )
F: 4

The triangular function from Fig. 36-2 is obtained by integration from
the square wave function and will therefore also exclusively contain odd
harmonics. At the indicated selected zeropoint, the following equation
is valid for this function:

8 /. 1. T )
g(t)=;2—(smwot+?sm3wot+255m5wot+...

Pl . e g

7 -Lf 8 17 T 3ir 2T —t
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A careless interpretation of the results of Fourier analysis easily leads to
paradoxical conclusions. In practice, we have always to deal with signals
that are either only present during a finite period of time t;—#», i.e. are then
different from zero, or are only observed during that period of time. Accord-
ing to the above, these signals can be considered as a combination of
sinusoidal signals that have been present from ¢t=—ococ and continue until
infinity. In order to amplify each of these signal components, the amplifier
should be in operation from = —oo and continue to work until #= +oo, i.e.
even after the signal has been passed. It would be wrong to conclude from
this that it is impossible to amplify a signal of finite duration faithfully:
the amplifier does not have to respond to each signal component separately,
but to the sum of all these as an entity, and this will obviously be zero outside
the finite duration.

Another wrong conclusion which could be drawn from Fourier analysis
would be that it is possible to determine the value of the components before
the beginning of the signal by means of suitable filtering, and calculate g(f)
from this; this is tantamount to foretelling the future. The exact reverse is
true; it follows from the fact that nothing can be predicted, that with
physically realizable filters there must obviously be a connection between
the amplitude and the phase characteristics.

An correct conclusion that can be drawn from Fourier analysis gives
a better understanding regarding the requirements which a linear trans-
fer system must satisfy: for each signal of finite duration and different
from zero, the frequencies of the components continue to infinity but
that at the same time the amplitudes are approaching zero at the higher
frequencies. From this it follows that, although it is correct to state that the
perfect rendering of signals of finite duration requires an amplitude charac-
teristic which is flat up to infinitely high frequencies, the error introduced
by transmitting only a finite frequency band need not be necessarily large.
We shall now consider the order of magnitude of this error.

An infinitely long continuous signal can have a frequency spectrum with
finite bandwidth: signal g(£)=1 only contains frequency zero; signal g(r)=
cos wot only frequency wo and the bandwidth is zero in both cases. For a
signal g1(7) which only equals 1 during a period of time 27, and zero for all
other times, we can apply equation (36.2) to obtain the Fourier spectrum
and thus find

1
h(w) = — sin T
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The signal and corresponding spectrum are shown in Fig. 36-3. It will be
seen that because of the finite duration of the signal, the frequency spectrum
actually continues to infinity, whilst the amplitudes decrease by w™1.

Equation (36.2) can also be used to calculate the spectrum of signal ga(z),
which equals cos wot for a period of 27, and is zero for all other times. Better
insight will be acquired when writing g2(¢) as g1(¢) cos wot, so that a component
elot of g1 gives rise to el cos wot=3eletegt lel@-w)?, The spectrum
of g» will consist of two parts which follow from the spectrum shown in
Fig. 36-3 by displacement over frequencies +wo and —wo (Fig. 36-4). The
finite duration of the signal is here also taken into account in the expansion
of the spectrum, compared to that of the corresponding signal of infinite
duration. These examples also show that the frequency spectrum becomes
wider if the signal is of shorter duration. In other words, the inaccuracy in
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determining the frequency is greater when the inaccuracy in the time deter-
mination is smaller.

This is analogous to “Heisenberg’s Uncertainty Relation™ in wave
mechanics, which states that the accuracy in determining the energy
of a particle becomes smaller as the accuracy in the determination of
time or position becomes greater. Heisenberg gives the following defi-
nitions of the indeterminate values, which are logical and easily manip-
ulated.

The “time gravity center” #, is determined, using the notation of
(36.1) and (36.2), by:

4+
[ |e®)]2tde
t; = =

Foo
J le@ear

The “time inertia moment” I with respect to this point of gravity is
given by:
+o
[ le®)E G — )2 de

-0

===
[ le®[zar

The indeterminate value At¢ in the time, i.e. the duration, is then
defined by 4t = +/7. The indeterminate value 4w in the frequency is
similarly derived from A(w). We find then for the thus defined values:
At- Ao = %, where the minimum value % is reached when the time
function follows the Gaussian curve:

&) = g(to) e—a(t — fo)?
The frequency spectrum has then the same form (Fig. 36-5).

g(t) ho)

f —t 0 —

Fig. 365
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Consider the case when a signal of very long duration g(f)=1 is measured
with anamplifier over a short period from #1 to £2(Fig. 36-6). If the amplification
is equal for all frequencies and amounts to 4o, and the amplifier therefore
has an infinitely large bandwidth, the output signal will be equal to 4o
during the period 71—13, and the reproduction will be exact. However, if
the amplification falls according to Ao/(1 +jwt), the output signal during this
period will be Ag(1—e~(¢-ty/7). Whether one considers the mean value or
the final value of this signal as the measured one, the error will be smaller
in both cases when f2—f; increases with respect to 7. Although the error
will only become zero after an infinitely long observation time, it can
nevertheless be made small enough by selecting a sufficiently long observation
time. That frequencies must be passed for which the amplification decreases
considerably, is in this case entirely the consequence of the finite observation
time.
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Fig. 36-6

Thesituation is different if there are frequencies in the range where the ampli-
fication decreases, which are not a consequence of the finite time of observa-
tion but which are an inherent part of the signal, and which will therefore also
be present during long observation times. In this case the loss of a certain
amount of essential information will be unavoidable, however long the
observation. If the frequency content of the corresponding long-period
signal is known, it is not difficult to determine the required bandwidth for
a given period of observation and the admissable error.

In the case of signals of long duration we are able to make a distinction
in bandwidth requirement for short or long observation times. This of course
isnolonger possible if the signal has a duration time which is short compared
with the observation time. Pointing out the error due to the finite bandwidth
of the amplifier is much more difficult here. If little is known about the
frequency composition of a signal of long duration, one can draw con-
clusions with greater certainty from the response of the amplifier to step-
function signals, i.e. by considering the step-function response. This was in
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the above case 1—e~t/7. Detail in the signal with a duration of approximately
T will be distorted because of this, but coarser details will be distorted to a
smaller extent. If little is known of the nature of the observed signal, it is
advisable to design the system so that the response time of the system (the
time the system allows to elapse when processing a step-function from close
to the initial value to close to the final value) is small compared to the
duration of the details which one requires to observe or to process. It
should be realized then that one can expect that details, occuring during
shorter times, will be lost to a great extent.

Much use is made of the fact that when a signal is multiplied by sin wt,
displacements by a shift w, in the frequency spectrum occur. This is called
“modulation”. For example, in radio technique it is in this way possible to
transmit a low-frequency acoustical signal at high frequencies and ensure
selective reception. In this case, the frequency of the “carrier wave” is usually
much higher than that of the modulating signal components. If v;= V;cos wst
represents one of the components of the 1.f. signal and v.=V; cos wet the
carrier wave, modulation will occur as indicated in Fig. 36-7, so that the

\,
N,

Fig.

3_6-7
carrier wave will be present also in the absence of a modulating signal. We
then find for the instantaneous value of the modulated signal:

vm = (Ve 4+ kV; cos wsf)cos wet ==

V.
Ve (1 -+ kT/icos wst) cos wet = Ve (1 + m cos wst)cos wet

c
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where m="“modulation depth”. To avoid difficulties in reception the modu-
lation depth is kept smaller than unity for the largest modulating amplitude.
As we shall see when discussing the application of modulation for measure-
ment purposes, modulation is there often stronger and the carrier wave may
even be completely suppressed.

A signal component with frequency w, causes two components in the
modulated signal with frequencies w¢—w;s; and w,+ws, since the term
coswslcoswet can be written as fcos(we— ws)t+3cos(we+ wy)r. If the 1f.
signal is composed of components with frequencies between wmiy and
wmax the modulated signal will contain the carrier wave as well as
components with frequencies in the bands between we— wmax and we—wmin,
and between w¢+wmsx and we+wmin. These are called “side bands”
(Fig. 36-8).

Vs Vin
1
0 Onip Wmax —W 0 Qe-Wmax We Wc+Wmin
We=Wmin Wt Wmax
—Ww
Fig. 36-8

There are many reasons for using amplitude modulation in measurement
electronics. Perhaps the most frequent application is the avoidance of the
necessity of amplifying very low frequency voltages and currents and
hence the elimination of the effect of drift and flicker noise in amplifiers.

Fig. 36-9 shows a measurement arrangement where use is made of
amplitude modulation.

We can measure the spectral distribution of a light beam by means
of a thermo-couple. A rotating perforated disc periodically interrupts

Th

Fig. 369
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the beam, and the thermo-~couple will produce an alternating voltage,
the amplitude of which is a measure of the light intensity. The frequency
of the “carrier wave” must of course be chosen so that the thermo-couple
cell ‘can follow it and in practice it is restricted to a few tens of c/s.
Considerably higher frequencies can be used for other optical trans-
ducers, e.g. photo-cells and photo-transistors. The variations to be
measured are always relatively slow and usually correspond in the case
of a thermo-couple to frequencies of less than 1 c/s. In order to ob-
tain a maximum signal-to-noise ratio, only a very narrow band around
the carrier-wave frequency must be passed. Because of the low frequency,
this is not feasible by means of tuned circuits or filters, particularly when
the frequency of the carrier wave may also change. In such a case we
have recourse to “synchronous detection”, as described in Section 40.

Measurements of this kind generally require a faithful transfer of the
signal. Should signal v,, which contains components with frequencies up to
®max, be amplified without modulation, the amplifier must possess an ampli-
tude characteristic which is flat up to wmax as well as a phase characteristic,
where the phase is proportional to o up t0 wmax.

The complex amplification in the frequency range up to wmax must in this
case satisfy A(w)=A4gel®r, where Ay and 7 are constants.

With
Wmax
vty = f h(w)elotdw
— Wmax
the output signal will become:
Wmax Wmax
vo(t) = f Aoel*th(w)eletdw = Ao j h(w)elot + ddw = Aot + 1)
— Wmax — Wmax

so that 7, will have the same form as v,, but is displaced with respect to v,
by a time 7. Since the signal cannot appear at the output before it has
entered the amplifier, T must be negative or at the utmost zero.

What are the requirements if we wish to amplify a signal v, the amplitude
of which is modulated by z;? This question can be answered by considering
a term of vy,

2 c0s wst €Os Wt = cos(we -+ W)t + cos(we — ws)t

If component cos(we+ ws)t is amplified 4, times and undergoes a phase
shift ¢, and component cos(w,— w;)? is amplified 4- times and undergoes
a phase shift ¢, we obtain after amplification the term:

A cos[(we + wa)t 4 @] + A_ cos[(we — ws)t + ¢_]
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For faithful transfer, this component must be changeable into a term
of the form

2 A4 cos ws(t + T) cos(wet + @)

where A, 7 and ¢ are independent of w,; A because amplification must be
independent of ws; T because the same delay must occur for all values of ws;
and ¢ because the carrier wave may only be submitted to a phase shift which
is the same for all w,. When writing out both expressions in terms containing
€OS wel COS Wsl, COS Wt SiN wst, Sin Wt cos wst and sin wef sin wst, and making
the corresponding terms of this expansion equal to each other, we obtain:

A cosp, + A_cosgp_ = 2 ACOS @ COS wsT
—A,sin ¢, + A_sin ¢_ = —2 A cos ¢ sin wsT
—A,sin o, — A_sin ¢_ = —2 Asin ¢ cOS ;T
—A,cosp, + A_cosgp_ = 2 Asin @sin wsT

Adding the first and last equations, we obtain:

A_cos . = Acos(g — wsT)
and after subtraction:

A,cosp, = A gos(qa + wsT)
Adding the second and third equations ﬁelds:

A, sin g, = Asin(p -+ ws7)
and after subtraction:

A_sin p_ = A sin(p — wsT)
Apart from irrelevant variants it follows:

A, =A_=A

and Q=@ + 05T, P_= @ — WOsT
so that in this case amplification must also be constant over the entire band,
whilst the phase must again be linear with  but is not required to be zero
for the carrier-wave frequency w.. Compared to the non-modulated version,
the frequency range over which these requirements for amplification must be

satisfied, is now relatively much narrower, so that it is easier to meet the
requirements.

Closely connected to the above and of practical importance is the fact that
it is easy to derive a circuit with the same properties concerning the relative
deviation 8 with respect to a central frequency wo from another circuit which
has the correct amplitude and phase characteristics against frequency w in
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the range 0 < o < wmaz. If a capacitor with a value satisfying C=1/wo2L
is connected in series with a coil L, the impedance of the series resonant
network will be joL+1/joC=jwL + wo?L/jw =jwoL(w/wo— wo/w)=jwepL,
i.e. the behaviour of this impedance with respect to wef is similar to that
of the single coil with respect to w. The admittance of a parallel circuit of a
capacitor C and a coil with a value satisfying L=1/w¢2C will likewise have
the same behaviour with respect to wef as the admittance of C with respect
to w. Therefore, when we have a circuit with an impedance Z(w), and when
all coils and capacitors in this circuit are replaced in the manner described
by series or parallel resonant circuits, the impedance of the new circuit will
be Z(wof). All properties of the original circuit in w will transpose into the
same properties for the new circuit in_wof. The latter can be approximated
for small values of § by 2(w—wo). Fig. 36-10 gives an example of such a
transformation.
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Apart from amplitude modulation, where amplitude A of a carrier wave
A cos(wt+ @) varies proportionally to the signal, there are other forms of
modulation. The most obvious ones are those where frequency w or phase ¢
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of the carrier wave are made functions of the signal. We speak then of
frequency and phase modulation. Frequency modulation particularly, is
often used, and we shall therefore restrict ourselves in the following to this
type.

In telecommunications frequency modulation has the great advantage
that it allows one to make the signal-to-noise ratio considerably better than
with amplitude modulation. In measurement technique frequency modu-
lation is, for example, used for recording a signal on magnetic tape. Fre-
quencies below a certain frequency cannot be recorded directly on tape. The
use of amplitude modulation would allow one to shift the entire frequency
spectrum upward to a range which can be accepted, but it is then necessary
to allow for amplitude variations of approximately 10 per cent caused by
inhomogenities in the tape and variations in the distance between tape and
recording head. In the case of frequency modulation, however, only fluctua-
tions in the speed of the tape can produce distortion. These fluctuations can
easily be made smaller than 1 per cent. If necessary, possible changes in the
tape speed can be determined and corrected for by recording a signal with
fixed frequency on a second track.

To determine the transfer of an f.m. signal when passing through a circuit,
or to derive the requirements of a circuit to produce a transfer with specific
distortion properties, in principle the same method could be used as with
the amplitude-modulated signal, i.e. by using Fourier analysis.

We can speak of an instantaneous frequency in a frequency or phase
modulated signal, which is defined as the derivative of the argument
with respect to the time: winst=d(argument)/ds. To what calculations the
Fourier analysis leads becomes, for example, obvious from the recurrent
practical case where the following equation is valid for the instantaneous
frequency: winst=wo+wg cos wyt, with we={frequency of the carrier wave
at zero modulation signal, wg={frequency sweep, i.e. the maximum deviation
assumed by the instantaneous frequency against wg and w,=frequency of
the modulating signal.

The definition of wingt gives in this case:

t
)

argument = f(wo + wg cos wst)dt = wot + i sin wst + @o

0 Ws

so that we find for the carrier wave:
. (2 2
Sf(t) = Asin (wot + — sin wst + q)o)
Wg

where A is the constant signal amplitude of the signal.
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With ¢o=0 and wa/ws=9¢ this becomes:
J(t) = A sin(wot 4 4 sin wst)
for which can be written:
J() = A[sin wotcos(d sin wst) + cos wotsin(4 sin w,1)]

‘We have also: ©
cos (dsin wst) = Jo(6) + 2 > Jen(8)cos 2nwst

n=1

and ©
Siﬂ(a Sin Cl)st) = 2 z JZn +1 (6)51]1(2” + 1)603t

=0

where Ji is the Bessel function of the first kind and k-th order. This sub-
stituted in f(?):

A1) = Jo(d)sin wot + Ji(S)[sin(wo + ws)t — sin(we — ws)t] +
Jo(8)[sin(wo + 2ws)t + sin(wo — 2ws)f] +
J3(d)[sin(wo + 3wt — sin(wo — 3ws)t] 4 ...

It follows that a modulation signal V,sinwsf, which only gives two
components with frequencies wo+ws and wo—ws in the Fourier spectrum
of the carrier wave when using amplitude modulation, produces an infinite
number of components with frequency modulation. The amplitudes of these
components are Bessel functions with argument é=wg/w; i.e. the ratio of
the maximum frequency deviation in the carrier wave to the frequency of
the modulation signal. Fig. 36-11 shows some of the frequency spectra for
different values of the frequency width wq at a constant value of modulation
frequency w;, whilst Fig. 36-12 shows spectra for different values of ws at
constant wg. If the modulation signal consists of more components, the
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frequency spectrum of the carrier wave will become particularly complex
because of the occurrence of all sum and difference frequencies of these
components and their harmonics. However, this analysis shows quite clearly
that, with the same modulation signal, an f.m. signal usually occupies a much
wider bandwidth than an a.m. signal. This is also the reason why carrier-
wave frequencies for f.m. radio transmissions are rather high (approximately
100 Mc/s), to avoid overlapping of the frequency bands.

It is obvious that the above analysis, and in general the calculation of the
transfer function of circuits, for f.m. signals is complicated by the fact that
the instantaneous frequency is not a limitation but an extension of the
concept of frequency used so far, and that relations and calculation rules
which are valid for the latter can not be applied to instantaneous frequencies
without correction. The concept of impedance, in particular, has no real
sense here. An extensive, and often quite complicated literature exists for
calculations involving f.m. signals. For measurement technique we are
specially interested in the results derived in 1937 by Carson and Fry. They
showed that for the calculation of the transfer function for an f.m. signal f(¢)
by a linear circuit, for example an impedance Z(w), it is permissible to
consider the instantaneous frequency as a variable ordinary frequency, and
to use the calculation rules valid for the latter, provided the derivatives of
Z(w) to frequency and of f(¢) to time are small compared to Z(w) and £(¢)
respectively. In other words the functions Z(w) and f(¥) must not show
abrupt changes. In the very simple case where a frequency-modulated current
i(Y) passes through a coil L, no restrictions need to be applied to i(¥)

¢
to calculate the voltage across the coil. Current i(f)=ip sin f Wingt dt
0

t

produces a voltage v(t) = L di(f)/dt = Lio winst cosf wingt df across coil L,
0

which does not depend on the nature of i(¢) and is similar to the relation
valid for a sinusoidal current.

Apart from amplitude, frequency and phase modulation, many other ways
exist for transmission of information, such as pulse-width and pulse-height
modulation, where the width or height respectively of a periodic rectangular
pulse is a function of the modulation signal.

The reverse process of modulation, ie. the extraction of the original
modulating signal from a modulated signal, is known as demodulation or
detection. We shall discuss circuits for the accurate modulation and detection
of signals after considering some basic circuits used for these purposes.

37. Oscillation

When feedback systems were discussed, we noted that an output signal
may occur without an input signal being present. We then assumed that the
situation of “self-generation” or “oscillation” did not occur and that linear
amplification was maintained. We shall now proceed to discuss circuits
which do oscillate, not only to acquaint ourselves with the range of behaviour
in this case, but also because we must know to what extent oscillation in
non-oscillatory circuits can occur because of the ageing of components or
instability of supply sources. The “stability criteria” which will be derived
in the next section will supply information on whether a system will oscillate
or not. In this section we shall discuss the mechanism of oscillation and the
practical design of oscillators.

Oscillation is one of the most complex phenomena in electronics. It is
therefore best to begin its study by starting from a relatively simple situation,
such as a pentode with a parallel resonant circuit in its anode circuit. We
assume, for greater ease, that the effect of the anode voltage on the anode
current can be neglected. Apart from a possible input signal we also supply
part of the anode signal to the grid and thus obtain the situation depicted
in the circuit diagram of Fig. 37-1. Retaining the same symbols as used for
feedback, we write for the fed-back part of the anode voltage —kva, where
for the time being k is assumed to be constant and positive. Calculating the
amplification from the input to the anode is simple. Without feedback we
have:

Va — joSLR

A ]
vs —w?LCR +joL + R

where S is the transconductance of the pentode.
With feedback, we obtain:

A — jwSLR
A= = 4 (37.1)
1+ Ak —w?LCR + joL(1 — kSR) + R
and wSLR

A | =
I {R2(1 — w2LC)? + 2Ll — kSR)2}

A’l is given for a few values of kSR against frequency in the lower part

.of Fig. 37-1. The maximum is always attained for ®=wo=1/+/LC and

has the value |SR/(1—kSR)|. For kSR=1, the maximum will be infinite
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Wy L —
Fig. 37-1

(broken curve). As long as kSR remains smaller than 1, the absolute ampli-
fication will increase with & and the more so when the frequency is closer to
wo. The relative width of the curve decreases at the same time i.e. the ampli-
fication becomes increasingly selective. The behaviour is just the reverse for
values of k for which kSR is larger than 1: amplification and selectivity
decrease with increasing k. '

The infinitely large amplification for the frequency wo when kSR equals 1,
does not mean that a possibly present input signal 5 will produce an infinitely
large signal at the output with that frequency (for this would require an infinite-
lylarge current through the valve), but that a finite output signal will be present
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without a signal at the input. In practice, there is always an input signal,
although unintentional, because the circuit contains noise, for example
from the valve, which may be imagined as represented by an equivalent
signal at the input. This means that when signal v, is absent, the amplification
does not have to be infinitely great in order to supply a large output voltage.
This voltage mainly contains components in a single narrow frequency band
around wp because of the very high selectivity, and will therefore be almost
sinusoidal in shape as we have seen in Section 36, with slowly varying
amplitude and frequency. This phenomenon, when an output signal is
provided without the presence of an input signal, is called “oscillation”,

Although it is not necessary for the occurrence of oscillation that the
amplification is infinitely great and therefore kSR exactly equals 1, the re-
quired amplification is nevertheless so great that SR must only differ from 1
to a very small extent. The order of magnitude of the permissible deviation
can be estimated by considering that the amplification increases 1/(1—kSR)
times because of feedback. This multiplication factor must therefore cor-
respond to the ratio of the noise voltage on the anode with feedback, i.e. the
wanted output voltage, to the noise voltage on the anode without feedback,
in the same bandwidth. Normally we find a value for 1—kSR whichis smaller
than 10-8,

Assuming (usually correctly) that the anode current noise contributes
most to the total noise voltage, we find for the equivalent noise voltage v;
at the input v2:ms = 4 kBTReqdf = 271 k8TReqdw where kp =
Boltzmann’s constant and T = absolute temperature. The absolute
amplification is found from (37.1) so that the voltage across the anode is:

©

2 S2r2R2
V% rms = f%kBTqu w2 S2L2R2 dw
0

R(1 — WPLCY + w?L%(1 — kSR

kB TReq S2R _ o kB T(kSR)2 qu
C(l — kSR) wo RCk%(1 — kSR)

which can be written, with SR ~ 1 and woRC = RjwoL = Qo, the
quality factor of the resonant circuit, as

wo kB Tch
Qok?(1 —kSR)

l’az,rms =

We thus find the required value of 1 — kSR:

1 — kSR = kaBZ:‘qu — wokBTReq
Qo k®va2,rms Qo 9% rma

where 2y is the oscillatory voltage on the control grid.
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Another, rougher, method of calculation is to assume that the ampli-
fication SR/(1 — kSR) is not only valid for the resonant frequency,
but also for a small width Af around it. Af represents the half width of
the fed-back circuit, so that Af = fo/Q, where Q = the apparent quality
factor of this circuit. We therefore find: Q@ = Qo/(1 — kSR). The
contribution outside this region is neglected. We then find:

SR

Uaz,rmt = (———-1 — kSR;

)z 4kBTR¢q f—o(l —kSR) =
Qo

4fokn T Reg S2R* _ 4foknT Reg(kSR)? 4 fo ksTReq

Ol — kSR Ok®(1 — kSR) > Qok™1—KSR)

The error caused by the simplification is thus a factor z/2, which is not
very important because we are only interested in the order of magnitude.
With practical values Qo = 100, vy,rms = 0.1 volt, fo = 108 ¢/s and
Req = 1 k2, we find, with ksT = 4 - 10-21 W sec:
1 — kSR ~ 2-10-11
and for the half-width of the transmitted frequency band:
106 . 2-10—11

- =210"".
4 102

There is no need to emphasize that such a very small value of 1—&ASR
cannot be obtained by adjustment, and certainly cannot be maintained. That
oscillation can nevertheless occur as a permanent phenomenon is due to two
circumstances. Firstly, kSR is then not constant but a function of the signal
amplitude so that kSR is greater than 1 for small signal amplitudes and
gradually decreases to less than 1 for greater amplitudes. Furthermore,
oscillations can be started because for kSR>1 the natural modes of the
system are not damped but increase. kSR will decrease because of this
increase in amplitude and approach unity, with the result that the noise
will now also contribute. This causes a further decrease in kSR and, as will
be explained later, a stable equilibrium will indeed only occur at a value of
kSR which is slightly smaller than 1. We shall illustrate this mechanism by
means of a few calculations.

