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PREFACE

Conception, my boy, fundamental brainwork is what makes
the difference in all art. Hall Caine (Recollections of Rosetti)

How often do we encounter a technical term not fully under-
stood, one which we have forgotten or which we never really got to
grips with. Take heart, herein is help, especially with the basic or
fundamental terms.

There is a companion book entitled “A Reference Guide to
Practical Electronics Terms” which deals with affairs more worldly.
Although it would be gratifying to be able to proclaim that the two
books together constitute a guide to the whole of electronics, this
cannot be but at least they should engender an awareness of the
more important electronics principles and how they find their way
into the practical world. However, each book stands on its own
and relies on its companion no more than any technical publication
relies on other work to fill in the gaps. Both books have their own
system of references and those terms in the same book are preceded
by an asterisk (*), those in the companion book by >> (see the
exarmple below).

The references are no more than enlightened suggestions, the
readsr can choose which, if any, should be explored further. Certain-
ly by following them from term to term one can easily get down to
the real roots of any concept.

There is an inherent danger in an approach which is too technical
for the less experienced readers hence the explanations avoid over-
whe'ming the reader with more than sufficient detail or mathematics.
Also the level of explanation is tailored to the term itself. As an
exariple, the experienced engineer will have little need for “Ohm’s
Law” or “Resistance” but the new recruit may be glad of them,
hence in such cases the explanation is kept simple. Conversely the
professional may be interested in the more esoteric terms and for
such people simplification would be wrong. Apart from electronics
engineers, students and enthusiasts, the books are also likely to have
appeal for those in other disciplines of engineering, science or even
medicine who are now realizing that with electronics now so much a
part of our lives, some understanding of the subject must be enlisted.

Modern equipment is often little more than a cluster of un-
fathomable integrated circuits so we learn better from circuits of
discrete components. Accordingly these are frequently used for
illustration even though in the practical world integrated circuits
have taken over.



A reminder about the references:

(* Resonance, Damping, Forced Oscillation >> Shock Excitation)

l

other terms in this book for extra
clarification as required

Please note that an Index appears on page 465.

J
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atermin “A
Reference
Guide to Practical
Electronics Terms”
— not essential but
may be of interest.

F A. Wilson
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ABSOLUTE TEMPERATURE This is temperature measured from
absolute zero — see Thermodynamic Temperature.
(* Absolute Zero, Kelvin)

ABSOLUTE UNIT is perhaps best explained by an example from the
SI in which all the units are absolute. Teke the quantity resistance as
a simple example. Resistance is a function of two other quantities,
current and voltage. The unit of resistance, the ohm, is an absolute
unit if it is a function of the units of the other two quantities
(amgeres and volts), with no other factors included. In the case of
resisfance this is so for one ohm is equal to one volt divided by one
ampere.

The earlier centimetre-gram-second (cgs) system also employs
absolute units.

(* D)

ABSOLUTE ZERO is the lowest temperature which theoretically
can be achieved. Normally, even though locked into the crystalline
structure of a solid, the atoms continually vibrate. As temperature
falls the vibration decreases until at absolute zero it is minimum.
That some vibration may remain is demonstrated by liquid helium
which it is thought remains liquid at absolute zero, indicating that
atormric motion still exists.

If however, we use the definition :hat absolute temperature is
directly proportional to the average particle kinetic energy, then
clearly when the temperature is zero. the particle kinetic energy
and therefore its velocity are also zero. The indication therefore is
that at absolute zero, molecular (or atomic) motion ceases altogether.

Tae unit of temperature has been established by dividing the
freezing and boiling temperatures of water into 100 degrees. On this
basis absolute zero is 273.16 degrees below the freezing point of
water.

The thermodynamic temperature scale has its zero at absolute
zero, i.e. absolute zero has a temperature of 0 degrees Kelvin (0 K).
(* Thermodynamic Temperature, Kelvin)

ABSORPTION is the reduction in magnitude of an electrical quan-
tity Sy physical or chemical action:

(i) radio signals cause free electrons to oscillate in gas molecules
in tke atmosphere. The transfer of energy to the electrons reduces
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the wave power, i.e. the signal undergoes absorption;

(ii)) when light traverses a medium, some is scattered, some is
absorbed. In the latter case those photons which have the required
energy levels are absorbed from the incident light by electrons,
hence energy is transferred and the light weakened;

(iii) capacitor dielectrics absorb some of the charge (dielectric
absorption). This is shown by the fact that if a charged capacitor is
discharged and then left on open circuit for some time, a small
charge can be detected, this is the absorbed charge reappearing.
(* Atom, Energy, Photon, >> Residual Charge)

A.C. — see Alternating Current

ACCEPTOR CIRCUIT is another name for a series resonant circuit
which at resonance presents a high impedance.
See Resonant Circuit.

ACCEPTOR IMPURITY is a term used in semiconductor manu-
facture. It is a trivalent element such as boron or gallium, so called
because it accepts electrons from other atoms within a lattice to
complete the bonds.

See Doping.