The natural modes of the system follow from the differential equation:

LrCE e
ar

d
+ I — kSR)—:t—a + Rog=0 (37.2)

which is obtained from (37.1) by replacing jo by the operator d/d¢ and
putting v,=0. When kSR is not constant but dependent on the value of v4
in some way or the other, (37.2) is a non-linear differential equation which
can only be solved explicitly for some special forms of the relation between
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kSR and v,. It is nevertheless possible to learn something about the solution
in the case of interest to us, which is that kSR is larger than 1 for small
amplitudes of v, and gradually decreases to below 1 with increasing amplitude
of vg. We can then visualize the solution as a series of consecutive solutions of
differential equations with different constant values of kSR. For constant
values of kSR, the solution of (37.2) is:

Vg = c1eut 4 cge=et

where c1 and c are integration constants and a; and a are given by:

_kSR—li (kSR—l)2 1
=3 RC 2RC Ic
kSR will be greater than 1 at a small signal amplitude, with the result
that @1 and az have a positive real part, so that the natural modes will

increase. This causes a reduction of kSR, and in the absence of noise the
amplitude of the natural modes would become constant for kSR=1,

whilst the frequency would be exactly v/ ’1/7= wo. However, in the presence
of noise the mechanism becomes different; when kSR has almost reached
unity, the noise in the narrow transmitted band will also be amplified and
contributes to the output signal, thus causing a further decrease in kSR.
Only when k=1—¢, where ¢isa small positive quantity, can an equilibrium
state be reached; the noise makes a large contribution to the output signal,
whilst the natural modes are damped and will decrease. This will slightly
increase kSR, i.e. it tends to become closer to unity; the noise contribution
will therefore increase so that the output signal is stable in amplitude. The
contribution of the resonant frequencies becomes increasingly smaller and
that of the noise correspondingly greater, because kSR more closely ap-
proaches 1. It should be mentioned that the damping of the natural modes
is an extremely slow process: with 1—kSRa10-11 the damping term for
the natural modes becomes of the order 1/1011RC, so that a time of 1011.RC
is required for a reduction of .e times. This is approximately 1012 periods
with RC=Qo/we! It is nevertheless possible to state that the oscillator
can be considered to be more a selective noise amplifier than a generator
of resonant frequencies. This clearly shows that even with an oscillator
having ideal components, the amplitude and the frequency will show
small changes. The latter can be demonstrated even with simple measure-
ment methods, if we take a design that has a resonant circuit with a low
quality factor, a small amplitude of the oscillation, and possibly very
powerful noise sources. However, when the oscillator is designed normally,
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it will nearly always be possible to neglect the changes discussed above with
respect to those caused by variations of the components.

It would also be possible to amplify the noise to a large output signal
without feedback, provided we make the amplification A very large. The
additional use of a filter element would then make the output signal sinusoidal.
However, it is not possible to achieve the selectivity we have calculated here
without using feedback, even when incorporating quartz crystals which are
the best practical filter elements.

A particulary large open-circuit amplification is of no use when feedback
is used, as far as oscillation is concerned. Because of other considerations
which will be discussed later, it is rarely necessary to make A larger than a
few thousands. This means that the difference between zero and the term
1+ Ak from (37.1) will always be less than 10-8, so that Ak will be exactly
—1, or the loop gain (—A4k) equal to + 1. The requirements following from
these considerations for the amplitudes and arguments of these values are
known as “oscillation criteria”.

Although the above purports only to be a simple description of the
mechanism, it nevertheless explains a fundamental property of oscillators,
that of synchronization. When an external signal is applied to an oscillator,
it is possible that the frequency of the output signal will equal that of the
external signal. This may be explained by imagining that to the input of
the above described circuit a sinusoidal signal is applied with a constant,
small amplitude, the frequency of which slowly approaches that of the
oscillator. In this case we shall have the normal oscillation signal plus the
amplified external signal, the latter with a slowly increasing amplitude. This
additional signal will eventually affect the value of kSR. A decrease in kSR
has little effect on the amplification of the external signal, but a great effect
on that of the oscillator signal lying at the central frequency. Both signals
will be present at approximately the same amplitude for a short time. After
this, the amplified external signal will rapidly increase in value and the
oscillator signal will rapidly decrease, without playing an important part any
longer. The result is that the oscillator is synchronized. Synchronization
occurs more rapidly when the external signal is larger and the resonant
circuit has a lower Q. With normal oscillators and good-quality resonant
circuits, the synchronization span will be relatively narrow for small external
signals.

It is obvious from the above that non-linearity in the system plays an
essential part. Because of the fact that it is not possible for signals to become
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infinitely great, each system possesses an inherently limiting mechanism
which ensures the required drop in gain beyond a specific signal amplitude.
However, when seeking amplitude stability, better results are obtained with
limiting circuits or components inserted for this purpose. A wide range is
possible even with the simplest design. We shall illustrate this by giving two
examples of limiting, both more or less extremes which are nevertheless
capable of giving oscillator voltages of high purity.

The first example encompasses the long-tailed pair circuit of Fig. 37-2.
As mentioned in Section 19, the ratio of the direct current I through the

%

% e —= -1
Fig. 37-2

second valve to the d.c. voltage difference (V3— V2) between the grids is as
shown in the lower part of this figure. The stage’s behaviour is linear
for small voltage differences, but the current is limited for out-of-balance
voltages exceeding a few volts, or of a few tenths of a volt for transistors.
Ifthe left-hand grid is fed with a sinusoidal voltage v; a constant distortion-
free amplification will occur as long as v, is sufficiently small. However, the
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more v, approaches the knee voltage V7, the more distortion will occur in the
current waveform and the amplification of the fundamental component
will decrease. The upper part of Fig. 37-3 shows the behaviour of the
current through the second valve for various values of the input voltage.
The rectangular form is the limiting case to which these waveforms approach
at increasing amplitude of v;.

When the frequency of the input signal equals the resonant frequency
of the network in the anode circuit, and the latter has a good quality factor,
the anode voltage will be mainly determined by the fundamental component
of the current. At small input levels, this current will increase in proportion
to the input signal, but for amplitudes of », larger than V., this increase will
become very small, and the limiting amplitude for very large values of v,
becomes 4/m~s1.27 times V.. The result is a relation between v, and v; as
shown in Fig. 37-3 (left-hand lower curve).

I

— f

ol i

¥ I

Fig. 37-3

Fig. 37-4 shows an example of the second method. Here we make use of a
so-called NTC-resistor, i.c. a resistor with quite a large negative temperature
coefficient, i.c. a few per cent per °C. By applying the signal voltage v, across
such a resistor and by ensuring that amplification depends sufficiently
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on the value of this resistor (i.e. Ry > Ryrc and 1/wC < Ryrc) the power
which will be dissipated in the NTC-resistor will, when correctly designed,
result in a smaller amplification through the reduction of the resistor’s value.,
The degree of this effect depends, amongst other factors, on the dissipation
constant of the resistor. The graph of Fig. 37-4 shows the relation be-
tween the resistor’s value and the current through the resistor for a
miniature NTC-resistor having a value of 100 k2 at room temperature and
no dissipation. The dissipation constant of such a resistor is approx. 0.25
mW/°C at a thermal conductance of about 1 mWs/°C. An example of the
values to be expected for larger NTC-resistors is: dissipation constant
10 mW/°C and thermal conductance 1 Ws/°C. NTC-resistors are also
known as thermistors.

With a long-tailed pair circuit as well as with the NTC-circuit, it is possible
to reduce the amplification for large signals in order to obtain a stable
oscillator circuit. There are nevertheless important differences betweén
these methods. Whilst the circuit with the balanced stage operates in
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an instantaneous fashion and therefore supplies a distorted signal which
can be rendered sinusoidal in the following stages of the oscillator by filtering,
the operation of the NTC-resistor is of an integrated form, the thermal time
constant (a few seconds with the miniature resistor) is chosen very much
larger than the oscillation period, so that the resistor value is not determined
by the instantaneous signal amplitude, but by the mean signal value over a
longer period. The resistor value over short durations can thus be considered
as a constant and the circuit operates entirely linearly, so that only sinusoidal
signals will occur. The difference stage does not possess a “memory”, in
contrast to the NTC-resistor, and this has a great effect on the oscillator’s
behaviour. With the instantaneous system, the signal rises to the value where
the oscillation criterion is satisfied and remains at this value after that. With
the integrating system, however, delays will occur; when the signal increases
or decreases in amplitude, the amplification will only be adjusted after some
time. This behaviour of thermal inertia shows a great likeness to that of an
RC-time constant in an amplifier. For example, it would be possible by
inserting three NTC-resistors in a circuit (analogous to what could occur in
an amplifier with three RC-time constants) to obtain oscillation of the
amplitude of the actual oscillator voltage. However, this phenomenon is very
rare in practice, if only because a single NTC-resistor is used, and the re-
maining delay would have to be supplied by the typically smaller electrical
inertias. On the other hand, the following situation is often met: because the
loop gain is great for small signals, the signal will rapidly increase in amplitude
until the maximum value has been reached. The regulation of the am-
plification is delayed so. much that, when the amplitude of the oscillation
begins to decrease, the regulation will continue until the oscillation ceases,
after which the gain will once more slowly increase, and oscillation will
re-occur as soon as the criterion is reached (left-hand side of Fig. 37-5). We
call this blocking. When the delay caused by the integrating element is not
as large, we obtain a signal with a periodically varying amplitude (right-
hand side of Fig. 37-5).

Fig. 37-5
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That this form of oscillation, which shows great similarity to multi-
vibrator action (Section 35), can occur in simple systems is shown by
the following considerations. If in a feedback system the loop gain — Ak
varies in a sinusoidal fashion around the value 1, the amplitude of the
oscillation will then vary as indicated in the lower part of fig. 37-6. As
long as Ak is larger than 1, the amplitude will increase and the more
rapidly, the greater the difference between — 4k and 1. This is similarly
valid for a decrease of the amplitude when — A4k < 1. Small changes in
amplitude once again will be almost sinusoidal, so that a phase shift of
90° will occur between Ak and the amplitude adjustment. The remainder
of the system then only needs to provide a further 90° phase shift for
oscillation to occur. The amplitude changes will be smaller when the
changes in the value of —4k occur more rapidly, so that the behaviour
of the “transfer” function between — 4k and the amplitude corresponds
to the impedance of a capacitor. Normally, this effect is only trouble-
some, but use of it has been made for driving the vibration plate electro-
meter of page 296 at high frequencies.

Ak

—

Amplitude stabilization by means of a balanced stage (Fig. 37-2) has the
great advantage that for sufficiently large input signals the magnitude of the
output signal is very well defined. This is due to the fact that the latter is
determined by the anode voltage and the current passing through the
conducting valve, which in turn is mainly determined by the cathode re-
sistance Rx or a current source replacing the latter. Since the action
of filtering with passive elements or with active filters can allow a constant
relation to be maintained between the amplitude of the fundamental com-
ponent and the magnitude of the square wave, it is possible to design
with this circuit oscillators having a very high voltage stability.
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Amplitude stabilization by means of an NTC-resistor or a tungsten filament
lamp possessing a rather large positive temperature coefficient, is applied
in very many cases, particularly because the circuitry required can be kept
very simple.

Apart from these two more or less extreme stabilization methods, there

are several others, which usually have more in common with the integrating
" method than with the instantaneous one. The method of grid detection is
frequently applied in radio technique. If a triode without grid-cathode bias is
used (Fig. 37-7), grid current will pass during the positive half of an a.c.
voltage applied to the grid. If the product of capacitance C and grid leak
R, is made large with respect to the period of the signal, the same rectifying
effect will be obtained as with a diode: the grid will acquire such a negative
bias that the charge passing for a small portion of cycle will compensate
the discharge during the remainder of the cycle (right-hand side of Fig.
37-7). In practice this means that the grid bias is almost equal to signal
amplitude 2,, and also that at increasing signal amplitudes, the time during

—»t
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Fig. 37-7

which the valve is conductive is necessarily shorter because the grid voltages
for which the value conducts (V; in Fig. 37-8) are then experienced in a
smaller portion of the period. Since the height of the anode current pulses
always have approximately the same value s, and since with a periodic
signal consisting of small pulses, the amplitude of the fundamental is
proportional to its area, the fundamental component (iz)r in the anode
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current will decrease beyond a specific input signal value (right-hand side of
Fig. 37-8). This explains the limiting action of this circuit.
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Fig. 37-9 shows a basic limiting circuit, of much greater sensitivity than
the one with grid detection. Whilst with the latter the control voltage was
supplied by the a.c. signal on the grid, in the circuit of Fig. 37-9 we operate
on the changes in the larger anode signal. As long as the amplitude of this
signal remains smaller than the reverse bias on the diode (in this example

Fig. 37-9
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50 volts) there will be no change in the working point of the valve and
hence in amplification. However, as soon as the amplitude becomes larger
than the reverse bias, the diode conducts during the positive peaks and will
charge the capacitor to such a negative voltage that the charge supplied will
be the same as that which is removed. At a sufficiently large value of the
time constant RC, the negative grid bias will increase by the difference
between the amplitude of the anode signal and the diode’s bias. Such a
clipping diode allows a particularly sharp drop in amplification above a
certain signal value, which results in a good amplitude stability.

Another simple amplitude limiting circuit can be obtained by making the
anode load of a valve, triode or pentode, large (Fig. 37-10). Beyond a specific
amplitude of the control grid signal, the anode voltage will reach its minimum
value during the grid’s positive peaks, so that limiting occurs, resulting in

+ Lo —

Fig. 37-10

a decreasing amplification of the valve. With a suitable choice of the working
point the negative peaks of the grid signal will cause the valve to be cut off
and in this manner a relation between the anode and grid voltage is obtain-
ed, as indicated on the right-hand side of Fig. 37-11 which is similar to the
relation found with the long-tailed pair circuit. Using a pentode instead of a
triode has the advantage of not taking a grid current despite the very low
anode voltage, and thus not imposing an additional load on the signal source.

Another limiting circuit is shown in Fig. 37-12. As long as current I,
through the valve is less than 1 mA(=100 volts across 100 k®), diode D,
will conduct, which makes the anode voltage V4 approximately 150 volts
and Vp about 160 volts. As soon as I, becomes greater than 1 mA, both
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points will drop in voltage until Vp has reached 150 volts, when D starts to
conduct. This occurs at I;~1.1 mA, and the relation between I and Vp
is then as shown on the right-hand side of Fig. 37.12. When connecting a
sinusoidal voltage with a sufficiently large amplitude to the grid, a squared
voltage with an amplitude of approx. 11 volts will be found on the anode.
In this case the amplification of the fundamental component will be inversely
proportional to the signal value.
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Fig. 37-12
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For the limitation of periodic signals, the battery in Fig. 37-12 can
be replaced by a sufficiently large capacitor (Fig. 37-13). The d.c. voltage
across the capacitor will then acquire such a value that the quantities
of supplied and removed charge will be equal, whilst the distance between
the limiting Ievels is determined by the d.c. voltage difference between
points a and P. As long as the valve amplification remains linear, the
mean valve current will not change by external grid drive. Since all of
this current passes through resistor Ri, the same applies to the mean
voltage level of P. The result is that, at sufficiently large overdrive, the
limiting action of the signal voltage at this point will be such that the
areas of the cut-off parts above and below will be equal. Because the
anode voltage still changes slightly when diode D, conducts, the limitation
of Va will be less symmetrical than that of Ve.

1t is obvious that this same circuit can also be used for asymmietrical
waveforms.

Fig. 37-13

Fig. 37-14 shows an interesting variation of this circuit. By making
the capacitors sufficiently large the voltages at the points P; and P;
are sufficiently smoothed. In the absence of a signal, and assuming

+ Dy

Fig. 37-14
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ideal diodes, the voltages at the anode and these points would be the
same. However, if the valve current increases the anode voltage will
drop. This is counteracted by diode D2, which supplies the additional
current from C: and thus the voltage of point P2 must drop.

The voltage of P. will increase in a similar fashion during the other
half cycle. In the equilibrium state, the voltages at points P; and P
will be so far apart that the d.c. current through R will be the same as
the mean current through diodes D1 and Ds, which is proportional to
the input signal. The difference in voltage between P; and Pz and the
amplitude of the anode signal (which will be almost square with correct
design), will thus be proportional to the input signal. This circuit there-
fore also cuts off, but is not suitable for stabilizing the amplitude of an
oscillator.

The operation of the balanced stage as a limiter can be improved by using
two diodes as indicated in Fig. 37-15: the diodes will not conduct as long as
the potential difference between the anodes is smaller than the drop in
voltage across resistor R and the stage will then amplify normally. But if,
for example, the left-hand valve carries so much more current than the right-
hand one that Vp; has become equal to Vs, diode Dy will conduct. This
situation is shown above right in Fig. 37-15. Under further overdrive, voltages
VP, Vay and Vp, will no longer change, and V4, will slowly drop to value
Va,—IxR. When using the very steep potential difference Ve, —Vp, as output
(lower part of Fig. 37-15), this signal will always be a good square wave for a
sufficiently large sinusoidal input overdrive; its amplitude will be approxi-
mately $/¢R, so that the amplification of the fundamental component will
then be inversely proportional to the input.

In almost all practical oscillatory circuits, the loop gain can be imagined
to be split into a linear frequency-selective amplification and a signal limiting
action which, as shown by the examples given, may be assumed to be fre-
quency-independent, certainly in the immediate region of the oscillation
frequency. 4k can then be written as the product of an amplitude-dependent
and a frequency-dependent part:

Ak = F(v) - G(jw)
where v=amplitude of the oscillatory signal. The oscillation criteria are then:
F() - Re{G(w)}= —1 and Im{G(Gw)}=0

The oscillation frequency follows from the latter equation and, when substi-
tuted in the former, gives the signal amplitude. .

An oscillator’s quality is primarily determined by the amplitude and fre-
quency stability. The limiting circuits using the balanced stage and NTC-re
sistor are also illustrative for the amplitude stabilization. Figs 37-2and -3 show
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how the first method, for a sufficiently large input signal, gives a squared
output signal, the height of which is solely determined by the supply voltages
used and the ratio of anode to cathode resistance. On obtaining the fun-
damental sinusoidal waveform from this square-wave voltage by filtering, its
amplitude stability will be determined by possible changes in these filters,
supply voltages and resistor values of the limiting circuit.
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Fig. 37-16 shows a practical design of an oscillator using a difference
stage as limiter. The two active filters (B;-B; and Bs—Bs5—Bs) belong to
the type discussed in Section 33. A twin-T filter (F1 and F3) is used in the
feedback loop, so that a signal of a frequency equal to the central
frequency of these filters will be passed, theoretically not attenuated.
The filtered signal is then fed back to the input of limiter B, completing
the oscillator’s circuit loop. The distortion present in the signal after the
second filter is so small that it is no longer allowed to use a simple
cathode follower, but the more extensive circuit Bs—Bs is required, which
introduces very little distortion. The amplitude stability of the output
voltage vy is mainly determined (assuming well-stabilized supply voltages)
by a possible difference in tuning of the filters, which causes a slight
attenuation with possible fluctuations in the oscillation signal.

The output voltage for an 80 c/s design was approx. 10 Vems, and the
changes in voltage were less than 0.01 per cent over a period of hours.
The distortion was found to be: do = 2.5 - 1075, d3 = 1.5-10-5 and
for the total of the remaining harmonics less than 0.4 + 10-5, Frequency
fluctuations were of the order of 10-4.
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Fig. 37-16

When using an NTC-resistor, as shown in Fig. 374, the voltage across itis
sinusoidal but not independent of the resistance value. As the purpose of
adjusting this value is to maintain the loop gain at 1, possible changes in the
open-circuit amplification will also be expressed in the voltage. By inserting a
normal resistor in series with the NTC-resistor, one can obtain the effect
that the voltage across the combination in a specific region is almost indepen-
dent of the value of the NTC-resistor. The Wien bridge oscillator is an example
which will be discussed later. With complete compensation, the amplitude is
still determined by the thermal equilibrium of the NTC-resistor, i.e. by the
ambient temperature. Depending on the precautions taken, an amplitude
stability between a few per cent and approx. 0.1 per cent can be obtained
with this method.
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In contrast to amplitude stability, it is possible to discuss frequency
stability in a more general way. It follows from the condition Im{G(jw)}:O
that, apart from the usually negligible fluctuations due to noise, the fre-
quency would be perfectly constant if the components in the frequency
dependent network would not show any changes. However, these do occur,
due to such causes as temperature, shock, ageing or replacement of valves
or transistors. The oscillation frequency will therefore also show changes.
If a good frequency stability is required, we must therefore attempt to
ensure that the frequency is mainly determined by the most stable com-
ponents in this respect, and not appreciably affected by components which
are subjected to larger changes.

The circuit of Fig. 37-17 shows how this can be achieved. This is the basic
circuit of the phase-shift oscillator we shall discuss later. The RC-circuit,
without a coil in the anode circuit, forms a capacitive load on the valve, so

l__rv-wx
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Fig. 37-17
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that when the internal resistance of the valve changes, the phase of the
loop gain will also change and hence the frequency. This dependence can
be eliminated by inserting a coil of such a value that the anode impedance
at the oscillation frequency becomes real.

We must also ensure that any change in phase only results in a slight
change in frequency. This is the case when the components which mainly
determine the frequency, only need a small frequency change to correct this
phase change. Most oscillators therefore incorporate a frequency-selective
network consisting of very high stability components, where the phase is
very highly dependent on the frequency of oscillation.
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Expressed as equations, we can say that for a frequency change dw, the
change in the imaginary part of 1+ 4k=1+ F(t)G(jw) equals:

I .
F(v) [dﬁmg(i(w__)}] fow
With F(v) - [Re{G(jw)}]w0= 1, the coefficient of 4w will be:
[dIm{G( jw)}]
do g

[ Re {G(jw)} ]wo
and since [Im{G(jw)}]w(,:O, this quotient equals

[ d arg ‘;{a()?(jw)} ]mo

Variations in frequency, caused by some disturbance, will therefore be
smaller when the argument of G(jw) changes more rapidly with w.

If the frequency-selective network consists of a parallel resonant circuit,
we can write:

0= T o8

The argument equals —Qf=—2QAw/we, so that the change in
has the value 2Q/wo, which is proportional to the quality factor of the
resonant circuit.

Some components combine an inherent high stability with a very high
value of d(arg)/dw. Suitably cut quartz crystals with electrodes mounted on
either side are an example. By inserting such a crystal instead of a conven-
tional LC-resonant circuit in an oscillator, particularly constant frequen-
cies will result.

The fundamental resonant frequency of these crystals can be from
a few kefs to 100 Mc/s. Quality factors of 3 - 104 and more are quite
usual. Mounting the crystal in a vacuum enclosure offers values of
around 108, The temperature coefficient is dependent upon the axis
across which the mechanical resonance is developed and depends in
practice on the faces of the crystal which are used as electrodes. Depend-
ing on this axis the temperature coefficient will vary from zero to approx.
5 - 105 per °C over a rather wide temperature range. By placing a quartz
crystal with a small temperature coefficient in a thermostatically controlled
oven, it is possible to achieve a frequency stability of the order of
magnitude 10-9-10-8 over periods of hours, and 10-8-10-7 over still
longer times.
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It is sometimes a requirement that the frequency of the oscillator be freely
variable over a wide range, e.g. in an LC-circuit by adjusting a variable
capacitor. Quartz crystals obviously cannot be used for this purpose. We
then have to return to variable LC-or RC-circuits which give a much smaller
change of phase with frequency, especially the latter. However, it follows

from the above that frequency stability can be improved by reducing the -

real part of G(jw). This can be achieved by using bridge circuits. Oscillators
using this principle are usually called Meacham oscillators, after the proto-
type by Meacham in 1938. Fig. 37-18 shows its frequency-determining
network. Transformers can be avoided by using a difference amplifier, as
shown in Fig. 37-19.
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We can write for the impedance of the circuit:
R
z— %o
1 +jQof
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o wo 1 R,
where =-— ——, wp=—— and e
ﬂ o P 0 ’\/L Qo wol
Therefore:
Ry R3

141 ¢ and g

= - v = — 10

Ri1 + Rp -+ jR1Qof Rs + R

In Fig. 37-20, v and v are shown in the complex plane. This shows that
the phase of v1—v2 changes much more strongly than that of v1, the more
as g is closer to v1(f=0). By making Rz an NTC-resistor and making the
loop gain large, we can force vz very close to v1(f=0). We thus achieve a very
good frequency stability, even when the selectivity of v1(f), and hence of the
resonant network, is small. ,

An example of an RC-circuit which can replace the bridge circuit of Fig.
37-18 is the Wien bridge dating from about 1890 (Fig. 37-21). With equal
resistors and capacitors in the frequency-dependent left-hand branch, we
find:

v %0 and 1
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\SD(%) v niB=0) Real R c R,
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Fig. 37-20 Fig. 37-21

This makes the effective quality factor 4. If we now make R; an NTC-
resistor, its value will adjust itself to approx. 2R» when the loop gain is
sufficiently large. This not only gives a high effective quality factor of the
bridge voltage v1—3, but the amplitude of the signal will also be constant.

Fig. 37-22 shows the circuit of a Wien bridge variable oscillator for
very low frequencies. The lowest frequency reached is about 0.1 cfs for
the capacitor values indicated.

In order to avoid less constant phase-shift in the amplifier, the latter
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is direct coupled. A simple calculation shows that a phase change of
Ag in the amplifier produces a relative frequency change of about
Agp[5A4, where A is the amplification of the amplifier without feedback.
The zero levels of both input and output terminals are adjusted by
means of potentiometers P; and Ps. The NTC-resistor must have a
large thermal time constant so that its resistance value does not follow
the instantaneous signal amplitude, even at the lowest frequency. This
value is about 3 k2 in the equilibrium state. The differential resistance
is then negative and differs little from 1.5 k€2 so that the voltage across
the NTC-resistor together with the fixed 1.5 k£2 resistor is less sensitive
to changes.

When using moderately stabilized supply voltages, a frequency and
amplitude stability of approx. 0.1 per cent can be obtained with this
type of oscillator.

Apart from amplitude and frequency stability, the distortion of the output
signal is also an important measure of an oscillator’s quality. With “linear”
oscillators having an integrating limiter we obtain exclusively, apart from a
possible amplitude modulation caused by the inertia of this adjustment, dis-
tortion due to the non-linear characteristics of the active elements. For example

—O +300V

o-170V
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assuming that the loop gain in the circuit of Fig. 37-1 has been adjusted in
this manner, the distortion of the anode current will be determined by the
value of the grid signal, and under conditions of normal drive this amounts
to no more than a few per cent. However, harmonics are strongly reduced
in the anode and grid voltages: Qof times which approximately equals nQp
for the n-th harmonic. When good resonant circuits are used, this distortion
thus need not exceed 0.01 per cent.

If we now satisfy the oscillation condition in this circuit by applying grid
current detection (Fig. 37-7), the anode current will consist of small peaks,
in which the harmonics are as strongly represented as the fundamental. In this
case, distortion is solely determined by the quality of the resonant circuit.
The total distortion in the output signal is then approximately a fraction 1/Qp
of the oscillation signal. In the circuit of fig. 37-16 instantaneous limiting
with a balanced stage has been applied; the distortion of the output signal
will be determined by the extent to which the two filters reduce the distortion
in the squared waveform. As mentioned, a total distortion of approx. 105
can be achieved in this way.

We should finally note that most oscillator circuits only allow relatively
small loads, a separate output amplifier is often needed if more power
is required. We can reduce the effect of the distortion which could occur in
this case by means of feedback. We thus actually obtain a stabilized power
supply, with an a.c. instead of a d.c. voltage as reference. In the case of non-
linear loads, we should always use such an isolation stage or circuit.

Fig. 37-23 shows the circuit of this type of output amplifier, capable
of supplying an output voltage of about 50 Vrms. Part of the output
voltage v, is compared to the reference voltage vrer of approx. 10 Vems.
Calculations have shown that the difference amplifier which must be
used for this purpose, ought to have a rejection factor of at least 104 in
order to limit its contribution to distortion to 0.01 per cent. The final
stage consists of a single-ended push-pull circuit with an output imped-
ance of about 1000 £2. This is reduced to about 0.5 £ by feedback. The
adjustment of this stage is automatically maintained by means of d.c.
voltage feedback. When using the output signal of the circuit of Fig.
37-16 as reference voltage, we can thus obtain an Lf. oscillator of the
following specification:
output voltage 40-60 V;
maximum power: 2 watts;
distortion in the output voltage by a non-linear load, which takes a
distortion current of 8 mA, i.e. 20 per cent of the maximum contin-
uous current, is smaller than 0.01 per cent;
maximum permissible current 120 mA;
variation of the output voltage over a period of hours < 0.03 per cent;
internal resistance < 0.7 Q.
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The simplest h.f. oscillator circuits such as used in radio technique,
consist of one valve or transistor and usually one and sometimes two resonant
circuits. The anode and grid circuits are coupled together, while the cathode
is earthed so that we have the general group of basic circuits shown in
Fig. 37-24. A simple calculation shows the requirements which Z;, Z; and Z3
must satisfy to ensure oscillation in this type of circuit. Neglecting the effect
of the anode voltage on the valve current, we can write, with i= Sv,:

= Z3 e Z3 ] Z(Zz + Zs) _ — 2SS ”
' Ze+ Zs Zo+Zs Zh+Ze+2Zs Zi+Z2+ Zs *
so that:
2Zs
2+ Zs + Zs

This implies that the argument of Z1Z3/(Z1+Z:+ Z3) must be 180°.
Restricting ourselves to impedances consisting of passive elements which,
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due to the positive energy consumption, have a positive real part, only two
combinations are possible: Z; and Zs in the first quadrant of the complex
plane (inductive) and Zz in the fourth quadrant (capacitive) (centre of
Fig. 37-24), or, the other way round, Z; and Z3 capacitive and Z, inductive
(right-hand side of Fig. 37-24).

Fig. 37-25 shows three possible basic circuits, which are known in the
literature as Hartley, Colpitts and tuned anode - tuned grid oscillators
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respectively. The feedback capacitor of the Colpitts oscillator must be made
large enough for Z; to remain inductive. The resonant circuits in the right-
hand circuit must be inductive, so that the oscillation frequency will be
lower than the resonant frequencies of the circuits. The term tuned anode —
tuned grid oscillator is misleading in so far one might conclude that both
resonant circuits should be tuned to the oscillation frequency.

From the above follows how it is possible for -an amplifier stage
where anode and grid are decoupled by large capacitances (Fig. 37-26) to
oscillate at high frequencies. The inductances of cables and even those
of internal connections cannot be neglected at very high frequencies.
This results in the situation shown in the centre of Fig. 37-26. C1 and C2
are effectively short-circuits at these high frequencies, so that the circuit
is now reduced to that on the right-hand side of Fig. 37-26, i.e. the
tuned anode — tuned grid circuit. Oscillation can be prevented by making
the grid circuit have a poor quality factor, and this is accomplished by
inserting a resistor of 100-1000 £2 (“grid-stopper™) in the grid lead.

“Parasitic” oscillation can quite easily escape our notice, particularly

‘in low frequency circuits where the measuring equipment used is not
intended to show h.f. phenomena. However, the d.c. levels are usually
seriously disturbed by h.f. oscillation. Thus if the d.c. potentialsina
circuit deviate considerably from the theoretical values, and this cannot
be explained by accidental short- or open-circuit or incorrect component
values, it is a good rule to check the possibility of h.f. oscillation.

LC-oscillators are difficult to implement at low frequencies because of the
high values of inductance; in this case the use of selective RC-circuits is to
be preferred.

We have seen that their inherent low Q can be increased by using a bridge
circuit. We can then obtain similar circuits to those of the Wien bridge
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oscillator of Fig. 37-22. The use of an integrating limiter in these oscillators,
combined with a relatively large time constant, allows one to keep the distor-
tion extremely small. This “linear” operation becomes essential when a bridge
circuit is not used and a reasonably sinusoidal waveform is required, because
distortion is hardly reduced by the selective network. Phase shift oscillators
(Fig. 37-27) belong to this class of simple RC-oscillators. If the resistors of
the RC-circuit are very much higher than the anode resistor R,, the grid-
anode amplification will be real and negative, so that the loop gain will be
real and positive for the frequency at which the RC-circuit gives a phase shift
of 180° in the transfer from anode back to grid. If the amplification of the
valve more than compensates for the attenuation of the filter, the circuit
will oscillate at this frequency. Limiting can be effected by using an NTC-
resistor for all or part of the anode resistance. '

&
i

Fig. 37-27
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Because of the loading by the RC-circuit, the amplification from grid to
anode will not be real, and the phase shift in the circuit will be correspondingly
changed. Both this load and that of the RC-filter can be minimized by
isolation with cathode followers or amplification stages.

Apart from the chosen example, we can also use other RC-circuits con-
sisting of three or more sections. The required amplification as well as the
attenyation of the harmonic components may differ quite considerably in
these cases.

We can illustrate this by calculating the transfer of the circuit used in
Fig. 37-27. Putting X=1/jwC we can write:

” R3 Va
= va=
97 RS + 6RX + SRX? + X° (1 5) .(6 1 )

where T=RC.



346 OSCILLATION [37

1 1
Therefore wp follows from 6 ————=0 or wg= .
wo?7?2 74/6

The attenuation at this frequency has the value 1—5/wo272=—29, When
Ra < R, the valve must amplify at least 29 times.

If the sections did not load each other, each would have to give a phase-
shift of 60°, which will be the case at a frequency wo=1/7 1/3. The reduction
per section is then 2, and in total 8 times.

With a practical design (Fig. 37-28), the sections load each other only
very little, and an amplification of approx. 12 is necessary. Using a
miniature NTC-resistor of 100 k2 at room temperature, the output
voltage was about 8 volts, and the second and third harmonic contents
were both approx. 0.03 per cent. The total content of the remaining
harmonics was less than 5 - 10-5,
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The use of transistors instead of valves does not result in any essential
change. With low-frequency transistorized RC-oscillators, it is difficult to
make the impedance level of the selective network low, and special precau-
tions are sometimes required to make the loading of the transistors sufficiently
small.

With the oscillators discussed in this section, the sinusoidal voltages were
produced as the “natural” solutions of systems, which satisfy to a very good
approximation the second-order differential equation:

+ d2x
X —_— =
de?

It is, however, also possible to derive sinusoidal signals more or less
accurately from other signal forms. For example, we shall discuss in Section 42
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a circuit with which a sinusoidal voltage can be derived from a sym-
metrical triangular waveform. With such an artificial method, we shall be
able to avoid the transient phenomena. The latter generally occur with
ordinary oscillators: an impulse disturbance gives rise to natural vibrations
which need many cycles to damp out because of the good quality of the
frequency-determining network. This can be a troublesome property, par-
ticularly at low frequencies. The beét-frequency oscillator is an in-between
in this respect. Use is made here of the fact that the product of two sinusoidal
voltages with frequencies f1 and fz is the sum of two sinusoidal voltages with
frequencies f1—f2 and f1+ f2 respectively. By using a low-pass filter we can
ensure that only the signal with the difference frequency remains. The usual
practice is to keep one of the frequencies constant and to vary the other one.
1t is thus theoretically possible to obtain signals of very low frequencies. A
disadvantage is that a relatively small change in either f; or fz produces a large
relative change in the difference frequency. We are therefore forced to
resort to one of the more artificial solutions, as will be discussed in Section 42.



38. Stability criteria

When discussing oscillation we assumed that an oscillator would “build-
up” if for small signals the modulus of the loop gain Ak is larger than 1
and the phase has the correct sign, and then, due to some kind of limiting
action, that it would finally oscillate with a constant amplitude at frequency
wo. For wo is valid: 1+ 4(jwo)k(jwo)~0. We shall discuss in this section the
behaviour of feedback systems. We shall consider the phenomena which
occur when oscillators “build-up” and also how the stability of an amplifier
can be judged.

o«
-
A\
o<

Let us once again consider the feedback system of Fig. 38-1, where 4 and k
are, in general, quotients of polynomials in the operator p:=d/ds

_P0) R(p)
A =op ™ =5,
so that we can write for the amplification:
% AP _ PE)S() _T®)

- = = 38.1
w " T AQKD) | 0PSp) +PORG -~ Np) D

The build-up of an oscillator has its origin in the fact that in the linear
range (i.e. with small signals) modes with increasing amplitude can be
produced. This means that such a solution exists for vy in the differential
equation which corresponds to (38.1):

¥(&) = =(5)
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for v5=0, and therefore with the right-hand term equal to zero.

d
The solution of the linear differential equation N (d_t) 20=0

. ¥
is: Vo= . cxe?

where ¢;...cn are constants and p; ... py the roots of the n-th degree
equation N(p)=0.

For a mode of increasing amplitude to occur, at least one of these
roots must have a positive real part. Solving an n-th order equation with
complex roots is usually extremely complicated for n > 4. Hurwitz (1895)
derived the conditions which the coefficients of a higher-power equation
must satisfy so that none of the roots possesses a positive real part.

For N(p)=as+aip+azp?+ ... +anp®=0, where ap>0, must then apply:

01(100 0
ai a @100 as az a1 a
1 4o 3 @2 Ul 4o
a =0 20, |azaza1 | 20, 0
as az a5 a4 4as az
asasas
a7de as as

etc, where ax=0 for k>n.

Example: The equation p* + 7p® 4+ 19p% 4 23p + 10 = 0 has no
roots with a positive real part:

ai ap 0 310 O
a1 = 23; (9190 _ 23:2 = 367; las az a1 = I71923
s a2 asasas] |0 1 7

Polynomials satisfying these conditions are called Hurwitz polynomials,
and play an important part in circuit theory, because the numerator and
denominator of an impedance always consist of such polynomials. In practice,
the usefulness of applying Hurwitz criteria is rather restricted, particularly
because it is impossible to indicate in the case of a stable system how far
removed it is from instability.

In 1932 Nyquist derived a criterion for feedback systems which is extremely
suitable in practical application, because it establishes a relation between the
behaviour of the system and the easily measured loop gain A4k. This criterion
has been derived by using some properties of functions of a complex variable,
which we shall therefore consider first.

If F(z) is a polynomial in the complex variable z, we can write:
Fo)=Mz—21)... (z— za)
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Fig. 38-2

where 4 is a constant and z; . . . z, the roots of F(z)=0. We shall restrict
ourselves to the case that F(z) only possesses single roots, because the presence
of multiple roots does not make any difference to the conclusions.

When the locus of z is a closed curve in the complex plane which does not
enclose any of the zeros z1 ...z, of F(z), left-hand side of Fig. 38-2, the
arguments of the terms (z—z1) . .. (z—2zx) . . . (z—2zy) will vary, but resume
their original values on the return, of z to the starting point. In this case the
argument of F(z) will be unchanged after a closed excursion of z, which
means that the origin 0 must lie outside the area enclosed by the corres-
ponding curve F(z), right-hand side of Fig. 38-2. The situation is entirely
different when the z-curve encloses one or more zero-points of F(z). For
example, if this is the case for zi, the argument of (z—z;) after a closed
excursion of z will have increased or decreased by 27, depending on the
direction of travel (Fig. 38-3).

Imag. Imag.
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Fig. 38-3
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If there are m zero-points of F(z) in the area enclosed by the z-curve, and
this area is a single enclosed non-intersecting self-area, the argument of
F(z) will be changed by 2zm after a closed excursion of F(z). This implies
that the F(z)-curve will enclose the origin m times.

We should note here that the enclosure of the origin by the F(z)-curve
occurs in the same sense as the enclosure of the zero-points by the z-curve.
This follows from the fact that the argument of F(z) equals the sum of the
arguments of (z—z1) ... (z—z,) and that the sign of a possible change 2~
in the arguments of these terms is exclusively determined by the direction
of travel of z.

If we now take the right-hand half-plane for.the inner area of the z-curve,
the number of times that F(z) encloses the origin corresponds to the number
of zero-points of F(z) which lie in the right-hand half-plane. In this case, we
take the z-curve which is indicated in Fig. 38-4: from the origin along the
imaginary axis to +joo, from +joo along the semi-circle |z]=oco to —joo,
and from there along the imaginary axis back to the origin. The right-hand
half-plane lies therefore on the right of this loop, so that the inner area
of the F(z)-curve also lies on the right of this curve.

Let us apply the above to the function N(p) from (38.1) by letting p=a +jow
enclose the right-hand half-plane in a clockwise sense. If the N(p)-curve
now encloses the origin in a clockwise sense, N(p) will possess roots with a
positive real part, which would mean that the system will oscillate.
However, it follows from (38.1):

N(p) = Q(P)S(p) {1 + A(P)k(p) }

and since both 4 and k are each assumed to be stable circuits, the de-
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nominators Q(p) and S(p) of A(p) and k(p) will only possess zero-points in
the left-hand half-plane. The possible zero-points of N(p) in the right-hand
halfplane will therefore coincide with those of 1+ A(p)k(p). We can there-
fore restrict ourselves to examining the behaviour of this expression. If p
on the periphery of the right-hand half plane follows the part 0 to +joo
of the imaginary axis, 1+ A(p)k(p) will be identical with 1+ A(jw)k(jw),
where 0 € w < oo.

It follows from the fact that Ak is stable, that A(p)k(p) is finite for all
values of p, therefore also for | p|—oco. Thus the highest power of p in the
numerator of A(p)k(p) cannot be higher than that in the denominator, so
that A(p)k(p) will in any case be real for [ p]—»oo, namely the ratio of the
coefficients of the highest powers in numerator and denominator, if these
are equal, or otherwise zero. The semi-circle | p|=oo therefore changes to
a single point on the real axis.

It follows from the fact that the real part R(w) of A(jw)k(jw) only contains
even powers of w and the imaginary part () exclusively odd powers, that
A(—jo)k(—jw)=R(w)—jKw), so that the function A(—jw)k(—jw) for
—oco<w<0 is the mirror-image of the function for 0< w <oo with respect
to the real axis.

The Nyquist diagram gives the path of A(p)k(p) instead of 1+ A(p)k(p),
which means that the central point is not the origin but point (—1,0). We
can therefore state:

If in a feedback system the open loop gain Ak is stable, the closed system
will oscillate if the Nyquist diagram, i.e. A(jw)k(jw) for —co<w < 400,
encloses the point (—1,0) on its right. Figs 38-5, -6 and -7 give a few examples
of Nyquist diagrams. In future we shall only indicate part 0<w < +oo.

The Nyquist diagram is easy to determine in practice, because it is simply
a polar representation of the frequency characteristic of loop gain Ak. A great
advantage of the Nyquist diagram is that it supplies clear indication con-
cerning the nature of the stability of a non-oscillating system. For example,
the Nyquist diagram of Fig. 38-5 shows that the system does not os-
ciflate but that it will start oscillating when the total amplification increases
slightly for one reason or another. This may happen when replacing a valve
or transistor, but also if, due to the curvature of a valve characteristic, the
mean slope increases when the valve is driven by relatively large signals.
In the case of Fig. 38-7, we also have a stable situation, but here the system
will begin to oscillate when the amplification decreases sufficiently to bring
point (—1,0) within the loop. This may occur when the valves have aged,
reducing their slope. Furthermore, such a system has the danger that during
the build-up period the amplitude of the natural modes is sufficiently
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large for the loop gain to be reduced because of limiting so that point
(—1,0) remains within the loop and oscillation continues.

We distinguish in this respect between the following definitions for feed-
back systems:
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a. stable: this is the case when the system will not begin to oscillate under
any circumstances which can occur under normal changes in conditions;

b. conditionally stable: when the system is normally stable, but can oscillate
under specific operational circumstances;

c. unstable: any system which oscillates, intentionally or otherwise.

The following example shows that relatively small changes in a circuit

can have considerable effect on its stability. The gain of the amplifier stage

in Fig. 38-8 is:

Vo _ AO
vs 1+ joRC

where Ay is the d.c. amplification and R the internal resistance of output
when capacitor C is absent.
The polar diagram for this is shown on the left-hand side of Fig. 38-9.
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Fig. 38-9
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In the case of four similar stages in cascade, the diagram of the total
amplification will be as shown on the right-hand side. It follows that the
system will begin to oscillate when the output is fed back to the input and
Ao is larger than a certain minimum value. The operation of the phase-shift
oscillator is based on this principle.

Now taking the circuit of Fig. 38-10 instead of that of Fig. 38-8, where a
resistor r, which is small compared to R, is connected in series to capacitor C,
we find for the stages’ amplification:

P _ 4, LT dem

Vs 1 + jwts
where 7 =rC and 72=(r+R)C.
The polar diagram of this circuit is shown in Fig. 38-11 (left-hand side).
For four cascade-coupled stages a diagram which shows an entirely different
form is obtained, right-hand side of Fig. 38-11. At a small value of r/R it
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depends on amplification 4o whether point (—1,0) will be enclosed @.
This is no longer possible at larger values of r/R, even with large values of
Ao (II), which shows that feedback may be applied to this type of amplifier
without any risk of oscillation.

The maximum phase-shift given by a single stage follows from the
diagram on the left-hand side of Fig. 38-11: sin ¢ = 1/(1 + 2a), where
a = r/R. Oscillation can no longer occur with four stages if @ is smaller
than 45°, or if a remains larger than 0.2. In the case of three sections,
this becomes ¢ < 60°, therefore a > 0.07.

The open loop gain can be measured by interrupting the feedback loop
(Fig. 38-12) and measuring the amplification between “input” AB and “out-
put” 4’B’. Care should be taken to terminate this output in the same way
as when the loop is closed, i.e. impedance Z,5 between points 4 and B of
the open system must be inserted between 4’ and B’. Dependent on the
point where the loop is interrupted, Z4» can be very large (input of a valve
amplifier) or very small (e.g. the feedback resistor r when the interruption
takes place at CD). ' 7 A o

We must determine both the amplitude and the phase of the open loop
gain. A detailed discussion of this will be found in Section 40. Another
method consists of determining in the amplified signal both the value of the
component in phase with the input and that of the component shifted by
90°. This, too, will be discussed in Section 40.

B’
Fig. 38-12

39. Relaxation circuits

Having concluded the discussion on the various problems encountered in
linear amplification, we shall now consider the various operational circuits.
For these circuits as well as for signal sources, not only is there a need for
generators of sinusoidal voltages but also for sources which can produce
other signals which are or are not periodically repeated, such as step func-
tions, square waves and sawtooth waveforms. Since many of these wave-
forms can be obtained by means of “relaxation circuits”, we shall discuss
these first. Because of their application in digital electronic computing
techniques, an extensive literature exists on this subject. We shall therefore
restrict ourselves to a discussion of the principles and of the most important
aspects for use in analogue measurement circuits.

Let us first consider the difference stage of Fig. 39-1, where Ry, is supposed
to be very large, which contains two basically identical valves and in which
the anode of the left-hand valve I is connected to the grid of the right-hand
valve I1 by means of capacitor C. This connection provides very strong
positive feedback to the circuit and there will be an unstable position when
both valves pass the same current. When the current through valve I is
decreased for one reason or another, e.g. noise perturbation, the anode
voltage V4, will rise and consequently also grid voltage Vg2 via the capacitor.
The current through valve 1I is therefore increased and because the total
current passing through both valves remains constant, the current through
valve I will further decrease. If the loop gain exceeds unity, this process
will continue until all the current is passed by valve IT and valve I is cut
off. Grid voltage Ve is then positive with respect to earth. However,
this situation is not stable because voltage V2 will drop exponentially to
zero with a time constant C(Rq1+R;). As soon as this voltage has become
small enough for valve I once again to pass current, the above process will
be repeated, but this time in the opposite sense: Vg decreases, as well as
Ve, and the current through valve I will increase by cathode coupling
until valve I is cut off. ¥,z is then negative with respect to earth. However,
this again is not a stable situation because after Vg2 has become sufficiently
small, the right-hand valve will again conduct and the cycle will be repeated.
If we neglect the effect of all stray capacitances, voltages Vi1 and Ve
will therefore behave as indicated in the lower part of Fig. 39-1, where
Rj is the parallel combination of Ra1 and Ry, and Iy~ V_/Rg. This circuit is
known as the cathode-coupled multivibrator and produces a periodic non-
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.

Fig. 39-1

sinusoidal output. The first half-cycle of the latter is determined by the time
required for the decay of the charge of a capacitor. We should note that,
theoretically, the time constants of the positive and negative portions of
Vg2 are not equal. C(Rg+ Ra1) determines the time constant for the positive
partand C(Ry+ Ra1//ra) for the negative part, where r, is the anode resistance
of conducting valve I. However, in this case this resistance is very much
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larger than Rga1, because of the use of a large cathode resistance Ry. Its
effect is therefore negligible.

With the circuits discussed in this section, the active components are
used as switches and the capacitors are usually discharged through
resistance circuits. It is relatively easy to calculate the waveforms at
the various points in the circuit when only one capacitor is present,
neglecting stray capacitances. We only have to remember that the
ultimate potential of a circuit point will equal the potential it would
acquire if there were no capacitors present, and that this situation is
reached at an exponential rate with a time constant which equals the
product of the relevant capacitance and the internal resistance of the
circuit between the points across which the capacitor is connected. For
example, let us consider the circuit of Fig. 39-2 and see what happens
when current I is switched off. The voltage jumps at points a and b will
be I:RiRz/(R1 + R2). Subsequently, the charging current of the
capacitor produces a change in potential at points a and b at an expo-
nential rate with a time constant C(R1 + Rz) and final voltages of
¥V and zero respectively. We shall later refer to the more complicated
calculations which are necessary when stray capacitances are present
and taken into account.

____________ Ve
A T RR IRy
! Ry
Ry Ry
G K IIRsz
B 0
—_t
Fig. 39-2

We shall now first consider the similarities existing between such a multi-
vibrator circuit and a conventional oscillator. We have seen that there is a
difference in operation between certain types of oscillator circuits. One group
had such a highly selective network that the remainder of the circuit could
have a strong non-linear behaviour. The network of Fig. 37-1 is an example,
where the anode current may consist of short current pulses in which the
amplitude of the harmonicsis approximately equal to that of the fundamental.
The great selectivity of the resonant circuit removes these harmonics effec-
tively, so that the voltage across the resonant circuitis almost purely sinusoidal.
Astheselectivity of the resonant circuit decreases, less distortion can be allowed
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in the remainder of the circuit in order to obtain a purely sinusoidal signal.
In oscillators with RC-networks as frequency-determining elements we
therefore preferably use a linear amplifier. Although the relation between
amplification and amplitude is non-linear, as required for an oscillator, the
amplification is controlled by a component which behaves — measured over
a short time - as a linear element, namely the NTC-resistor or filament lamp.

Fig. 39-3

If an active filter is used (Fig. 39-3) and we make the feedback so strong by
means of R; that oscillation occurs, an impure sinusoidal waveform results
because of the relatively small selectivity of the circuit (Q < 0.5). Assuming
we make R; zero, the feedback is so strong that valve I opens and closes
abruptly and the pulsed current will give rise to a waveform Vs that
has a conmsiderable deviation from a sinusoidal form. In a square wave,
the amplitude of the third harmonic is one third of the amplitude of the fun-

damental, whilst the selective attenuation of the filter (V' 1+ Q282, where
Q < 0.5 and #=28/3) will not be more than 1.6. This attenuation can be made
still smaller by degrading the quality of the resonant circuit. As we have seen
in Section 33, we can achieve this by making coupling capacitor C much
greater than C; and C:. However, in this case we obtain the multi-
vibrator circuit of Fig. 39-1.

Before considering circuit variations and improvements for the multi-
vibrator, we shall first discuss the other two basic circuits. This will give us
an idea of the possibilities offered by relaxation circuits.

If we disturb the symmetry of the circuit of Fig. 39-1, for example by
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making the grid voltage of valve I about 10 volts more positive than that of
valve II (Fig. 39-4), the circuit will be stable, in contrast to the multivibrator.
In this situation valve I carries all the current and valve II is cut off. If
we now make grid g, sufficiently more negative for a short period, so that
part of the current is transferred to valve II, the circuit will behave like a
multivibrator: valve II will carry all the current and valve I will be cut off.
However, this is not a stable situation, and after a certain time has passed,
proportional to time constant C(Rq+ Ry), the circuit will return to the original
stable situation. The latter will be maintained as long as no fresh negative
initiating pulse is injected on the left-hand grid. This circuit with only one
stable state is known as the monostable trigger, univibrator or one-shot
multivibrator. It is chiefly used because of its feature of producing a pulse
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Fig. 39-4
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of fixed width. By using the trailing edge of this pulse for triggering a follow-
ing circuit, a delay of time constant v is obtained. Other applications use
the property that valve II passes a fixed charge per pulse. We can obtain a
voltage which is proportional to the number of trigger pulses received, by
feeding these constant charge pulses to a capacitor.

If we bridge capacitor C in the circuit of Fig. 39-4 with a resistor R, whose
value has been selected so that the grid of valve II will just reach earth
potential in the stable state when valve I is conductive (Fig. 39-5), this will
not cause any change in the stable state. However, when forcing the circuit
to the other state by means of a negative pulse, the voltage of the right-hand
grid will no longer leak away to earth but to the voltage which is determined
by the voltage division of R,, R and R, and which is about 23 volts above
earth. Valve I will therefore not take over the current, and the new state
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Fig. 39-5
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will also be stable. If it is desirable to return to the original state, one way
of achieving this is by means of a sufficiently large positive pulse on the
left-hand grid. This circuit therefore features two stable states and is known
as the “Schmitt trigger” or “bistable trigger”.

7]
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Fig. 39-6

The Z-shaped characteristic of Fig. 39-6 is typical for this type of circuit. It
shows the relation between the d.c. voltage levels of two corresponding points,
in Fig. 39-6 the grid voltage V2 against V1. Two stable states are possible in
a certain voltage range of ¥y (here between O and 23 volts). In which of
the two states the circuit is at a given moment is determined by the direction
from which this range is approached. True enough, there is also a state of
equilibrium on the diagonal, but this is unstable. All applications of the
Schmitt trigger, which we shall discuss later, are based on this hysteresis
phenomenon.

Having described the operation of the three basic circuits, we shall discuss
the circuit variations for each of them in greater detail, as well as their
respective properties.

The original multivibrator circuit by Abraham and Bloch (1919) is sym-
metrical in design, and the cathodes are directly connected to earth
(Fig. 39-7). The latter feature results in the first place in the fact that the
voltages across both grids cannot exceed approximately earth potential.
For as soon as one of the grids becomes positive with respect to earth, the
current drawn by the grid will charge the capacitor. Also, since the grid-
cathode diode of most valves has a resistance not exceeding a few kilo-ohms,
resistors Ry1 and Ry2 are then effectively shorted out. The time constants
for the positive parts of the grid signals will thus be considerably smaller
than those of the negative parts. Moreover, because of this positive grid
signal, an additional negative pulse will occur in the voltage of the cor-
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responding anode as well as on the other grid (middle and lower part of
Fig. 39-7, where the anode resistances are assumed to be small with respect
to the grid resistances.) The cycle of the multivibrator is determined by
the duration of the two negative parts, therefore by time constants
C1 (Ry2+Ra1/[ra1) and Ca(Rg1+ Raz/[raz), where rq1 and rgs are the inter-
nalresistances of the conducting valves, as well as by the ratio of the voltages on
the anodes and the grid swings of the valves. In contrast to the circuit with
a large common cathode resistor, where the current through the conducting
valve and hence the anode voltage waveforms is precisely defined, this is
far from true here. In the conducting state, the current is determined by the
valve characteristic at Va0, and large differences in behaviour can occur
for different specimens of the same type. Since the time constants are also
dependent on the internal resistance of the valves (which is not magnified
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in this case), the frequency stability of this type of multivibrator is rather
poor.

Although the circuit of Fig. 39-1 has stable waveforms and stable time
constants, the frequency can still show quite considerable fluctuations. This is
due to the fact that the slope of grid voltage V2 is not very steep at the change-
over points, with the result that these points will not be firmly fixed in time.
Changes in supply and heater voltages have thus a rather large effect on the
frequency of the multivibrator. This can be improved by ensuring that the
slope of the grid voltages at the change-over points is steeper. For example,
we can achieve this with the symmetrical circuit of Fig. 39-7 by connecting
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Fig. 39-8

the grid resistors to the positive supply rail, not to earth (Fig. 39-8). The
resistors must then be so large that, in the conducting state of the valve, the
grid current drawn is limited to a permitted value: i;~V,/Ry.

Since this makes the cycle shorter, the improvement is only effective
for certain relations between the voltages. Using the symbols of Fig. 39-8
(lower part) the change AT in time T because of a change in level
AV will be AT = tAV/V where 7 is the relevant RC time constant. This
gives for Voe~T/T = V:AT/T = AV|V - In (Vo[V), so that for a certain
change AV and a given Vo, the relative change in T will be inversely
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proportional to the product —x In x, if x — ViVo. With0 <« x < 1
this function has a maximum for x = e1 = 0.37 with the value 0.37,
but the function’s value will only be reduced to half of this at x ~ 0,07
and x ~ 0.8 x should thus preferably have a value of between 0.3 and 0.5.

>

This improvement is also possible with the asymmetrical circuit of Fig. 39-1
by making use of the voltage waveform on the right-hand anode as. This
gives the circuit of Fig. 39-9, where grid resistor R, is connected to a point
H which is decoupled to a2 by means of a large capacitor and thus has the
same voltage changes.
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A second improvement can be obtained by using the circuit of Fig. 39-10
instead of a single RC-circuit. We have shown this same circuit in a previous
section as the simplest illustration of the principle of “adding what is
lacking”. In the case of a step function asinput signal, the voltage at B will
have an almost exponential waveform, but the voltage at A4 will remain
approximately constant for quite a time, and will then drop rapidly. With
a triple circuit, the ratio of the flat to the sloping portion will be still larger.
The application of such networks in multivibrator circuits is therefore one
way of considerably improving frequency stability.

A jL"‘
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Fig. 39-10

We can also make use of the fact that the position of the change-over
points in the circuits of Figs 39-1 and -7 can be easily influenced by “syn-
chronizing” the frequency of a multivibrator with that of another periodic
signal. By synchronizing is meant that the cycle of a multivibrator will be a
whole number of times greater than that of the synchronization signal. This
number should not usually exceed 20 in practice, with a view to stability
of performance. The synchronizing signal can be applied to the left-hand grid
of the circuit of Fig. 39-1, which gives us Fig. 39-11.

Assuming that the circuit of Fig. 39-11 changes over at V= Vo (Fig.
39-12), this change will occur during the k-th period if Ve is still greater
than 4 at the (k—1)th peak and drops during the next cycle to below this
value. The limiting cases then correspond to curves I and II. Although
the starting points differ by a full cycle, this difference is much less for the
points of intersection with V.

For the time difference 4 between the points of intersection of I and IT
with the k-th period of V1 applies: e~T/7 = cos ¢, where ¢ = 2rA/T.
With the usual small values of 7/z this gives 1 — 7/t ~ 1 — g2 or
AT ~ V2Tjt[2n. With Tjr = 0.2 this becomes A/T ~ 0.1,

The value 1 has been given to 7/ in the figure for the sake of clarity.
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Fig. 39-12

As the same applies to negative signals, the starting points of the next
cycles of I and IT will be much closer together. This results, after a few cycles,
in the switching-over point always occurring at the same point of the sinus-
oidal voltage V1, provided other conditions remain unchanged. Which
point this will be is determined by E/A4 and t/T. A division by the odd
number 2n+ 1 will occur in the idealized case of Fig. 39-12 when:
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or: 2n— 1 < foynelfo < 2n+1

where fsyne is the frequency of the oscillator and fj the constant (27lnE/A4)1.

Slightly different numerical relations are obtained in practical circuits
because the assumption that there is an abrupt and complete take-over of
the current for Vg1 = Ve is strictly not true. There is, however, no qualitative

difference, i.e.:

a. ata given value of E/4, the factor by which v will be divided will shift
in value at certain frequencies; division by even numbers will also occur
over small frequency bands because of asymmetries;

b. the circuit will show its lowest stability in the immediate proximity of
these limiting frequencies;

c. because of considerations of stability, the exponential fall should prefer-
ably be not less than 15-20 per cent per cycle, therefore 7/7<5. Since
In E/A can be made hardly larger than 2.5-3, this means a maximum value

. of the denominator of 20-30.

In the circuit of Fig. 39-11, fo is approx. 500 c¢/s, so that the frequencies
at which the denominator alters will lie at a separation of approx.
1000 c/s. Because of asymmetry, it can be expected that division by even
numbers will occur over frequency widths of approx. 100 c/s.

Itisrequired in many applications that the waveform available very closely
approximates to the ideal square wave. The waveforms of multivibrators
show two shortcomings in this respect: 1) the pulses deviate from the
rectangular form, and 2) there is a difference in width between the positive
and the negative going pulses.

For point one, we can state that the rise and fall times of the waveform
are determined by the speed at which the voltage at a given point can change,
i.e. at given current and resistance values by the capacitance of that point
to its surrounding. This implies that the parasitic capacitances will also
determine the maximum speed. Comparing the circuits of Figs 39-1 and -7,
we see in the former that for both anode signals these consist exclusively of
stray wiring capacitances and the valve’s inter-electrode capacitances,
magnified by the Miller effect. One method to reduce the latter is to use
pentodes. Because there is no need to connect the right-hand anode to
other electrodes a very small capacitance giving short rise and fall times can
be achieved in principle.
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The circuit of Fig. 37-7 shows an additional effect, usually the most
important: during the positive voltage pulses on the anodes, the grids are
almost connected to earth by the grid-cathode diode. This increases the capa-
citance of the anode to earth by the cross-coupling capacitor, which will
make the edges much less steep.

These capacitive effects are, of course, also encountered with the corre-
sponding single-shot and bistable circuits and sometimes restrict their appli-
cation. Apart from avoiding the grid current, as can be achieved in the
circuit with a large common cathode resistance, the slope of the edges of the
waveform can also be increased by restricting the use of the waveform to
the initial part of the exponentially rising voltage. This is achieved by
“clipping”, i.e. limiting by means of a diode, as illustrated in Fig. 39-13.
Another way would be to interrupt the connection between anode and grid
during the positive rising pulse by means of a diode, Fig. 39-14, where
Rp is usually larger than Rq.

—— =Y,

- Fig. 39-13
—t
Fig. 39-14

In so far as there is any need for the exact calculation of the switching
phenomena, it is seldom that more extended equivalent circuits than
that of Fig. 39-15 will be encountered. Considerable simplification can
usually be made because, for example, Cx may be much larger than
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C1 and C:. In the general case solutions are derived with Heaviside’s
formulae (Section 22).

As an example of how to make a simplification, we will calculate the
voltage ¥V in Fig. 39-15 when the switch S is closed (r = 0), first exactly
and then using a sensible simplification. Here C1 = Cz = 0.1Cx = C
and Ry = Rz = Ry = R. With Z1 = Ri/(1 -+ R1Cip) etc., we have:

_ Z12Z2
Zy + Zp + Zx

where U(¢) is the unit step function at instant ¢ = 0.
This yields, substituting the above equalities and T = RC:

Ug

- LU(r)

ve{p(2172p2% + 24tp + 3)} = LR{p(10zp + 1)}U()

The roots of the coefficient of vy, are py = 0, p; = —1/v and ps =
—1/7=, so that
1 1 -tjlv 1 -7
Va(t)=loR(§——2-e / +—6—e / T)

With the approximated calculation method Cy is assumed to be a short-
circuit for the rapidly changing waveform. v, and v, at the beginning
then both equal LU(f) X (Z1//Z3) = 3R (I + o)1 U@ =
3IHR(1 — etI7),

Capacitances C1 and Cz can be neglected for the slow changes, so
that only the charging current of Ci remains.

Here the time constant is the product of Ci and the parallel combination
of R¢ and R; 4 Rq, in our case 6%7. The final value of ¥, becomes
4+ DR, so that the contribution of the charging current will be

- %IoR(I — ¢ 63Ty

which gives:
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1 1 - 1 -
Volt) = I"R(?—Ee e e 1/637 >

The difference between these two expressions is exceedingly small,
especially for the leading and trailing edges.

The circuits of Figs 39-1 and -7 also give a good idea of the waveform in the
plateau regions. In Fig. 39-1 the top of the Va1 waveform slopes upwards,
due to the charging of capacitor C by R, and Ry; the size of this effect is
determined by the ratio Ra/Ry. Voltage Vae on the other anode does not
have this shortcoming, but instead voltage Vg2 is determined by the ratio
Ra/Rk.

This can be avoided by replacing R by a current source; we can thus obtain
flatter plateaux. At very high repetition frequencies, the stray capacitance
of the common cathode will counteract the good effect of the current source.
If necessary this can be compensated by inserting a small capacitance in the
anode. In the circuit of Fig. 39-7 both anode signals will show at their upper
and lower plateaux a rounding-off as V1 in Fig. 39-1. Itis possible to improve
these waveforms by the use of limiting diodes, as shown in Figs 39-13 and -14.

Since the height of the pulse in Fig. 39-1 is determined by the ratio Ra/ Ry,
or in the case of a current source by IxRg, the height is particularly well
defined. On the other hand, we see in Fig. 39-7 that the valve characteristic
for Vyx~0 determines the height, and great fluctuations are consequently
possible. Improvement can be achieved by clipping off the upper and lower
plateaux.

The above applies both to multivibrator and mono- and bistable circuits.
However, an additional requirement for multivibrators is that the positive
and negative going pulses must be of equal width. Since the duration of both
pulses is determined in the circuit of Fig. 39-7 by two different time constants,
this can cause large differences if no adjustment is made. Even if this is not
so, as in Fig. 39-1, a considerable difference is still possible due to possible
differences in the valve characteristics. We can minimize this difference by
applying the improvement of Figs 39-9 or -10, but if stringent requirements
exist in this respect, it is better to use the combination of a multivibrator
and a “flip-flop”. This device gives a square-wave voltage whose positive
and negative parts have exactly the same width.

It follows from the above that little improvement is needed for the mono-
stable circuit of Fig. 39-1. If necessary, more extensive RC-circuits can be
used in order to fix more accurately the waiting times in the unstable state,
i.e. the pulsewidth. Due to the unequal grid voltages the switch-over point
is already much better defined than in the case of the multivibrator of Fig.
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39-1. It may of course be useful to replace R¢ by a current source in this
circuit as well, so that the signal on the right-hand anode will become a
better approximation to the rectangular form.

01 n n+l 1 2 n-1 n

I—— "one-shot"™ . “one-shot” |—ws “one-shot" —w—s

Fig. 39-16

Fig. 39-16 shows an application of monostable stages where a very constant
pulsewidth may be of importance. By making a closed loop of these circuits,
we see that each is triggered by the trailing edge of the output signal of the
preceding stage. This results in pulses at the several points which are mutually
shifted in time and are repeated at a certain frequency. The stability of this
frequency will be determined by that of the pulses. This type of circuit is
often used for measurements where a given sequence has to be followed and
where the pulses are used to initiate the various actions of the sequence.

The symmetrical form of the Schmitt trigger is usually designated by the
term “flip-flop”. Fig. 39-17 shows the circuit with a resistor in the common
cathode circuit, where control is effected symmetrically on the cathode by
means of an additional valve (III). The d.c. grid bias of valve III is chosen
so that this valve does not normally conduct. However, if this voltage is
increased for a short time so that valve III takes over the current of the two
other valves, the grid voltage of the non-conducting valve of the flip-flop
system will make such a large positive step that this grid becomes positive
with respect to the other one. By making the coupﬁng capacitors so large
that this situation still prevails when the flip-flop system again takes over
the cathode current, the valve which was closed first will now conduct. In
other words, the flip-flop has been switched. The capacitors between anodes
and grids have therefore essentially a “memory” function. Since the control
from valve III has no preference for letting conduct either valve I or valve II
this memory function is essential.

The short positive pulse on the grid of the auxiliary valve can be obtained,
for example, from a differentiated square wave. Valve III can be omitted if
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—
Fig. 39-17

the load on the signal source is acceptable. The source can then be directly
connected to the common cathode through a capacitor. Another possibility
is that the two grids are controlled simultaneously.

Square waves will occur on anodes C and D of the flip-flop, but with
twice the period of the original square-wave voltage at A4, so that this circuit
can be used for frequency division. We should mention here that whilst the
difference between the positive and negative halves of the square-wave voltage
at A, if originating from a multivibrator circuit, can be quite considerable,
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this difference will be automatically reduced to zero in the square waves at
C and D, apart from parasitic effects.

Apart from frequency division, the flip-flop circuit can also be used for
counting pulses, as illustrated in Fig. 39-18, where three schematically in-
dicated stages of Fig. 39-17 are connected in cascade. Let us indicate by the
figure 1 for each stage that the right-hand valve conducts curreat, and by

wf’ : @éﬁ @ﬁ?ﬁ:

the figure 0 the other situation. We then successively obtain, starting from
000, the following combinations for stages III, II and I, when a series of
pulses is applied to the input of valve I: 000, 001, 010, 011, 100, 101, 110,
111, 000. However, these combinations just represent in binary form the
number of pulses applied to the input. The flip-flop is for that reason the
basic counting circuit used in digital electronic computers.

Fig. 39-18

It is also possible to divide by numbers other than powers of 2. For
example, decimal dividers are obtained as indicated in Fig. 39-19. The
top circuit is so designed that when the first stage changes from situation
1 to 0, the fourth stage will also change over if it is in situation 1, whilst
the feedback from IV to II ensures that the latter is blocked when IV
is in situation 1. Starting from situation 0000, the counting of the first
7 pulses will take place in the same manner as before. At the 8th pulse,
the fourth stage will change over by the effect of the third: 1000, whilst
at the 9th pulse only the first stage will change over: 1001. At the 10th
puise, the first stage will again change over, but now also the fourth,
whilst the feedback to the second stage will maintain the latter in
situation 0: 0000.

The bottom circuit ensures that by changing over from situation 0 to 1
of the fourth stage, the second and third stages receive an additional
pulse. The circuit works the same as the previous one up to the seventh
pulse: 0111, but at the eighth, this is not changed into 1000 but into
1110. The ninth now gives 1111 and the tenth 0000. In this circuit,
situation 1 of the fourth stage has therefore value 2.
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There are also valves where a beam of electrons or a gaseous discharge
has ten stable states, which can be controlled by means of pulses. These
valves give a direct indication in the decimal system.

.1“.___0

- l

Fig. 39-19

It is obvious that the flip-flop system must meet high requirements of
reliability. The circuit must not miss any input pulse, neither be switched by
possible interference pulses. When triggered by rectangular pulse waveforms,
we must also ensure that counting only takes place on one of the pulse’s
edges. All of these demands must still be met throughout the life of the circuit,
even taking into account changes in components which often have rather
wide tolerances. Fig. 39-20 shows the principle of a circuit where diode
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Fig. 39-20

39] RELAXATION CIRCUITS 371

control is used in the input circuit which allows a greater input tolerance.
The numbers in the circuit diagram indicate the mean voltages at different
points for the case that the left-hand valve is conducting. The diodes are
then reverse-biased to 50 and 275 volts respectively and the valve grids are
certainly unaffected by the positive going edges of the squared waveform.
For a negative going edge with a value of approx. 100 volts, the left-hand
valve must necessarily conduct, and the right-hand grid will be unaffected
by this edge, so that the circuit is bound to change over and will always do
so, even if one or more components are considerably aged.

The original flip-flop circuit of Eccles and Jordan (1919) which is still the
basis of most current types, does not have a common cathode resistance
(Fig. 39-21). One means of control as shown in this diagram is by narrow
negative pulses or differentiated square waves applied to the grids. Highly
reliable control can be achieved by the use of diodes. When the valve
conducts there is hardly any potential difference between grid and earth,
so that the corresponding diode is hardly reverse-biased. On the other
hand, the reverse bias on the other diode amounts to many tens of volts. The
circuit’s operation has proved to be fully reliable with the component values
indicated in Fig. 39-21, for heights ranging from 1 to over 40 volts.

In the non-conducting state, the valve is an almost ideal switch; the leakage
current remains small even at high anode-cathode voltages. On the other
hand, the valve has a serious shortcoming in the conducting state in so far
as an anode voltage of many tens of volts is required to pass the usual
currents, even when the grid-cathode bias is reduced to zero. This voltage

ﬁdﬂﬂ +2000

501
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n I‘iwv ok

Fig. 39-21
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is therefore 1040 per cent of the normal supply voltage; it is not very
constant and unfortunately dependent on the heater voltage and the age
of the valve. Therefore circuits in which valves are used in this way produce
a variable signal height, and, for example, flip-flop circujts with more than
two stable states are difficult to design. Analogous to the ordinary flip-flop,
each grid in such a circuit is connected to the anodes of all other valves
through a resistance divider; switching of one of the valves must then pro-
duce a significant change in all the grid voltages. This, however, is a particu-
larly difficult condition to realise, because of the loosely defined anode volt-
ages when the valves conduct. Improvements are possible with the intro-
duction of diodes, but it would be very difficult to design a flip-flop with
ten stable states in this manner.

A property of the conducting valve which does correspond to an ideal
switch is that for Vyr<—1.5 volt, i.e. in the absence of grid current, the
anode current is exactly equal to the cathode current. This property is
utilized in circuits with a large common cathode resistance and these there-
fore obtain a better signal form than can be obtained with other designs.
However, the power dissipated by this type of circuit is considerable.
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Fig. 39-22

As we have seen when discussing d.c. amplifiers (Fig. 35-12) the transistor
is much closer to an ideal switch than the valve, particularly in the conducting
state. In order to pass the usual currents, the transistor only needs a collector-
emitter voltage of a few tenths of a volt, i.e. not more than approx. 1 per
cent of the supply voltage. A first consequence of this is that simple and
reliable transistorized multistable circuits are easier to design. Another
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consequence is that the collector signal height is very well defined in the
multivibrator circuit of Fig. 39-22, which corresponds to Fig. 39-8, and is
almost the same as the supply voltage. When a transistor is conducting, the
collector current is not exactly equal to the emitter current and the circuit
of Fig. 39-22 is preferred to that of Fig. 39-23 (the circuit corresponding to
Fig. 39-1) regarding stability of output pulse height. However, the mutual
loading is much lower in Fig. 39-23, so that very good waveforms are obtained
without using additional diodes.

Fig. 39-24 is an example of a monostable circuit of two transistors which
are not emitter-coupled.

For the same reasons as apply in Fig. 39-21, the use of diodes in the
input circuit of a transistorized flip-flop is particularly efficient. The very
small difference in potential between collector and base in the conducting
transistor is such that the corresponding diode is hardly reverse-biased,
while the other diode will have a reverse bias of more than 10 volts. The
permissible margin in the amplitude of the control signals is then relatively
large. This is illustrated in Fig. 39-25 where the voltages indicated are valid
when the left-hand transistor is conducting. The collector potential of the
conducting transistor is so low that the voltage across the corresponding
diode (D;) even reverses its polarity. The reverse voltage across the other
diode D is 10 volts. By means of diodes D3 and D4 we ensure that points
a1 and a; will rapidly reach the value of —0.1 volt after the corresponding
transistor has just begun to conduct. This considerably shortens the “recovery
time” during which there is no reaction to any following input signals. This
time is a few microseconds in the circuit of Fig. 39-25.

The maximum repetition frequency of transistorized circuits is chiefly
determined by the transistors themselves. In this respect, the use of transistors
at very low collector voltages is disadvantageous because of the “hole
storage” effect. This effect will therefore be avoided for very fast circuits,

The hole storage effect occurs because the base-collector diode first
conducts -at low collector voltages and must then be reversed; this
reversal involves a great change in the concentration of the minority
charge carriers at the junction and this takes a certain time. These new
charge concentrations can be reached more quickly by incorporating
specific impurities in the base and/or collector miaterial. This is done
in special switching transistors.

Because of the much lower impedance level, transistorized circuits are far
less sensitive to capacitively induced interference voltages. On the other
hand, low-frequency multivibrators and monostable circuits with a large
pulsewidth are more difficult to design because, among other reasons, of
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the relatively large base current. The field-effect transistor gives a great
improvement in this respect.

It used to be an inherent disadvantage of transistors that the maximum
permissible reverse voltage across the base-emitter junction was very low,
so that the height of voltage pulses in this direction nearly always had to be
limited. Although progress has been made in recent years, this drawback
still exists for very fast transistors.

The repetitive “sawtooth” waveform is often used. It consists of a ramp
part ascending linearly with time, and followed by a rapid return drop to
the reference level. This waveform is obtained by charging a capacitor
linearly, then rapidly discharging it. The circuit of Fig. 39-26 gives a rough
first approximation and utilizes the difference in potential between the
burning and ignition voltages of a neon stabilizer valve. For example, for
the 85A2 valve these voltages are 85 and approx. 115 volts respectively. If
the valve is not burning, the voltage across the capacitor will increase more
or less linearly with time. As soon as the valve strikes, a considerable
discharge will occur as a result of the low internal resistance of the valve.
The voltage across the capacitor will then drop rapidly to about the burning
voltage. If the current passing through resistor R at this instant is smaller
than is necessary to maintain the discharge in the neon valve, the latter will
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Fig. 39-26

extinguish itself and the capacitor will be recharged until the ignition voltage
of the valve is again reached.

Many improvements can be added to this basic circuit. Firstly, the neon
valve can be replaced by a directly coupled bistable circuit, as, for example,
the Schmitt trigger (Fig. 39-27). This circuit will make valve B conducting ata
given voltage Vg across the capacitor. This enables the capacitor to discharge
rapidly, and the valve will be made non-conducting again below a lower vol-
tage V1. The reversal voltages are thus solely determined by the two stable
states of the Schmitt trigger and can therefore be defined very accurately.
We shall deal with these circuits in Section 41.
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Fig. 3927

Charging through a resistor only gives good linearity if only use is
made of the beginning of the exponential curve. An improvement is possible
by using a constant current source instead of the resistor. The simplest
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solution is obtained by using a transistor with a large emitter resistance
(Fig. 39-28). The maximum allowed voltage is sometimes too small for
application, and the valve circuit of Fig. 39-29 can be used when large
amplitudes are required. The voltage waveform at point A is here almost
entirely reproduced at point B by means of the cathode follower and the neon
valve, so that resistor R is apparently increased by a factor which might
easily be as much as 20 times. In most cases it is possible to replace the neon
valve by a sufficiently large capacitor.
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One use of a sawtooth is as a time base X-deflection voltage in an oscil-
loscope. Synchronization is also possible here. As we found for the syn-
chronization of a multivibrator, the exact instant of fly-back can be de-
termined by an external signal, and a jitter-free image can thus be obtained
with a periodic signal.




40. Amplitude and phase measurements

One of the commonest forms of “processing” a signal is the determination
and possible recording of the amplitude of an a.c. voltage which varies
relatively slowly. This is found for example in telecommunications when
demodulation is carried out, i.e. the derivation of an information signal from
an amplitude modulated waveform. The information is expressed by the
amplitude variations in the modulated signal. In measurement electronics,
the amplitude of an a.c. voltage is often proportional to the original effect
to be measured, so that measurement of the amplitude leads directly to the
required information. The required degree of accuracy, however, is usually
much higher here than in telecommunications. In this section we shall now
discuss the various factors which have a bearing on amplitude measurement.

I =vacuum diode

I =semiconductor
diode

Fig. 40-1

Most methods of measuring amplitudes are based on the transformation
of an a.c. voltage into a d.c. voltage, whose value is proportional to the
amplitude of the a.c. voltage. One of the simplest circuits to achieve this
reasonably is the rectifier circuit of Fig. 40-1. The relation between amplitude
A of the a.c. voltage and d.c. voltage V, across the capacitor has a reasonable
linearity as will be seen from the following calculations. This applies as long
as the signal value exceeds a certain minimum value, and the leakage re-
sistance of the capacitor is sufficiently large. At small signal amplitudes, the
difference between the characteristics of the valve and semiconductor diodes
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and the ideal diode becomes noticeable, and quite large deviations from
linearity will occur (Fig. 40-1).

For fairly accurate results, the circuit with a valve diode can be used for
signals of a few or more volts, and the circuit with a semiconductor diode
for signals exceeding approx. 0.5 volt.

How much the a.c. voltage source will be loaded by this type of circuit
is also important for many measurements. The diode conducts for short
periods so that the diode current i, consists of short narrow pulses (bottom
of Fig. 40-1). If the signal source has a negligibly small internal resistance
for the higher harmonics in this current, so that only the fundamental of iz
contributes to the loss in energy, this load can be expressed by an equivalent
resistance Ry. This resistance will be-accurately determined for a few diode
characteristics in the following calculations, but its value follows to a first
approximation from the simplification that all energy supplied by the source
is dissipated in resistor R, so that:

A2 Vg

2Ry R

As we always attempt to make Vy~~A4 in a rectifying circuit, it follows;
Ry ~ iR

This result is only valid for circuits where only the d.c. voltage Vis applied
across resistor R. For example, Fig. 40-2 shows a circuit where not only
this voltage, but also the a.c. voltage is applied across R. The load resistance
will thus equal the parallel value of 1R and R, therefore R.

C

Acos cwt (~) I a

Fig. 40-2

We shall now calculate for a few diode characteristics the ratio Vy/4 of
the d.c. voltage to the amplitude of the a.c. voltage as well as the load
resistance Ry, as functions of the signal amplitude.

Let us first assume that the diode possesses an exponential relation be-
tween voltage and current. We then find to a good approximation for the
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valve diode: Ip=Ige (Fig. 40-3). a usually has a value of approx.
10 volt-1. With v;=4 cos wt and neglecting the ripple voltage impressed
on Vg (which is usually small), i.e. Var=0,—V,, we have:

. —aVy adcos ot
is=1Ie e

. aA cos wt
We have for the expansion of ¢

eaAcos of _ Jo(Gad) + 2 3 (—j)*In(jad)cos not

n=1
where Jr=k-th order Bessel function, so that:
io=1Ip e_aV" (Jo(jaA) + 2 3 (—)"In(jad)cos nwt)
=1

This yields for the d.c. component 759 and the amplitude of the fundamental
current i,1:

igo = Ip & Jo(jad)

ia = —2Ie " I(jad)

A
We also have: Veo=iswwR and Rp = P
al

Therefore: Vy ™" — R Jo(jad) . (40.1)

R A Jo(jad
and Ry A Jobad) @“02)
R Vg —ji(jed)
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Fig. 40-4 gives Jo(jad) and —jJi(jad), as well as their ratio Jo/ —jJ1as a
function of a4. It follows that for a4 >3, both functions will equal e24
(except for a constant factor ave2) and the ratio will approximately equal
unity. This means that in (40.1) and (40.2) at the usual values of alpR
(102<alpR<10°), the relative difference between 4 and V4 becomes small,
and Ry approximates to {R.
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Fig, 40-4

We can also write for (40.1): ¥y TinaVy_ aloRJo(jaA), which can be

approximated with the above values of alyR and Jo(jad) > 1 for all values of
ad to:
aVy = In alyR + In Jo(jad)

This relation between ¥, and A is represented for a few values of LRin the
upper curves of Fig. 40-5, whilst the lower curves show the relation for Rs.
A value of 10 volt~! has been assumed here for a. At a signal voltage of a
few volts, the deviation from a linear relation between Vg and 4 will be
quite small and Ry has almost reached the value iR.

Example: Fig. 40-6 shows a rectifier circuit with valve diode, used
as an a.c. voltage probe for valve voltmeters. The exponential relation
between current and voltage can be assumed as a sufficiently accurate
approximation of the characteristic of double-diode EAA91 at small
currents. This relation is shown on the right-hand side of the figure for
both a new and a very old specimen. In both cases, a ~ 10 volt-1,
but the value for current Iy and also for the product IoR differ by about
a factor 200. We find in these extreme cases for JoR: 5x 104 and 250
respectively. However, Fig. 40-5 shows that this only produces a small
difference in the ratio ¥,/A at signal voltages exceeding approx. 10 volts.
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Let us now consider the diode characteristic I,,=Io(eaV“— 1) of Fig. 40-7,

which is applicable to many semiconductor diodes and where a=40 volt-L,
Compared to the previous case, this only means a change in izq:

iao = Io{e """ Jo(jad) — 1}
Equation (40.1) can now be written:

(Vs + IbR) *”* = IR Jo(jad)
Io is approx. 10~7 A for normal germanium diodes and approx. 10-10 4
for silicon diodes, so that, with the usual values of R (~+108 ohms), Ip.R will
attain at most the same order of magnitude as 4 and V.
Fig. 40-8 gives the ratio V,/4 as a function of 4 for a few possible vatues of
IyR, where a=40volt-1. It follows that this product should preferably be made

0} 1 0 0 v) 01 1 © 040
Fig. 40-8
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larger than unity. In order to limit the output impedance R of the circuit to a
reasonable value, Io should not be smaller than 103 A and germanium
diodes should be used. For R=108 ohms, the ratio Vy/4 has a value of 0.95
at a signal voltage of 1 volt. The right-hand side of Fig. 40-8 shows the
measured results on two Ge-diodes and one Si-diode. R was here 10€ ohms.
For the Si-diode the product IoR proves to be considerably smaller than 10-3.

I

Acoswt

Vax
Fig. 40-9 Fig. 40-10

Now assuming the ideal diode characteristic of Fig. 40-9, the ratio of V,
to A will be linear and the difference between these two values will decrease
with increasing R and slope S=AI4/AV. of the conducting diode. It
appears from a simple calculation, where the function 4 cos wt for the
relevant small value of wr can be approximated to A{l —%(wt)z}, that the
relative difference (4—V;)/4~3(SR)~2/3, and that the product SR must be
greater than 5000 to obtain a deviation of less than 1 per cent.

In order to keep the loading of the signal source small the resistor R in
Fig. 40-1 should be made as large as possible. However, the disadvantage
is that the rectifier circuit has a large output impedance and can hardly be
loaded at all. The use of a triode gives considerable improvement (Fig. 40-10)
when the grid-cathode voltage ¥y is directly converted into an anode current
I,; of a few milliamps. We call this grid detection. However, because of the
curvature of the I;— ¥V, characteristic, the deviation from a linear relation
between I, and V, is fairly large, which renders this method less suitable for
measurement purposes. The same applies to the corresponding transistorized
circuit, where moreover the maximum allowed voltage is relatively low.

Even with large values of R the loading on the signal source is still fre-
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I

-5V
A cos wt

quently a nuisance. This can be avoided by using a triode (Fig. 40-1 1) where
the negative grid bias voltage has been chosen so that no current will pass
through the valve in the absence of an a.c. signal, whilst the signal voltage
is limited to such an amplitude that the grid voltage remains at least 1.5 volt
negative. The grid current is then negligible. However, in this case too the
strong non-linear relation between grid voltage and anode current imposes a
restriction, whilst the sensitivity depends greatly on the bias adjustment. A
much better circuit can be obtained by ensuring a linear relation between
I and ¥V, by means of a large cathode resistance. We can then take the
cathode as the output terminal and obtain the circuit of Fig. 40-12. This
corresponds entirely to the diode detection circuit; the only difference being
that the charge supplied to the capacitor is no longer derived from the signal
source, but from the anode circuit. Because of this inherent property of not
loading the signal source, this network is known as the “infinite impedance

Y
Acosost
Ry Tc 7 Vo |7
——) z
A
Fig. 40-12
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detector”. Some load on the signal source will obviously exist in the case of
the corresponding transistorized circuit because of the base current. However,

this is rather small.

Measured results for the relation between ¥, and A fora (}.e-transisfor
are shown in Fig. 40-13 with R, = 0 and R, = 1 M. The input resist-
ance of the circuit proves to be a few MQ.

0 2 4 6 8 W ” % AV)—=

Fig. 40-13

The bias voltage Vo of Fig. 40-12 is many volts and is also dependent on
the temperature and the supply voltages. This voltage can be largely
compensated by using a balanced circuit. The only remaining disadvantage
is then that the latter has a poor response to small signals. We can avoid this
drawback by only measuring variations of large signals. Fig. 40-14 shows
the circuit for valves.
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We apply the sum and the difference of the measurement signal sy, and
a much larger auxiliary signal S to the left-hand and right-hand grids
respectively. S has here a constant amplitude. With equal frequency and
phase for S and s,, the relation between the output voltage and the amplitude
of s, will have a very good linearity, particularly if the two triode circuits
have been designed as symmetrically as possible. When changing the phase
between s» and S, the output voltage will also change, and at a phase
difference of 180° it will be equal but opposite to the signal for zero phase
difference. The detection circuit is thus phase-sensitive. If the frequencies
of S and sy, are not equal, the amplitudes of the sum and difference signals
will vary at the difference frequency. If the capacitances Ci have such a
value that the detector can follow these changes, V1 and Vs will also vary at
this frequency. By offering these signals to a low-pass RC-filter (Fig. 40-15)
we can achieve the effect that only a narrow frequency band on both sides of
frequency w; of the auxiliary signal will be passed. We have thus obtained

R R
13— o -L {3
Vi =c cT iy
T
Fig. 40-15

a band-pass filter which follows the frequency of the auxiliary or synchroni-
zation signal. Such a detection circuit is called a “synchronous detector”, so
that the circuit of Fig. 40-14 with the addition of the RC-filters of Fig. 40-15
can-be called a phase-sensitive synchronous detector.
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The above can be expressed as follows in mathematical form for the
circuit of Fig. 40-14:

When S = So cos wst = Re{Soejw‘t}

j{(ws + 4
and  sm = Smo cos { (w5 + Adw)t + ¢} = Re[smo (@ + o) + q)}]
we have:

o = Re[ { So +Smoej(Aw-t + ¢)}, ejw,t]

Fig. 40-16

Assuming an ideal operation of the detection circuit and that w> A the

cathode voltage vy will be increased for each cycle of the carrier-wave fre-

quency to a valuewhich correspondsto the amplitude of So+ smee’@®* + P

(Fig. 40-16). If the time constant CxRg is not too large, the cathode voltage
will be able to follow.the slow fluctuations in the amplitude. We have
therefore:

vi1 =V So? + 2 So Smo cos (Aot + @) + smo?
Similarly we find:

vkz =V Se — 2 So Smo cos(dwt + @) + smo?
For values of smo < So, these waveforms can be approximated to

So 1/1 + ZESE.— cos(dwt + @) =~ Sok smocos(dwt + @)
0

so that the difference voltage vg1— vk has the value 2smocos (dw.t+ ).

For signals of the same frequency as the synchronization signal, i.e. 4w==0,
the output signal becomes 2 smo cos g, i.e. proportional to the amplitude of
the measurement signal and the cosine of phase angle ¢ between measure-
ment and synchronization signal.
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For signals with Aw # 0, voltage vx1—uxs becomes an a.c. voltage with
frequency Aw, which will be reduced by the RC-filter of Fig. 40-15 by a

factorV/ 1+ Aw?72. This frequency-dependence corresponds to that obtained

from an LCfilter: /1+ Qzﬁ If the same sharp form were obtained without
using synchronous detection, we would have: Qf=714w and f=24w/ws,
which gives: Q=4w;s7. For example, with w,=5000 and 7=1 second, this
gives for Q a value of 2500.

Compared to some other synchronous detectors, the circuit of Fig. 40-14
has the advantage that no frequency bands centred on harmonics of w; are
passed. Disadvantages of this circuit are its extreme sensitivity to changes
in the amplitude of the auxiliary signal and the deviation from linearity
between input and output signals in the case where 55,0 becomes of the same
order of magnitude as Sp. The phase sensitivity is also a disadvantage in
some measurements. We shall refer to the latter point when discussing
demodulation, but we can mention here that small changes in the phase
angle around zero have little effect. This is so because at @a0, we
have cos p~1—3¢?, so that at, say, p=_8"° the sensitivity is only reduced by
1 per cent.

A very great improvement in linearity and independence of the ampli-
tude of the synchronization signal is obtained by applying the principle
of Fig. 40-17. Here the auxiliary signal S is not sinusoidal but square

——
=8

° 2
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and so large that one of valves I and II always carries the total current ix.
This current is supplied by valve III and consists of a d.c. component i and
a component i, which is proportional to the measurement signal sp,. For
the currents passing through the upper valves we now obtain the situation
as shown in the right-hand side of Fig. 40-17. It will be easily appreciated
(as proved by the following calculation) that the difference between the
mean currents 7 and iz, when S and s are of equal frequency, is proportional
to the amplitude of sy, as well as to the cosine of the phase difference between
sm and the fundamental component of S. By inserting equal resistors in
anode circuits I and II, and a capacitor between the anodes, the voltage
difference between the anodes becomes proportional to what could be called
the “progressive mean” of i1—iz. At a sufficiently large value of C, an almost
direct current will flow through the resistors, which equals the mean value
of i1—i2, and whereby the contribution of the signal current { i(7r)—is(7) }dt
at instant 7 will decrease exponentially with time. The time constant for this
is 2 RC (Fig. 40-18).

+100

P R,
+ + P00k 100k
R R |
a, s ay E i
i ‘ (iy=iz) ’_°wt°_‘°
i i

Fig. 40-18

By making the circuit in a balanced version, as shown in Fig. 40-19 the
smoothing of the currents is considerably simplified. In the absence of a
measurement signal, a current now flows through both common anode
circuits for the entire period instead of half this period. Moreover, this
method also allows one to diminish considerably the effect of possible
deviations from symmetry which can occur in square wave S.

Fig. 40-20 shows a practical design of this type of synchronous detector.
Paraphase amplifier valve I provides from a single square-wave voltage S Vmax\
of, say, 20 volts, two equal amplitude, opposite-phased voltages, which drive ,
valves II1+V and IV + VI respectively. The control voltages for valves VII
and VIII are similarly derived from the measurement signal by means of
valve II. The grids of these valves are connected to the same point of a Fig. 40-20

—0-300
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voltage divider by means of grid leak resistors, so that they will have the
same d.c. potential. Both signal currents and d.c. currents through both
valves will show little difference if their cathode resistances are also made
equal. The internal resistance of the output between the anodes of the upper
valves is too large for feeding a meter directly. This can, however, be achieved
with the two cathode followers IX and X, the grids having been directly
connected to these anodes. Any imbalance in d.c. potential levels can be
eliminated by potentiometer P. The advantage of this adjustment is that the
signal current will always pass through the same resistance 2R4+ P, sothat
it does not affect the sensitivity.

If desired, the balanced output signal between the cathodes of valves
IX and X can be changed into an unbalanced signal of the same accuracy
by means of the circuit of Fig. 40-21. The anode voltages of the upper
valves (I, IV, V and VI) bave almost no effect on the signal current,
so that the anode voltage may be varied within very wide limits. The
output terminal Uy is kept at almost earth potential by feedback
amplifier stage IX and cathode follower XII. The output terminal Us
will therefore carry almost the entire difference signal with respect to

earth.
——0+300V
[‘Jmom [I]

Fig. 40-21

The detector circuit of Fig.40-20 is capable of working with a particularly
high accuracy for signals in an amplitude range of more than three decades.
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The deviation from linearity is less than 0.01 per cent of the “full scale”
signal up to rather high measurement frequencies (/105 ¢/s). Symmetrical
design ensures minimum zero error and drift. This circuit can also be made
with transistors without significant changes. It is true that a fraction of the
signal current does not pass to the collectors of the upper transistors, and
variations in this fraction may be a source of error. However, transistors with
a high current amplification factor will reduce this trouble and a high accu-
racy can be reached. The symmetrically designed synchronous detector of
Fig. 40-19, using either valves or transistors, satisfies nearly all requirements
which may have to be met in the practice of electronic measurements.

Phase sensitivity has the advantage that the effect of possible out-of-phase
interference signals is reduced, so that it is possible to attain the highest
sensitivity by this method. It is a disadvantage for some measurements that
odd harmonics also contribute to the output signal because of the square-
wave form of the synchronization signal. This can be avoided (whilst
maintaining the same high accuracy) by using an accurate multiplication
circuit, as will be discussed in Section 42.

The above is derived mathematically from the following calculation: sy(f)
and —sm,(7) are the measurement signals on the grids of valves VII and VIII
in Fig. 40-20; the signal currents in the anode circuits of the upper valves
will be expressed by csm(r)U(f), where c is a constant and U(¢) the “square-
wave function” which has a value of +1 during one half-cycle and of
— 1 during the other half-cycle. Choosing a suitable zero point, we can write
for U(s):

U(t) = ci(cos wot — cos 3wot + jcos Swor — .. )

where wo=2x/T
AN .
N

+1

urt)

-1

\ it

Fig. 40-22
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If: sm(t) = 2 A(w) cos(wt + @o)

[
this gives:

i(t) = c2 [% A(w) cos(wt + @o) cos wot — } g A(w) cos(wt + @,)cos 3wot
+1 g et ]
or: i(t) =} [EA(w)tCOS {(@ + w0}t + @u } + cos{ (@ — o)t + @ }|
—§ 2 4@ [cos{(® + 3wo)t + @u} + cos{(® — 3wo)t + ga}] +

+§§A(w)[...]+...]

The anode impedances have the form Z,=R/(1+jwt), where T=2RC,
which means a rapid drop in Z, for frequencies above wg=1/7 (Fig. 40-23).

At
J\ AL A
Wy wg 3wg Suwg

— )

el

— )

Fig. 40-23

The output voltage will thus almost exclusively contain components of i(?)
with frequencies below wy. If @, < wg and therefore T » T these will only
be the components:

A(w) cos{(w — wo)t + @o}, 34(w) cos{(w — 3wo)t + Po},
1A(w) cos{(@ — 5wo)t + @u },...
where wawo, w~3wo, W Swy, . . .

This means that only narrow bands of su(f) around frequencies wo, 3wg
Swo,... are passed. The attenuation increases here in proportion to the,
central frequency of the band. For signals which have a frequency equal to
one of the central frequencies, the attenuation is determined by cos @,,.
In particular when w=wo, the output signal will be proportional to

A(wg) €OS Pug.
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By shifting the square wave one quarter of a cycle, we can measure
A(wo) sin @, instead of A(wo) cos @a,- A(wo) is then obtained by measur-
ing these signals simultaneously and adding them vectorially. In this
way one obtains phase-insensitive synchronous detection. A circuit
which permits the vectorial addition of two signals is discussed in the
next section.

The two components A(wo) c0s @, and A(wo) sin @,, can also be
used to determine a Nyquist diagram.

We should finally mention that also the bandwidth of a synchronous
detector can be restricted more effectively by using more extensive
circuits instead of a simple RC-filter. For example, an almost rectangular
pass-band can be obtained instead of a bell-shaped one.

It is necessary for the accurate measurement of a signal’s amplitude that
the phase difference between this measurement signal and the synchroni-
zation signal is zero, or almost zero. The circuit of Fig. 40-24 can be used
over a limited frequency band for changing the phase of a sinusoidal signal,
without changing its amplitude. For a “paraphase amplifier” with equal
anode and cathode resistors, the anode and cathode signals will be the same
size but of opposite phase. If it is possible to neglect the load of the RC-
circuit, we have, with va=vpav;:

with a real and approximately equal to unity.
Any changein R onlyresults in a phase change of the transfer function v,/v;.

Vo Vi

Fig. 40-24

' Excellent linearity and small zero error and drift make the detector,
designed according to the principle of Fig. 40-19, most suitable for use in
measurement electronics. As will be shown by some examples, it is usually
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easy to obtain the synchronization signal. Even if no such signal is available
it is still possible to retain some advantages of this type of detector circuit
by using a “quasi-synchronous” detector. The square-wave voltage .S which
serves as synchronization signal is derived here from the measurement signal
by amplifying the latter and subsequently clipping it. As long as the measure-
ment signal is large compared to noise plus interference, the square wave
is determined solely by the measurement signal. The same properties of
linearity and suppression of interference signals are then obtained as with
the synchronous detector. However, this circuit is no longer phase-sensitive:
the phase difference between the fundamental of S and the measurement
signal is constant and can be made zero. If the signal is of the same order of
magnitude as the noise, the zero crossings will no longer be determined
solely by the signal but also by the noise, thus increasing the latter’s effect.
As the signals become still smaller one eventually reaches the state where
only the noise is measured. The relation between output voltage and ampli-
tude of the measured signal will thus be as shownin Fig.40-25. The quasi-

Vout

v
Fig. 40-25

synchronous detection is thus a full-wave version of the diode detector of
Fig. 40-1 but has the great advantage of an almost ideal diode characteristic,
i.e. excellent linearity and minimum disturbing voltages in the circuit itself.
Its applicability is determined by the signal-to-noise ratio of the input signal,
as well as by the permissibility of phase-insensitivity.

The importance of phase-sensitivity can clearly be seen when considering
the measurement of the amplitude of a signal resulting from the demodulation
of an amplitude-modulated signal. As shown in Section 36, the amplitude A
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of the carrier wave Acosw.t is proportional to the measurement signal v
(Fig. 40-26) and the following two possible equations can apply:

ve = Ao(1 4+ mus)cos wet
and
Ve = AomuvgCos wt

DZRN N
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" A Fourier component of 7, with frequency w; gives rise in both cases
to two components in the frequency spectrum of v, with frequencies we-- .
However, in the first case the carrier wave will be present in the absence of
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a measurement signal, but not so in the second case. If it is required to de-
modulate these signals, i.e. derive a signal proportional to v, the signals
must be shifted in the frequency spectrum by an amount w. and this can be
obtained by multiplying by the square-wave function U(tf) with period
T=2n/w.. However, additional shifts by frequencies 3w., 5w, etc. will
then occur, exactly analogous to what happened in the circuit of Fig.
40-19. In the following we shall assume, where necessary, that in that case,
by filtering the modulated signal ¢, only multiplication by the component
with frequency . is of importance.

Assuming that the auxiliary signal has a phase angle ¢ with respect to the
carrier wave of ., the multiplication factor will be, apart from a constant,
cos (we? + ). This gives for both cases a component which is indeed propor-
tional to v,, but the proportionality factor contains cos ¢. It is therefore a
requisite of faithful reproduction that ¢ is constant, preferably differs little
from 0°, and under no circumstances be 90°.

If we have an amplitude-modulated signal governed by the first equation,
where mvs<1, practically automatic multiplication by the square-wave
function {J}+%U(t)} will occur in the case of half-wave rectification with a
diode, as long as 1—mu, is not too close to zero. The phase is then auto-
matically zero (left-hand side of Fig. 40-26). Full-wave quasi-synchronous
detection gives multiplication by exactly U(f), whereby ¢=0. This also
yields a correct result (right-hand side of Fig. 40-26).

A different situation arises when we have to operate on a signal of the
second form, where pure multiplication of the measurement signal by the car-
rier wave occurs (Fig. 40-27). In this case, both methods with “automatic”
auxiliary signal will give a wrong result because of the rectification of the
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measurement signal. This is usually not permissible, and a separate syn-
chronization signal should be present, the phase of which must preferably
equal that of the carrier wave.

In measurement electronics we chiefly meet amplitude-modulated signals
of the second type, firstly as a direct result of physical measurements, but also
because this method of modulation can be carried out very accurately (see
Section 41). Apart from the fact that in electronic measurements it is often
necessary to use a separate synchronization signal because of the poor
signal-to-noise ratio, obtaining such a synchronization signal does not offer
any difficulty.

The a.c. Wheatstone bridge can be mentioned as a simple example of a
measurement where phase sensitivity may or may not be important. If we
are only interested in the value of the change in resistance, the detection of
the a.c. signal does not have to be phase-sensitive. On the other hand, if it
is necessary to determine the sign of the change as well, a phase-sensitive
detector will be required.

Fig. 40-28 is the block diagram of a measurement arrangement using
synchronous detection. The disc has-a number of slits and is used for
the chopped illumination of a material of which, for example, it is
required to determine the conductivity as a function of the wavelength
of the incident light. By using a synchronous motor for driving the
disc, the frequency of the illumination will be a multiple of the mains
frequency and will usually not fluctuate by more than 1 per cent.
A constant current I flows through the measurement resistance R so that
achange in R is transposed into a change in voltage, which, after possible
transformation and pre-amplification, is applied to a selective amplifier.
The latter ensures a drastic limitation of the bandwidth. This is usually
necessary because otherwise the noise and interference signals could
overload the detector. To preclude the effect of fluctuations in the mains
frequency on sensitivity, the transmission curve of the selective amplifier

pre- selective synchro— pen
R e amplifier = ° nous  |e—
yohoto- amplifier 790-810%/s detector recorder
amplifier . phase | synchronization signal
tmiter "] e i

Fig. 40-28
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. should be ﬂat over the corrwpondmg range of the choppmg frequency

This can be achieved by. “staggered tuning” (Section 33). The syn-

K \chrommtnon signal is obtained by also ‘illuminating a “photo-transistor
or- photocell with the chopped light. After amphﬁeat:on, filtering and

“possible phase; shrft, the sinusoidal voltage is converted into a square- -

. wave voltage which is applied to the synchronous detector. :
This type of measurement circuit is very typlca.l, partxcularly in the
- 5-10¢ ¢/s frequency range. With a good design, the sensitivity will be

chiefly restricted- by the noise of the source resistance. For example, if ) A
* this source resistance-is equivalent to a few ohms; signals of the order -
of magmtude of nanovolts can be measured usmg a bandwxdth of

1 c/s or less.:

Another often occumng measurement with non—smusordal penodlc s1gnals
" is the determmatlon of the amplitudes of Fourier components. This can be
done-in the same way as for the synchronous detector by varying the fre-

quency of the synchromzatlon srgnal This type of eqmpment is called a‘ '

wave analyzer”.

-For most non-smusmdal 51gnals the waveform usually conta.ms more ' -

important information than the amplitude. Therefore, after linear amph-
fication it is- usual to -record the waveform on a'CRT-tube or some. other
type of recording instrumeént (pen or galvanometer type). Quite often one
‘wants to have a close look at a certain part of the signal. ‘This can be achieved
overa fan-ly wide frequency range by using a difference amplifier; the s1gnal
is. applied .to .one input, whilst a d.c. voltage at the. other input shifts the

zero level of the amplifier (Fig, 40-29). This method is usually to be. preferred -
to others because when the ‘amplifier is. well designed; overloadmg does not .

‘ necessanly cause a recovery time. The upper part of Fig. 40-30 shows the
recordmg of a rectangular voltage Wlth a helght of 10 volts, Where the peaks
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Fig. 40-29
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should be flat over the corresponding range of the chopping frequency.
This can be achieved by “staggered tuning” (Section 33). The syn-
chronization signal is obtained by also illuminating a photo-transistor
or photo-cell with the chopped light. After amplification, filtering and
possible phase shift, the sinusoidal voltage is converted into a square-
wave voltage which is applied to the synchronous detector.

This type of measurement circuit is very typical, particularly in the
5-104 c/s frequency range. With a good design, the sensitivity will be
chiefly restricted by the noise of the source resistance. For example, if
this source resistance is equivalent to a few ohms, signals of the order
of magnitude of nanovolts can be measured using a bandwidth of

1 ¢/s or less.

Another often occurring measurement with non-sinusoidal periodic signals
is the determination of the amplitudes of Fourier components. This can be
done in the same way as for the synchronous detector by varying the fre-
quency of the synchronization signal. This type of equipment is called a
“wave analyzer”.

For most non-sinusoidal signals, the waveform usually contains more
important information than the amplitude. Therefore, after linear ampli-
fication it is usual to record the waveform on a CRT-tube or some other
type of recording instrument (pen or galvanometer type). Quite often one
wants to have a close look at a certain part of the signal. This can be achieved
over a fairly wide frequency range by using a difference amplifier; the signal
is applied to one input, whilst a d.c. voltage at the other input shifts the
zero level of the amplifier (Fig. 40-29). This method is usually to be preferred
to others because when the amplifier is well designed, overloading does not
necessarily cause a recovery time. The upper part of Fig. 40-30 shows the
recording of a rectangular voltage with a height of 10 volts, where the peaks
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can be observed with a sensitivity of approx. 2 millivolts per cm. This
“microscopic” method is obviously also suitable for studying sinusoidal
signals, especially the amplitude stability of an oscillator per cycle, lower
part of Fig. 40-30, where the peaks of a sinusoidal voltage with an amplitude
of 10 volts are recorded with the same sensitivity of 2 mV/cm. It is also
clear that this type of compensation method permits the extremely accurate
determination of the magnitude of a.c. signals.

With linear systems it is often required to measure the phase difference
between two sinusoidal signals having the same frequency. The amplitudes
of these signals may show large mutual differences and large changes. A
direct, frequency-independent, reading of the phase difference is obviously
preferred, and if possible on a linear scale.

Fig. 40-31 shows a basic circuit which achieves this with great accuracy for
frequencies up to quite high values (~105 c/s). By adequate amplification
and the use of an instantaneous limiting circuit as discussed in Section 37,
p. 323, measurement voltages S1 and Sa are converted into square-wave
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voltages I and IT which are mutually shifted by a time v=¢/w, where w =
signal frequency. By making these voltages a few tens of volts, they can be
used to drive the current switches a—b and c-d as mentioned when synchronous
detection was discussed. We thus obtain a current flow through the various
valves as shown in Fig. 40-32. This figure shows that the width of the current

1

ic [+
/2T
7] ———l 0
T .
" Fig. 4032

pulses ig equals the shift v between I and II, and by giving the amplitude a
constant value i, the value of these current pulses, averaged over a cycle,
will be proportional to the phase difference ¢. Since the width of i, is
half a period minus r the difference between iz and i, can also be used as a
measure of ¢. In this case a refinement of the circuit is obtained by a sym-
metrical design (Fig. 40-33) where the mean current in both branches is
exactly the same when the phase difference is zero. Averaging is once again
achieved by inserting a capacitor between the anodes.

As long as the effect of the edges of the current pulses can be neglected, as
is the case with frequencies up to a few tens of kc/s, the accuracy will be par-
ticularly great, and it is possible to measure phase differences to within 104
radians. There is, however, one proviso, namely that both input signals
be distortion-free. If this is not so, the zeros and thus the pulsewidths will
also be determined by the distortion.

It is sometimes considered a disadvantage of the circuit of Fig. 40-31 that
it does not distinguish between ¢ and —-¢, so that a phase difference of
(360°—g) gives the same indication as a phase difference . This can be
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avoided by applying signals I and II first to two flip-flop circuits and using
the output signals from these for the actual control. Then fig. 40-34 instead
of Fig. 40-32 applies to the various current waveforms in Fig. 40-31.

It is obvious that these circuits can also be designed without any dif-

ficulty when using transistors.
T

| L

Fig. 40-34



4]1. Modulation and demodulation circuits

Apart from the discussion of the chopping technique for d.c. amplifiers, we
have so far only treated the theoretical side of modulation and demodulation.
We shall therefore now discuss practical circuitry. Again we shall not
attempt to be complete, but shall devote special attention to accuracy,
which is so important in measurement electronics.

It has been a long established custom in radio techniques for obtaining an
amplitude-modulated signal to make use of the non-linear relation between the
anode current and the control voltage of a valve. Fig. 41-1 shows the principle
of these circuits. By a suitable selection of the value of capacitor C and grid
leak resistor R, the control grid voltage will equal the sum of the h.f. carrier-
wave signal 7, cos wct and the Lf. modulation signal vp cos wnt. As is
shown by the following calculation the required modulation is obtained by

vc €os we ¢ 9

Vm COS wmt

1

Fig. 41-1

the quadratic term of the power series which defines the anode current as a
function of the control voltage. However, the higher-power terms in this
series yield undesirable products which cannot be eliminated by filtering.
On the other hand, this circuit satisfies the requirement that the carrier
wave is still present even in the absence of the modulation signal. This makes
it possible to use simple circuits for demodulation as the one shownin Fig.
40-1.
If we take for the valve characteristic the relation:

ig = Svs + v 4+ y08 + ...
where vs=v,+4 v4/u, we find for the circuit of Fig. 41-1 (neglecting the effect
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of the anode voltage on the current): v,= 10, COS Wt + v COS Wt SO that we
can write for the anode current:

. ve?
iqg = SvcCOS wet -+ Svmcos wpt + — (1 + cos 2w.t) +

2
+ &Tm (1 4 cos 2wmt) + foevm {cos(wc + om)t + cos(we — cum)t}

vl U3
+ ch(cos 3wet + 3 coswet) 4 mi (cos 3wmt + 3 cos wmt) -

+ $yvetum { cos wmt + 3cosQue + wm)t + $cos2we — wm)t } +
+ Jrvcom®{cos wet 4 3cos(we + 2wm)t + 3cos(we — 2wmt} + ...

If o is very much larger than wy, and if only frequencies are passed in
the immediate neighbourhood of we, i.e. we, Wet-wm, wet2wnm etc., only
the underlined components will appear in voy;:

3‘}/002 3yvm2
4S 28

Vout = —SRave [(l + > cOS wet +

ﬁva{cos(wc + om)t + cos(ws — wm)t } +

3yvm2
45

{cos(we + 20m)t + cos(we — 20m)t}+ ... ]

which illustrates the introduction and relative effect of the unwanted signals.
With the balanced design of Fig. 41-2, we have for one valve:

Us =  U¢ COSWet + U COS Wit
and for the other:

Vs = —Ug COS Wet + U COS Wit

whilst the output signal is proportional to i1 —iz. Although many unwanted
terms will be eliminated when the characteristics of both valves are exactly
the same, the third term in the above expression will remain.

In radio and television receivers we have a special kind of modulation,
or if one wants demodulation, known as “mixing”. By this is meant that
the carrier-wave frequency of the received signal is shifted to a constant -
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frequency, so that the selective part of the receiver only needs to operate
at this frequency. Valves known as “mixers” are used for this purpose,
i.e. multi-grid valves where the auxiliary signal and the received signal are
applied to different grids. Once again, the operation is based on the non-
linear behaviour of a valve’s characteristic and is subjected to the same re-
strictions. As in this case there is usually not a difference of several mag-
nitudes between the carrier and modulation frequencies, various other
unwanted products will occur.

Greater accuracy is theoretically possible when the non-linear characteristic
of the modulating element is better defined than a valve’s characteristic.
Transistors are better in this respect, but a far greater gain in accuracy can
be obtained by using valves or transistors as switches.

We have considered the possibilities and shortcomings of the various
devices for their use as switches when discussing d.c. amplifiers. Some
of the difficulties mentioned there will disappear when only a.c. voltages are
used for modulation, especially when the signals are large. For example,
the use of diodes is illustrated in the circuit of Fig. 41-3, where we assume
that the diodes behave as ideal switches and the square-wave voltages are
large with respect to the Lf. modulation signal. With the balanced design
of Fig. 41-4, known as a “ring modulator”, a pure multiplication of the two
signals and therefore complete suppression of the carrier-wave signal occurs
in principle. This type of circuit is often used in telecommunications.

The use of transformers should be avoided wherever possible in measure-
ment electronics. A modulation circuit with valves, which satisfies this
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requirement and also gives a very great accuracy, is shown in Fig. 41-5. Its
operation shows great similarity with the detection circuit of Fig. 40-17.
The upper valves are made to conduct in turn at the same frequency as
that of the carrier-wave. Currents /1 and i3, passing through these valves, are
varied with the modulation signal by means of a linear current source.
These currents, as well as their difference, will appear as indicated in Fig.
41-6. By inserting a parallel resonant circuit between the anodes, which is
tuned to the carrier frequency, the voltage vq1— a2 Will exclusively contain
frequencies in a band around this central frequency. In this way, a signal
which is accurately modulated in amplitude is obtained without suppression
of the carrier wave. By also applying the modulation signal vn, in balance
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(Fig. 41-7) we obtain a signal with carrier-wave suppression, as shown by
the current waveforms of Fig. 41-8.

The shortcomings of the valve when used as a switch are compensated in
these circuits by modulation with a current source. When transistors are
used, in addition to the circuits corresponding to Figs 41-5 and -7, we also have
the possibility of modulation by voltage control. Fig. 41-9 gives an example
of a circuit without carrier-wave suppression. The modulation voltage
supplied by emitter follower II1 is connected alternately to 4 and B by means
of transistor switches I and II. If we make the base currents of these transistors
sufficiently large in the conducting state, the collector-emitter voltages can
be restricted to less than 0.1 volt. The behaviour of the voltages at points
A and B is illustrated by i, and iz in Fig. 41-6 and the difference voltage v4p
corresponds to ij—iz. Fig. 41-10 shows the balanced design, where the
carrier wave is suppressed. To ensure a high degree of symmetry, the modu-
lation signals are equalized by potentiometer P; and the d.c. voltage reference
levels by Ps. The voltage waveforms correspond in this case to the currents
in Fig. 41-8.

With regard to modulation circuits we should note in the first place that the
amplitude of the modulated signal depends very little on the difference in the
width of the positive and negative halves of . It follows from Fourier
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analysis that just at the zero-crossing the contribution to the integrand
which determines the amplitude of the fundamental, is very small. It is
obvious that the circuits discussed above are suitable for amplitude modu-
lation, but not for multiplying two sinusoidal voltages. The amplitude of the
output signal is namely only proportional to the amplitude of the mo-
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oscillator modulator

Fig. 41-11

dulation signal and independent of that of the carrier wave. In the next
section we shall discuss a circuit which allows one to obtain the product of
two voltages with great accuracy, whether they are sinusoidal or not.

Demodulation of amplitude-modulated signals is identical to the measure-
ment of amplitudes, which was discussed in the previous section.

Radio technique makes use of circuits containing a “reactance valve” for
obtaining a signal which is frequency-modulated (left-hand side of Fig.
41-11). This type of circuit enables one to produce an apparent impedance,
the value of which varies with the modulation signal in an approximately
linear manner. By makKing this impedance capacitative or inductive and
effectively connecting it parallel to an LC-circuit, it is possible to vary the
resonant frequency of this circuit and hence also make the frequency of an
oscillator vary with the modulation signal.

For ' Zs . v
o= Sty V9= ot k=m

v
we have l.=ia+ic=m(l +SZZ)

When we make Z; a capacitor and Z; a resistor of such value that 1/wC >
R and SR > 1, the above expression can be approximated by:

i = joCSRy

which means that the circuit has an apparent capacitance of SRC. If we use
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a valve that preferrably has a quadratic I,— ¥V, characteristic, so that S
changes linearly with ¥V, we can vary the operating conditions of the valve
in accordance with the modulation signal so that a varying capacitance is
obtained. Fig. 41-11, right-hand side, gives the principle of a practical
circuit for doing this.
This type of circuit has some disadvantages which generally prohibit its
use in measurement electronics:
1. The frequency variations depend on the valve or transistor characteristic,
and are therefore not very well defined;
2. The maximum relative frequency variation is of the order of a few per
cent;
3. The apparent impedance is not purely reactive, but has a real part that
varies with S as well. The damping of the resonant circuit is thus also
varied, and hence the amplitude of the oscillation.

Frequency modulation is equally possible with inductors of which
the inductance can be varied by changing the permeability of the
core material, varactors (capacitors where the capacitance is a function
of the applied voltage) and condensor microphones. However, similar
disadvantages are inherent in these methods. The first and third dis-
advantage can be remedied by using feedback and amplitude limitation,
but the disadvantage of the small maximum frequency variation remains.

To keep the amplitude of an f.m. signal, obtained with the circuit of
Fig. 41-11, constant, we usually utilize a diode limiter (left-hand side
of Fig. 41-12). We have seen in Section 40 that the load of such a circuit
is about 4R at constant amplitude. In the equilibrium state the energy
corresponding with this, as well as the losses in the resonant circuit, are
provided by the oscillator valve. If the amplitude of the oscillator increases,
the charge injected into capacitor C will cause an instantaneous additional
load on the resonant circuit, which will tend to counteract the increase
in amplitude. When the amplitude decreases, the diode will conduct over
a shorter time and the resonant circuit will be less damped, with the
result that this change is also counterbalanced.

The amount of stabilization resulting in this way is often insufficient
for measurement purposes. We can then use the method proposed by
Mayo and Head (right-hand side of Fig. 41-11). This method consists
of inserting in series with the diode a parallel resonant circuit, which
is tuned to the third harmonic of the oscillator frequency. This circuit
can therefore only be used when the relative frequency deviation is small.
With a normal diode circuit, the change in damping at a certain change
in amplitude will be relatively small because the diode will only conduct
for a small fraction of the cycle. Because the diode current consists of
small sharp pulses, the amplitude of the third harmonic is quite
large. By now inserting a resonant circuit which has a high resistance
just at this harmonic, this current component will be much smaller
and even be reduced to zero under ideal conditions. However, this
implies that diode current iz must change its waveform so that this
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requirement is satisfied. The amplitude of the third harmonic in ia(?)
is proportional to the integral
T
[ ialt) cos 32_;‘_’(1:
0

where T'is the “instantaneous” cycle of the signal. It follows from Fig.
41-13 that, if this integral is to be reduced to zero or a very small value,
it will be necessary for the diode current to continue to flow over a much
larger fraction of the cycle, i.e. almost a third of a cycle. In other words,
the use of the resonant circuit adds so much third harmonic to the sinus-
oidal voltage that the voltage across the diode circuit has become almost
rectangular. Any change in the amplitude will cause a much greater
change in damping than that caused by the original diode circuit. The
improvemient in amplitude stability thus achieved is therefore very great,
namely 100 times or more.

The circuit discussed in Section 39 for generating a sawtooth voltage wave-
form (Fig. 39-27) can also be used to generate a very accurate f.m. signal,
which can be varied over a wide frequency range (Fig.41-14). Here use is
made of a Schmitt trigger (I-II). Dependent on the state of this trigger, the
capacitance C will be charged with current #; or discharged with difference
current ig—i1, where ip>i;. Period T is determined by the values of these
currents, the value of capacitance C and the accurately fixed difference
between the stable levels of the trigger circuit:

cay cav

1 1
Tcharge = - , Tdigch = - = Therefore T = CAV (*_— -+ " " )
1 2 —11 138 2 —11

and the frequency is thus varied by variation of one or both currents with a
signal.
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In order that filtering can easily produce a sinusoidal voltage it is advan-
tageous to make the charging and discharging times of equallength, which
produces an equilateral triangular waveform. This is the case in Fig. 41-14
when iz=2i;, which requires adjustment and is also difficult to maintain if

rchcrge rdisch.
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Fig. 41-14
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Fig. 41-15

both must vary with the signal. The circuit of Fig.41-15is much more accu-
rate for this purpose. This allows for making the charging and discharging
currents equal, while both can be varied linearly with the modulating signal.
When valve ITI conducts, the discharging current will equal i. Because no
current passes through valve IV, the base potential of the transistor will be V. :
the transistor will pass no current and the charging current of the capacitor
will be zero. When valve III is cut off, current i will pass through valve IV,
and the base potential will be iR volts negative with respect to V. If we now

L_-[' j-:‘ W
\
v

Fig. 41-16
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make the emitter resistance of the transistor approximately equal to R, the
collector current can be made exactly equal to i and the capacitor will
then be charged with this current . The period is in this case 2CA Vi, so
that the frequency of the triangular voltage is proportional to i. Variation of i
with modulation signal vmcoswm? can be carried out in this manner.
As mentioned before, this circuit allows a very large change in relative
frequency. For further improvements of this circuit the reader is referred
to the literature mentioned in Section 44.

To convert a triangular voltage with equal charge and discharge times into
a sinusoidal voltage it is necessary to suppress the higher harmonics;
these are: third 119, fifth 49, Since the frequency may vary over many
decades with this circuit it is not possible to use resonant circuits. The third
harmonic can be fully suppressed by adequate design of the limiting circuit
of Fig. 37-14. This is the case if the triangular voltage is clipped by 1/6 of the
amplitude in both directions. Fig. 41-16 shows how this would be achieved
with ideal diodes. If resistors are also inserted in series with the diodes, the
cut-off will be less abrupt and a good approximation of the sinusoidal form
will be achieved. If so desired, the effect of the other harmonics can be
reduced by using a number of these circuits.

For the demodulation of an f.m. signal with limited frequency deviation,
we think in the first place of an inductor. When we have a current i(f) which
is proportional to an f.m. signal, we can write:

t

i(t) = io Sinj Wingt dt
0

This will produce a voltage across an inductor L (as we have seen in Section

36):

di(r) . ¢
U(t) = L —— = Lip ®inst COSJ‘ Winst d¢
df .

v /inductance
v
S

Fig. 41-17
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This voltage, after rectification, will produce a voltage proportional to
the amplitude and therefore also to wigst. The disadvantage of this method is
that at a frequency deviation wg which is small compared to the central
frequency w., the required signal will also be small with respect to the zero
signal (Fig. 41-17). An impedance with the shape of curve b is therefore much
more suitable for the detection of an f.m. signal. This can be obtained by
means of the circuit of Fig. 41-18. Resonant circuits I and II are tuned
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Fig. 41-19
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to frequencies we+wy and we—wy respectively, where w, is of the same
order of magnitude as wg, the frequency deviation. The difference between
the rectified signals v1 and 11 has a frequency dependence as shown in
the lower part of Fig. 41-18.

The “Foster-Seely” discriminator (Fig. 41-19) is a variation of the above
circuit, where curves I and II are obtained with only one resonant circuit by
providing additional coupling with the primary winding.

If one of the diodes in the circuit of Fig. 41-18 is reversed (Fig. 41-20), the
output voltage will be v1+ 211 This sum has the same constant value at a
constant amplitude of the f.m. signal, for all frequencies in the range under
consideration. By inserting a large capacitor across the output (analogous
with what proved to be valid on the left-hand side of Fig. 41-12) the damping
of the resonant circuits will be increased with increasing amplitude of the
f.m. signal and the circuit will therefore stabilize the amplitude. The required
difference voltage H(v1—uv1r) will be found between points 4 and B. This
circuit, called “ratio detector” thus combines detection of the f.m. signal
with amplitude limitation. As one of the diodes is reversed the resistors
across the capacitors in Fig. 41-18 can be omitted and the diodes now
carry the charging and discharging currents at point A.

We should note here that the sensitivity of this circuit is greater than
would appear from a calculation based on the assumption that the two
rectifying circuits operate independently. The mean d.c. current passing
through the two diodes must be of equal value. Since with short current
pulses, the ratio of d.c. to a.c. current components is constant 1:2),
the a.c. current components of the diode currents must also be the same.
However, this means that the resonant circuit which produces the largest
of the two signals vy and vy is relatively less damped, so that the difference
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between the two signals is larger than when the requirement for the diode
current would not apply. Due to the d.c. current coupling we have thus
also a coupling between a.c. current components, which, theoretically,
may even have different fundamental frequencies.

Detection of an f.m. signal can also be carried out very accurately with the
phasemeter we mentioned in the previous section. If a signal current is
directed through a parallel resonant circuit which is tuned to the central
frequency we, there will be a phase difference between this current and the
voltage across the resonant circuit which, for frequencies in the proximity
of we, is proportional to the difference frequency w—w.. The phasemeter
converts this difference to a proportional voltage. This voltage is obtained
by converting the sinusoidal waveforms to rectangular waveforms and
measuring the overlap of these voltages. For this purpose, special multi-
grid valves have been designed, where the anode current depends in such
a way on the potentials applied to two grids that it will measure the overlap
and consequently also the phase. However, the accuracy is insufficient for
most measurement purposes.

Finally, a voltage which is proportional to the signal frequency can also
be obtained by charging a capacitor with a constant charge per cycle. If the
capacitor can discharge through a resistor, the voltage across the capacitor
is proportional to the “progressive mean” of the frequency. The RC-product
determines the time of averaging. The monostable trigger as discussed in
Section 39 will give a constant charge per cycle if the pulsewidth is shorter
than the smallest cycle of the f.m. signal, and if the circuit is triggered,

0 ““[l] i ’f‘] NI
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Fig. 41-21
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for example, when the waveform crosses the reference level in the positive
direction.

Apart from amplitude and frequency modulation, other methods are
applied in electronic measurements, such as pulsewidth and pulseheight
modulation. For example, the circuit of Fig. 41-14 can also be used for
pulsewidth modulation, i.e. the width of the pulses initiated by the Schmitt
trigger equals the period of the triangular voltage, and can obviously be
made proportional to the modulating signal.

Fig. 41-21 gives an example of a simple pulsewidth modulator. Here the
diodes I and II of the multivibrator circuit enable the speed at which the base
voltage of the non-conducting transistor changes, to be determined by the
current produced by current source III. Current source IIT can be controlled
by the modulation signal.

We shall refer to these methods in the next section when discussing various
operational circuits.



42. Mathematical operations

In simple measurements a signal, after amplification and possible modu-
lation and detection, is often displayed directly on a pen recorder, oscillo-
scope or simple meter. However, with more complicated measuring tech-
niques it is often necessary to subject the signal to one or more operations
which could be called mathematical. For example, if it is known that a
certain physical measurement leads to a voltage that is to a first approximation
inversely proportional to the temperature, we may wish to know what devia-
tions from this relation occur over a specific temperature range. It is obviously
possible to plot the measured voltage directly against the temperature and
to determine any deviations from the hyperbolic relation. The measurement
-will become much more elegant, however, by deriving a voltage which is
the reciprocal of the measured voltage, and plotting the former against
temperature. For this we need a circuit where the output is inversely pro-
portional to the input.

Since we are able to begin with a sufficiently large signal with these opera-
tional circuits there is no need to be restricted by inherent limitations as
discussed in the previous sections. It is not surprising therefore that the
flexibility and remarkable capabilities of electronics are most clearly shown
in the field of these operational circuits. It is of course not possible to
discuss exhaustively the many circuits which exist today, but it is possible
and indeed sensible to see how far the same basic principles underlie them.
We shall also discuss some of the most important circuits in more detail.
Regarding the latter, we shall devote special attention to some lesser known
methods which allow one to achieve a high degree of accuracy from relatively
simple circuits.

Amongst the most important methods is primarily the digital method, of
which we can state here that it allows one an almost unlimited number of
operations, which are all based on the same fundamental precept: the
“yes-no” or “0-1” decision. The flip-flop can be used for this as “building
block™ and the decision can be carried out with theoretically unlimited accu-
racy. However, it is necessary that the input signal is coded in digital form,
and the relation between input and output signal is then only apparent for
discrete values. The largest area of application of the digital computer
will doubtlessly be in accounting but also industrial processes have a need
for the great possibilities of programmed control and evaluation and here
again digital techniques will be increasingly preferred. There are, however,
many relatively simple operations in industrial plants and one sometimes
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gets the impression that fashion dictates the use of digital circuitry for these
operations as well. The truth is that simpler and cheaper techniques can be
applied to advantage in many cases.

Of these latter techniques it is especially the analogue computing technique
which is making an important contribution to processing circuitry because
of its great flexibility in applications involving linear processes. As will be
explained, this method which uses the “operational” amplifier as building
block, is particularly direct for most linear processes, and extremely cheap
when compared to digital techniques. However, the solutions obtained with
this method often show a certain lack of elegance, especially in the case of
non-linear processes, implying that the solution arrived at is not the best
possible one. Optimum results are however indispensable in pure measure-
ment techniques as used in laboratories and process control. It makes sense
therefore to attempt to find the best possible solution for a specific operation.

As there is much literature on circuitry for either of the building block
methods, we shall restrict ourselves to a brief discussion of these techniques,
and pay special attention to some of the other methods.

For the linear operation on signals, i.e. addition, subtraction, integration

‘and differentiation, we first consider the method which utilizes operational

amplifiers. This method is consistently followed in analogue computers. It is
based on the fact that the relation between input and output can be solely
determined by passive components if we apply strong feedback. Fig. 42-1
shows the basic circuit. 4 is basically an amplifier with infinite negative

amplification over the entire frequency band. With feedback, the input

voltage v; must be zero. The relation between input and output signals s then:
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Replacing all impedances by resistances (Fig. 42-2):
Uout = av1 + Poa + ...+ non
where a, f ... 7 are negative numbers.
Replacing Z, by a capacitor with a value C, Z; by resistor R and the re-
maining impedances infinite (Fig. 42-3), we have with 4 =oc0:
1 1t &
Vout= ————101 OF Uout = — —— | ¥
out R Cp 1 out RC . 1
‘The output voltage is then proportional to the integral of the input voltage.
Similarly, we obtain in principle when Z,=R and Z:=1/Cp:

do
Zout = — RC Ttl
c
i
R
A
" Yout

O

-

Fig. 42-3
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The fact that the d.c. amplifier (usually of the Goldberg type) is not ideal,
compels us to take into account with this type of feedback system not only
the stability problems we have mentioned before, but also the fact that the
operations can only be carried out with limited accuracy. For example,
stability criteria prevent the use of this circuit as differentiator over a large
frequency range. Regarding the lack of accuracy, apart from the finite
amplification, the chief problems encountered are the limited bandwidth,
the zero error, the input current and possible additional phase shifts.

This may be illustrated by a few calculations.

We have for the addition circuit of Fig. 42-2 for finite amplification:

—Uout [1 +%<1 +§—:+§Z+... j—:ﬁ)] =v1%+vz§~:+..-+vn1%

At given values of resistance, a relative change 44/4 in the finite ampli-
fication therefore produces a relative change in the coefficient of value
AA[A - ¢, where:

We find for the integrator circuit of Fig. 42-3:

1 — U

Vout = — Avy and = (03 — vou)pC

so that:

1 1
{(l + 7)p‘t + ;{}Uout = —U1 @“42.1)

where = RC. For a perfect integrator we have vout=121/pt, so that the opera-
tor {(1 +1/4)+1 /Ap‘t} is the disturbing factor; its effect depends on the
waveform.

For example,if 21 is a step function of value ¥, vout should equal
— Vi/x, where ¢ = integration time. However, we find by Heaviside’s
calculation method from equation (42.1):

Vour = —A V{l —etid+ l)f}

for which can be written in good approximation:
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_ A4 vit _ 12 }
omt = T 1 {7 TRy

The effect of the finite amplification is therefore expressed by the factor:

A - 1 t }
A+1 24+1) T
If the signal is sinusoidal, both amplitude and phase will be affected,

and further an interfering switch-on phenomenon occurs. With v; = Ve/o#
the particular solution of differential equation (42.1) becomes:

Vout = — Velw? 1+L)'wr+—l‘ -
oul A A

which can be written:

A 1

-V ei (w0t — =f2) ei(’
A4+ 1Vt + 4+ 12

1
= tg —— .
where @ =arctg ey
We thus find with 21 = V sin wr:
A 1
A+ 14/ + (4 + D2

A solution of the homogeneous differential equation {(1 + 1/4)pr +
1/A}vout = 0'is

Yout = -V

out = K e~tHA+DT

and consideration of the initial conditions that the system is quiescent
for ¢ = 0,-gives the complete solution:

y_ A 1
A+ 1Vt +(d+1)2

where cos ¢ = wt/Vw2? + (4 4+ 1)-2. In the idealized case the
solution would have been

Jout= —

{cos(wt +@)—etAd+DTcos g }

1
vout = —V —— cos wt
T

Similar calculations can be undertaken for the effect of the limited
bandwidth and phase shifts. They again show that these effects
are dependent on the specific input waveform,

The effect of the zero drift and the input current is also important. When
considering the integration circuit of Fig. 42-4, where the zero error is
allowed for by the equivalent input voltage o4y of the amplifier and the input
current by current source iy, we see that:

cos(or + @) [
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N — 0
R

= (vt — vout)Cp — ig, or v1=v4(1 + p) — izR — TPVout

and also out = — A(vs + var), so that
~vout{ 1/4 + wp(1 + 1/4) } = 01 + var(l + p) + iyR

(o
—ii-
R Vdr |
S
Ki in Yi Vout

__l’ —0

Fig. 424

This proves that, compared to the input signal v;, not only the drift
voltage itself, but also its derivative is important, and that the effect of the
input current is proportional to resistance R.

A good valve amplifier allows the measurement of integrals up to 100 uVs
per minute at rather high values of R. We should remember in this respect
that the integral of the drift voltage will increase as the square of the time
because a drift voltage behaves linearly with time to a first approximation.
Over very short measurement periods (of the order of seconds) the derivative
of the drift voltage also plays a part. A typical value, corresponding to the
100 »Vs per minute measurement is: 1 xVs per second.

This value may not be small enough for some measurements. We must
then use chopper-stabilized amplifiers. With transistorized circuits the limi-
tation is defined by the extent to which the base current can be compensated.
The impedance level is then obviously much lower.

It is also theoretically possible to replace one or more of the impedances in
the circuit of Fig. 42-1 by components which have a non-linear relation
between potential and current. As it is then still more difficult to satisfy the
stability conditions, these circuits are only used in a few incidental cases.
To sum up, we can say that in measurement techniques, the integration
and the summation circuit are primarily applied.

As mentioned when discussing the principle of “adding what is lacking”,
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this principle can often be used to advantage instead of feedback. As ex-
ample we discussed an addition circuit (Fig. 27-6) which has greater accu-
racy, stability and response than the circuit of Fig. 42-2.

With regard to linear operation, we should once more emphasize the use-
fulness of the difference amplifier; not only because of its excellent linear
processing of difference measurements, but also because of the fact that it
is a simple operational amplifier where one of the input grids can be used

Fig. 42-5

for feedback. An example of this is the integrator circuit shown in Fig. 42-5.
Its principle was discussed in Section 26 as an example of impedance trans-
formation; it serves to compensate the effect of voltage v; across the capacitor,
which interferes with perfect integration. By feeding the output back to the
lower input grid, the output voltage will be 22, provided the difference
input voltage has been sufficiently amplified. We thus have:

(vs — v) (vi—2wm) 20,
= 0iCp or vout =204 =
R R -+ uCp out v; RCp

which indicates perfect integration. With this circuit we only have to take
into account (in the normal field of operation of the amplifier) the limitations
imposed by zero-point drift and input current. By replacing capacitor C by
an inductor, a differentiating circuit is obtained. However, there is little
need for this, because the simple circuit shown on the left-hand side of
Fig. 42-6 (corresponding to Fig.12-5) is excellent for this purpose. If neces-
sary, the internal resistance of the cathode follower can be further reduced
by applying simple feedback by means of a transistor (right-hand side of
Fig. 42-6). The internal resistance of the cathode was 0.1 £ for the values
indicated, which is 3000 times smaller than with the left-hand circuit!
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As noted in Section 12, this type of circuit is also excellent as an addition
circuit (Fig. 12-7).

While the number of linear operations is very limited, the collection of
non-linear operations is theoretically infinite. It is therefore impossible to
discuss all circuits developed over the years which must be considered as
belonging to this group. Perhaps the most interesting procedure is to discuss
those circuits which are the basis of a large number of operations.

For instance, one method utilizes the facility of producing impedances
which depend on frequency in a certain manner. For example, the impedances
discussed in Section 33, whose amplitudes above a certain minimum fre-
quency wmin can be made proportional to we, provided —1 < a < 1.

If a frequency-modulated current i(f) = o sin f ;wmt dt is fed through such

an impedance, where wingt is proportional to the signal z;, the amplitude
of the voltage across this impedance will be proportional to w*, and there-
fore also to v;%, provided the conditions of Carson and Fry (Section 36) are
satisfied. We thus obtain after detection, the operation:

Uout = C(vin)"
where

—1<a<g +1
The limiting case a=~—1 is obtained by taking for the impedance a
capacitor. If transfer impedances are used instead of ordinary impedances,
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values of a outside the indicated range are also possible. Since the phase
shift produced by these impedances is the same for all frequencies in the
frequency range considered, i.e. 37a, and since all components of a non-
sinusoidal voltage lie in the frequency range considered for the fundamental
component (the range extends theoretically from wmin to oo) we can also
use the triangular waveforms produced by the f.m. circuit of Fig. 41-14. The
rectangular waveform occurring during the switching of the Schmitt trigger
can then be used for synchronous detection (Fig. 42-7).

MW

ifrequency current )
modulator —e source (—s—impedance—w— detector e—o
Vout
Vs
Tnnn synchronization signal i
‘ Fig. 427

Another method (Fig. 42-8) uses the same basic circuit as the f.m. circuit of
Fig. 41-14. Since the voltage across capacitor C must lie between the two
fixed levels of the Schmitt trigger, the mean voltage across the capacitor
will be constant If By conducts for a time Tasscn and the period is T the mean
discharge iz Taisen is equal to theinjected charge i1 T, and thus Tassen/T=i1/is.

Fig. 42-8
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If valve B; passes current i3 for the same time Taiscn, we find for the mean
current iy through this valve:

. , Tatsen  i3i1
ig =13

T i2
and for the output voltage:

igi1
Uout = — RaT‘
12

Before considering the various applications, we should mention the re-
markably high accuracy obtained with the above-mentioned relations. This
is due to the fact that only a number of comparatively simple invariable
factors is made use of| e.g. as long as the Schmitt trigger operates, the voltage
across the capacitor must retain the same mean value ; the time during which
B; conducts is then accurately fixed, whilst the simultaneous opening and
closing of B; and B; does not pose any difficulty because of the large square-
wave control voltages. Accuracy is only limited by the extent to which the
condition that a valve is open also means that no current passes through that
valve. It appears that the emission from filament to anode is the chief offender

I tmA)
i
0
02
Esocc 103
El80CC.
ECC82 0
E88cC
ECC81 .
EF80 10
EsoF
P T = e e e e {
AVgy =—
Fig. 42-9

in this respect. Fig. 42-9 shows the result of the measured currents for a few
valve types. Dependent on the type, these currents prove to lie between
approx. 1 pA and 1 nA. Carrying out the same analysis with transistors,
accuracy is determined by the variations in the ratio of base to collector
current, as well as by the leakage currents of the collectors. However, here
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-150

Fig. 42-10

too it is possible to design a circuit which is adapted to the specific properties
of the transistor used as a switch. Circuits with field-effect transistors can
be designed in a similar way to those with valves.

When current i; is kept constant (Fig. 42-8) the output voltage will be
proportional to the quotient of currents 73 and iz, or vout= Cis/iz, which
means that this network is capable of carrying out the division of two
signals. When current i3 is also kept constant, the output voltage will be
inversely proportional to iz. This type of circuit can be applied to convert
the time intervals between irregularly occurring pulses (e.g. heart beats) into
a corresponding instantaneous frequency.

When current iz is kept constant, the output voltage will be proportional
to the product of currents iy and i3, and we have obtained a multiplication
circuit. This circuit can, of course, only be used for producing products or
quotients with a positive value of i3. By using the balanced design of Fig.
42-10, a “four-quadrant” multiplier can be obtained, i.e. a circuit which,
for both polarities of the two signals v; and s, gives the product:

Uout = € U103

When 21 =03, a pure squaring circuit is obtained.

Using the same symbols (0 indicating a quiescent current) we have
for the left part of Fig. 42-10:
. U1
i1 + )

. . U1 Rl
iz0Taisen = (uo + -—R—> T or Tasean=-—7T"—""T
1 i20

§
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where Taiscn is the time that valve Bz conducts. Valves Bs and Bs conduct
for the same time, so that we can write for currents i; and i, in the
common anode circuits:

al = (iso + ﬂ) (T — Taisen) + (iso - %:) Taiscn

R3
and
T = (iao + —Rl%) Taisen + (iso - -I%) (T — Taisen)
Therefore:
ir—i _—_E(ZT‘“’"“ - 1) =ﬂ(§i_1‘3+ o _ 1)
Rs T Rs \ izo izoR

S0 that,' for izo = 2i10, the output voltage vo = Ra(ir — i1) becomes
proportional to v1v3, where both polarities are allowed for the voltages.

The division circuit can, of course, also be designed as a balanced
circuit.

difference

amplifier

o
limiter Vout
—o

0-~
Fig. 42-11

The “inverse-function generator” is used in a third method which offers
very many facilities. If we have a good difference amplifier (Fig. 42-11)
followed by an instantaneous limiter (in practice usually the last stage of the
difference amplifier itself) the following relations can be obtained for the
output signal of this combination:

vout=0 for vi<ve and vous=uvm for vi>vs
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Fig. 42-12

independent of the level of v; and vs. If 1 is a periodic signal, e.g. a periodi-
cally repeated exponential function v1=2, e~=¢, where the constant voltage
oy is larger than (vz)max, we find for the time 4 that o, is larger than vs
(Fig. 42-12): 1 v
A=——m 2
a I)f
so that 4 and hence the mean output voltage (Dout) will vary in proportion. to
In v3. More generally we can say that when #; is a periodic signal which
depends on time and this dependence is not of a complicated multi-valued
nature, the mean output voltage will depend on zs according to the inverse
function. .
For example, if v; is a sinusoidal voltage v, sin wt, the output voltage will
be proportional to arc sin (ve/vy), whilst if 77 = ct2, the output voltage will be

proportional to '\/ s (top part of Fig. 42-13).

/"‘r

Fig. 42-13
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Vout

Fig. 42-14

A variation occurs when the frequency of the scanning signal »; is also
determined by 22, as indicated for the quadratic function in the lower part
of Fig. 42-13. If the pulse produced per cycle has a fixed height and width,

~ the output signal will be proportional to the reciprocal value of the inverse

function: (vout)mean=c/'\/72-

It is, of course, also possible to make the pulse height of the former
circuit, and both pulse height and width of the latter circuit dependent
on other signals, so that a great many computing circuits can be realized in
this manner. Fig. 42-14 gives an example of a simple logarithmic voltmeter
based on the principle of the inverse-function generator, where only moderate
precautions regarding zero-point drift of the amplifier are necessary to
operate without difficulty over a factor of 1000 (millivolts to volts). As can
be easily calculated, we have in this case:

Uout=cilnlv'.
2]

As a special application of the inverse-function generator we should
mention the generator of sinusoidal voltages with periods of hours. By
applying a sinusoidal voltage with amplitude o, and a relatively high
frequency to one input of the inverse function generator (Fig. 42-15),
and to the other input a voltage v5, the output voltage will be propor-
tional to arc sin os/vr. If we now take for vz a sinusoidal voltage with
the same amplitude as 2, but of a much lower frequency, vou: will
become a triangular voltage, whose height will be determined by the
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Fig. 42-15

limiting circuit of the inverse-function generator, and where the period
will be equal to that of v2. We thus achieve a sine-triangle transformation.

The reversed process is more important in practice and is obtained
by using feedback (Fig. 42-16). The feedback to the input (2) of the
inverse-function generator compels the output (3) to follow a triangular
voltage. When the latter has the correct amplitude, a sinusoidal voltage
will appear at (2) which has the amplitude of the auxiliary voltage across
(1) and the cycle of the triangular voltage. The voltage on the output of the
inverse-function generator ensures that the triangle generator produces
a voltage of the correct value. Since it is easy to ensure an accurately
linear charging and discharging of capacitors for very long periods
(hours), it is possible to produce very pure sinusoidal voltages with
cycles of many hours in this way. The advantage here is that these
voltages do not exhibit any switch-on phenomena and can start with
any required phase. The maximum period of an oscillator constructed
according to this principle proved to be approx. 4 hours, whilst the
deviation from the sinusoidal form was less than 1 per cent.

v FTTTTe e W — e — e “
r [
* RAfy 1 o
Y nverse ' difference |~ "3 W
function [—w—i—w - - wave
2 generator ) amplifier generator

Yout

' Fig. 42-16
Should we attempt to produce a sinusoidal voltage with a period of
several hours in the normal way, i.e. by satisfying the differential
equation d2V/d¢? 4 w?¥V = 0 for this voltage, the duration of the switch-
on phenomena (apart from the problem of amplitude stabilization)

would amount to 5 to 10 cycles. In other words, it would take us a
whole day!
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Fig. 42-17

Fig. 42-18

A frequently used method for the production of non-linear relations be-
tween potentials and currents utilizes a combination of resistors and diodes,
as illustrated in Figs 42-17—19. Assuming an ideal diode in Fig. 42-17, the
relation between current i and input voltage v; will be as indicated. The point
on the abscissa is determined by the ratio of R; to Rz and the value of the
auxiliary voltage ¥, whilst the slope of the characteristic is determined by
the three resistors Ri1, Rz and R,. By changing the connections of the diode
and/or reversing the polarity of the auxiliary voltage, we can obtain arbitrary
line segments. Summation of the currents i of a number of similar circuits
(e.g. as in Fig. 42-18 by means of an operational amplifier) gives an accurate
approximation of the non-linear relation between the total current I (i-e.
the output voltage v,4: and the input voltage v (Fig. 42-19).) Many variations
of these methods are obviously possible, such as using transistors instead of
diodes as switches.
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The linear approximation of a curve y = f(x) is based on approximating
this function by the first two terms of the Taylor’s series:

h2f(x)
2!

&+ B = f() + b o) + ... % FOC) + ...

If f”(x) is not zero, the resultant error will be of the order 442 f*(x).
If all derivatives f'(x) . . . f*~1(x) are zero, the error will be of the order
of magnitude h* f*)(x)/k!. If it is required that the deviation nowhere
exceeds 0, the permitted values of k& can be derived from this series
expansion.

Some measurement apparatus make use of linear potentiometers to which
resistors can be connected at mutually equal distances (Fig. 42-20). In the
special case that all resistors have the same value, the voltage will behave
exponentially as a function of the slider position. This is used in some pen
recorders with logarithmic indication. There are also potentiometers where
the resistance between the slider and one of the contacts is made to represent
a certain function (In, sin, cos). Accurate working specimens of this type
are very expensive.

Fig. 42-19 Fig. 42-20

Amplitude modulation also offers the possibility of mathematical opera-
tions, such as the vectorial addition of two values. For example, when signal
A is modulated on carrier wave cos wt and signal B on sin wt, the sum
signal will be:

A cos ot + B sin ot =/ 4z + B? (cospcos wt + singsin of) =
\/Az-l—Bzcos(wt—cp)
B

‘/A2+B2

where Cos @ = and sing =

VA2 + B
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If the signal is demodulated, the amplitude will be proportional to

\/ A2- -i-—Eé: and the phase difference ¢ between the sum signal and A cos wt
will be proportional to arc tan B/A.

The value \/ A?+ B? can, for example, be used to make the spot intensity of
an oscilloscope proportional to the writing speed, so that the brightness remains
constant. The writing speed is \/ vr?-vy?, where vy and oy represent the
horizontal and vertical writing speeds; these are obtained by differentiation
of the deflection voltage. Instead of multiplying by sin w? and cos wt, it is
simpler and more accurate to do this with square waveforms with a time
interval of } period and by filtering out the fundamental after summation.

These square waves can be obtained by starting from a square-wave voltage
with double the frequency required to control two flip-flop circuits. In order to
ensure that the two pulses are mutually shifted by exactly } period, we must
use the combination of multivibrator and flip-flops, as mentioned in Section
39 and shown in Fig. 42-21.

rE e UL
Multivibrator |—-— Flip-Flop :: _; o) _U_U_L_I—
Flp-Flop[—#7° @ _,—l__l—

-~

Fig. 42-21

Apart from the methods discussed above, which are based on principles
which in themselves are operations, there are many operational circuits
which can be traced back to the properties of the components used. A simple
example of the latter is the quadratic relation between the applied voltage and
the heat generated by a resistor, which may be used to determine the effective
values of currents and potentials. Generally speaking, the accuracy of this
class of operations is relatively small; on the other hand these methods
are rather simple and cheap.
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A method often applied in measurement electronics, and which belongs
to this group, has been mentioned in Section 32, namely that the relation
between grid current and grid voltage is logarithmic over many decades
(10-12-10-%A) for a number of valve types, so that the output voltage
is proportional to the logarithm of the input current. Among other
applications this is used for the measurement of the current in an
ionization chamber, where the valve is sometimes built-in to minimize
the effect of the leakage currents.

In a similar way we can make use of the exponential relation between
the base voltage and the collector current of a transistor.

43. Accuracy

We mentioned in the previous section that digital circuits allow signal
processing with infinite accuracy. One could therefore say that in principle
the accuracy of signal processing does not offer any problems. By only
applying digital operations, the accuracy will remain the same as for the
primary signal. However, as we have mentioned in the introduction, this is
too idealistic a presentation for several reasons.

Firstly, the actual measurement signal is frequently not electrical and
must first be converted to an electrical one. This is, however, almost never
done in digital form, and is always accompanied by a certain inaccuracy.
Furthermore, these electrical signals usually need amplification before apply-
ing operations to them, which introduces further inaccuracy. Another point
is that digital solutions are too expensive for the majority of operations
desirable in measurement electronics, so that this part of the circuit is
also designed in analogue form. We can therefore say that the final accuracy
of the electrical part of signal processing is determined by the accuracy of
the linear amplification and of the non-digital processing circuits. We shall
therefore conclude this book by discussing a few relevant points which have
not been mentioned or only barely referred to in the previous sections.

Several causes can be blamed for the inaccuracy of measurement results
and signal processing. In the first place we have the continual presence of
noise in electrical equipment. Inaccuracy produced by noise obviously plays
a greater part when the signals in the circuit are small. When large signals
are being processed other factors are usually more important and overshadow
the noise effect. If noise is important for final accuracy, the circuit must be
designed so that it is reduced to a level approaching the theoretical limit.
Since noise sources and their values are known, their contribution can be
calculated for each configuration. This allows us to select the most advanta-
geous from several possible configurations. Nevertheless, noise will always
impose a natural limit on accuracy.

An example of an entirely different form of inaccuracy is met when a
transfer system is assumed to be linear while in fact it is not. The resulting
error is here not limiting since it can be fully determined and compensated
for, sothat we have complete control over it.

Most sources of inaccuracy in electronic equipment are based on a com-
bination of inherent processes and a neglect of necessary precautions. We
do not mean the latter in any way to be derogatory. For example, most
components are sensitive to changes in temperature, but it would be extremely



448 ACCURACY [43

cumbersome as well as expensive to place all electronic instruments in
thermostatically controlled enclosures for this reason alone. The more so
because we still have to contend with natural limitations, which will nearly
always play a dominating part under normal conditions when suitable
circuits and components with a sufficiently low temperature coefficient are
selected.

Apart from noise, ageing phenomena in particular set natural limits on
accuracy. An example is the change in resistor values by recrystallization of
the material. Most precision resistors of good manufacture have been “aged”
artificially by keeping them at a high temperature for some considerable time.

Changes also occur in transistors because of the diffusion of impurities in
the crystal and reactions at its surface. A modern way of preventing the
latter is by coating the surface with a protective layer of oxide. Diffusion can
further be retarded by avoiding high temperatures in the transistor.

The greatest changes of this nature occur in valves, which is not surprising
in view of the high cathode temperatures. Relevant factors are evaporation
of material from the cathode surface, “poisoning™ of this surface by foreign
atoms from the residual gases, and precipitation of barium on the grids.
The only direct precautions which can be taken against the ageing process
of valves consist in ensuring constant conditions and compensating their
effects as much as possible by using two reasonably identical valves.

In the case of equipment supplied from the mains, the mains voltage is
another important factor. As mentioned when discussing supplies, deviations
from the nominal value up to 10 per cent in both directions often occur. It
pays therefore to use stabilized supplies for most precision equipment, which
can be derived from the mains supply as described in Section 29.

‘When the effect of the above-mentioned and similar interference sources
has been reduced in a suitable manner to a permissible value, the valves and
transistors will introduce the largest tolerances in electronic circuitry, espe-
cially when a new valve or transistor has been put in. One could think that
the accuracy of the processes in which these active components are used,
will be determined by these tolerances, or even that the accuracy cannot be
better than the largest tolerance occuring. However, the discussion on feed-
back has already shown that this reasoning is incorrect. Employing feed-
back in an amplifier can be arranged so that the amplification is mainly
determined by the ratio of two impedances, i.e. by components which may
have (and in general will have) considerably better tolerances than the active
components used.

This implies that there exist principles which make it possible to reduce
the effects of certain tolerances. Two questions now present themselves:
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1. Apart from feedback, are there any other principles with this same
property, and which are they?

2. Is it possible to reduce the effect of all tolerances by taking suitable
precautions? Because in the case of feedback, the tolerances of the
impedances used for feedback retain their full weight.

In answer to the first question we can say yes, there are other principles
that can be used to reduce the effect of certain tolerances. Some of these
have been discussed, e.g. the principle of “adding what is lacking”, but we
have certainly not covered all possibilities. Indeed we may wonder if it would
be possible to summarize the possibilities; it would at the very least be difficult
to guarantee that any list would be complete for we lack a logical way of
arriving at principles of this nature. Of course, we can find some of the
fundamental reasons by tracing the basis of the accuracy of known accurate
circuits. The authors have thus come to the conclusion that great accuracy
in electronics is basically founded on very simple, almost trivial, truths.
Let us give a few examples in practical circuits given in this book:

a. With a good triode, correctly adjusted, the grid current is negligible so
that anode and cathode currents equal each other with great accuracy;

b. If, after a certain time, the voltage across a capacitor resumes its original
value, this indicates that the charges flowing into and out of the capacitor
during that time interval equal each other.

c. We shall see that the fact that the loop gain with an oscillator deviates
extremely little from unity, can be used also for designing accurate
circuits.

A complete survey of these types of principles would undoubtedly be most

useful to electronic engineers, but the fact that such a survey does not exist

should be a stimulating thought for the devotees of this science. It is also
consoling to know that simplicity leads to equally good, if not better, results
than complexity.

This simplicity refers to the principle and not to the number of components
used, although the two often go together. A circuit can be made more
elegant by using a smaller number of components, but only when this does
not interfere with the properties of the whole system. Economy in the use
of components — particularly in the case of expensive or unreliable ones — is
of course a sound principle. However, especially in the “professional” sector,
economizing on components will often be belied by a lower system reliability.

It is often possible to achieve a great gain in quality by simple changes. A
striking example is shown in Fig. 43-1 where it is intended to give the same
value to the grid biases of two triodes, amounting to approximately half the
available supply voltage (difference amplifier, synchronous detector). If a
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maximum difference of 1 mV between the grid voltages is to be guaranteed
(left-hand side of Fig. 43-1), a tolerance not exceeding 10-5 is permitted for
the resistors. Moreover, the current noise of the resistors, which may be
quite considerable, also occurs as difference voltage. The right-hand side
circuit has the same components. The grid biases are here always the same,
independent of any deviations in the resistors, and the current noise of the
resistors R does not appear as difference voltage between the grids.

Fig. 43-2 illustrates a second example. If it is required to produce a voltage
which is accurately proportional to the difference between voltages v; and vz,
we could in the first place think of using the operational amplifier which we
know to be an accurate processing circuit. We then obtain the circuit shown

g

[o]-]

Fig. 43-1

™~

4 “® vut

Fig. 43-2

43] ACCURACY 451

in Fig. 43-2. We first derive a voltage — v2 from v2 and then add the former to
v1. Although these operations can be carried out quite accurately individually,
the coefficients of v; and — vz may show a difference of the order of magnitude
of the tolerances in the resistors. Even if the resistors are adjusted, we must
take a possible deterioration in these resistors into account. This gives an accu-
racy of 0.1 per cent difference between the coefficients of v; and — vs, which is
about the best result obtainable. However, by using a good difference
amplifier, which does not require any precision component, an accuracy in
the difference voltage will be achieved without any difficulty which is one
order of magnitude better. This will remain so even if there is a deterioration
of many per cents in one or more of the components used.

The answer to the second question is also yes; this answer is given by
visualizing circuits with the property that the tolerance in one of their
electronic characteristics is smaller than the tolerance of each component
used. The cathode follower (Fig. 43-3) is a simple example of this. “Ampli-
fication” here depends on the amplification factor y, the internal resistance
rq and the cathode resistance Rg:

gl 4R
v¢  ra+ (u + DRy

We can now prescribe that a valve must be used for this cathode follower
with an internal resistance rq, and an amplification factor u,, whilst the
cathode resistor must be Ry, However, components of exactly these values
are not commercially available and we are therefore forced to permit
deviations. Let us assume for the sake of simplicity that components are
allowed if their values differ from the nominal values by a factor plus or
minus 1; e.g. A=1.05 at a tolerance of 5 per cent. It will be easily seen that
maximum amplification is reached when g and Rj reach their largest values
Aptn and ARgn, and r, its smallest value rqq/A:

Aaﬂanm
Fan + j-2(}»,111; + I)Rkn

Amax =
Similarly:
Hn Rin
ABrag + (,un + 1)Rkn

The tolerance factor A; for the amplification is therefore:

Amax - Vz-s{ Argn + (,un + Z')Rk'n }
ran + 22(}4‘1& =+ I)Rkn

Amin =

A=

Amin
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It is easy to conclude that A; will be smaller than A if we ensure that
(A2+1)ran <MunRin, which can be approximated in practice to Rign>2/Sy,
where Sy, is the nominal transconductance. This is not a stringent require-
ment. We find for very large values of Ri, with respect to ra:

A—1
Hn

A—1rs

We thus obtain very small tolerances in amplification.

One could object that the above is not very convincing because the voltage
amplification considered is smaller than unity. However, reduced tolerances
can also be obtained with amplifications larger than unity. Fig. 43-4illustrates
an example following from Fig. 43-3 which allows amplifications up to
2 times.

Yout

Fig. 43-3 Fig. 434

Apart from the fact that this still represents a very mediocre amplification,
this circuit is inelegant because the input voltage must be floating. We can
avoid this by using a strongly fed-back multi-stage amplifier where feedback
is achieved by means of a difference stage input. However, this system does
not give more than 2 x amplification, and that at the cost of a dispropor-
tionate number of components.

We shall now indicate by means of a final example how amplifiers with
considerably higher amplification can be designed which possess the required
property of a very small tolerance and which are easy to realize.
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Fig. 43-6

We apply the principle for obtaining stabilized amplification, as mentioned
above, where use is made of the fact that the loop gain of oscillating systems
deviates from unity by an extremely small amount. The principle of this type
of circuit is shown in Figs 43-5—8. In Fig. 43-5 the valve can be considered as
being a current source with signal current Sz, and internal resistance rg. This
circuit corresponds to that of Fig. 43-6 and therefore also to that of Fig. 43-7
where R represents the parallel value of R, and r,. At constant frequency,
the attenuation of the circuit depends on the values of the components.
However, at the frequency for which the phase shift is =, i.e. the frequency at
which oscillation will occur provided amplification is sufficient, this dependf
ence will be very small if the most suitable values have been selected. This
implies R3 > R2> R1 and R1Ci~R:C:~R3Cs. Entirely neglecting the
mutual load of the three sections on each other and nominally putting R1C1=
R2C2=R3C; with a tolerance factor 4 for all resistors and capacitors, it
follows from a similar calculation as used for the cathode follower, that the
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nominal attenuation of the circuit is 4(A2+4-2) and the tolerance factor
#(A%+ A-2). We thus find for a few practical values of A:
A=1.02; nominal attenuation 8.0062; tolerance 1.000777
A=1.05; 8.0380; 1.004752
A=1.10; 8.1458; 1.018223

If we now ensure by a suitable selection of the time constants and using a
limiting device to adjust the slope of the valve, that an oscillation with small
amplitude occurs at a low frequency, SR; will assume the value of the
attenuation factor.
This situation will undergo little change when two resonant circuits tuned
to a high frequency are inserted in the circuit (Fig. 43-8). At sufficiently high
frequencies, the feedback to the grid will be zero because of Cs, and since Rz
was a}ssumed to be large with respect to Ri, the circuit will operate as an
amplifier at this frequency. The amplification is vous/vs=-SR;. The tolerance
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will not be appreciably increased when suitable values are selected for.the
resonant circuits.

This circuit has a guaranteed amplification value at given tolerances of the
components and in a given frequency range. This may be roughly compared
with the guaranteed rejection factor of difference amplifiers at a given
tolerance of the components.

These examples demonstrate that, apart from the operational circuits
discussed in the previous section, it is also possible to achieve linear amplifi-
cation with an accuracy which is not necessarily limited by the tolerances of
the components. The fact that we are not in principle bound to given limi-
tations makes it possible to invent ever new methods and thus achieve new
progress in electronics.
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