ACOUSTIC WAVE is a wave which is transmitted through the
vibration of the particles of a medium, it is perhaps more generally
known as a sound wave. The everyday example is the acoustic
wave travelling through air. When a body vibrates in generating
sound, it compresses and rarifies the air surrounding it. On com-
pression for example, the pocket of compressed air subsequently
expands and compresses the air in contact with it and in this way
the compression moves away from the vibrating body. Similarly
with rarefaction, hence overall there is a series of alternately
compressed and rarified waves travelling outwards. Because the
particles move to and fro in the direction in which the wave is
travelling, this type of wave is said to be longitudinal. Note that
the air particles do not travel with the wave, they merely vibrate
about their rest (undisturbed) positions, passing the energy onwards.

The medium through which an acoustic wave propagates can be
solid, liquid or gaseous and the velocity is affected by the character-
istics of the medium. Acoustic wave velocity is considerably lower
than that for radio waves. In air at normal temperature and pressure,
the acoustic wave velocity is about 344 m/s whereas in sea water
for example, the velocity is around 1500 m/s.

2



The frequency range for acoustic waves is that which can be
heard by human beings and is from about 20 Hz to as high as 20 kHz
although not many of us can reach the latter. Waves of higher
frequency are classified as ultrasonic.

It is possible to produce a travelling acoustic wave in a solid
mater:al by applying stress to the crystal e.g. through the piezo-
electric effect or by magnetostriction.

(* Frequency, Wave, Waveform, Piezoelectric Effect, Magnetostric-
tion >> Magnetostrictive Transducer)

A.C. RESISTANCE - see Effective Resistance

ACTIVE is a term generally applied to a component or circuit which
is capable of introducing gain, e.g. a transistor or electronic valve.
A power supply is required so that a component can become active.
See also the opposite, Passive.

ACTIVE COMPONENT . . . CURRENT ... VOLTAGE — see In-
Phase Component

ADMITTANCE This in an alternating current circuit expresses
the degree to which the circuit facilitates the passage of an electric
current. It is denoted by the symbol Y with the unit, the siemens
(S). Admittance is the reciprocal of impedance (Z) and when a
circuit contains reactance, both admittance and impedance are
complex, i.e. they have real and imaginary components. For
admittance the real component is known as the conductance (G)
and the imaginary as the susceptance (B) such that:

Y = G +jB (all quantities in siemens)

The calculation of admittance is often most conveniently obtained
from the components of impedance:

1 1 R—jX o

J - R +jX . R 4+ x? Rationalization)

The concept of admittance is especially useful in the analysis of
parallel circuits where the various branches are complex (i.e. contain
reactance). In this case the conductances of the various paths are
simply added (according to sign), similarly with the susceptances.
These are finally combined to produce a single value for the admit-
tance. This can be changed to impedance if required by taking the
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reciprocal.
(* Complex Notation, Impedance, Conductance, Susceptance)

AERIAL - see Antenna

ALLOWED BAND is a band of energy levels on an energy level
diagram which electrons are permitted to have. Figure E12 is such
a diagram and at (ii) the allowed bands are indicated. The conduc-
tion and valence bands shown in (iii) to (v) are also allowed bands.
See also Forbidden Band.

(* Electron, Energy, Energy Bands, Energy Levels, Valency)

ALLOY JUNCTION This is one of the earlier types of semiconduc-
tor junction, still in use for special devices but mainly superseded by
the planar process. Considering for example, transistors which have
two such junctions, a small pellet of an impurity material is placed
on each side of a thin slice of semiconductor material containing the
opposite impurity. This thin slice is the base and as an example, for
an n-type base of germanium, the pellets could be of a trivalent

Germanium wafer

Indium peliet
Indium pellet

Collector

Base

Fig. A1 PN.P. Transistor with Alloy Junctions




material such as indium as illustrated in Figure Al. The combina-
tion is heated in an oxygen-free atmospliere to a temperature slightly
abov2 that at which an alloy forms between each pellet and the base
wafer. On cooling the appropriate p-n junctions are formed.

(* P-N Junction, Impurity, Doping, Transistor >> Planar Process,
Diffusion)

ALPHA CUT-OFF FREQUENCY In a transistor as in any other
device, the movement of charge carriers takes time. From this it is
evident that there must be some high frequency at which the per-
formance of the transistor as an amplifier begins to fall simply
because the charge carriers are unable to complete their flow in one
direction by the time that the incoming signal reverses. The per-
formance can be expressed by the common-base current amplifica-
tion factor, o (Greek, alpha), equally described as the common-base
forward current transfer ratio. This is calculated as the rate of
change of collector current with emitter current with the output
terminals (collector to base) short-circuited to a.c.

It is possible to calculate the reduction in performance at high
frequencies but this is a complicated process. From it however, as
might be expected, two factors emerge as having a significant effect,
(i) the electron diffusion coefficient which is closely related to the
electron mobility and (ii) the width of the base.

In a more practical sense the alpha cut-off frequency is defined
as the frequency at which the common-base forward current transfer
ratio (or current amplification factor) falls to 1/4/2 (0.707, equiva-
lent to 3 dB) of its low frequency value
(* Charge Carrier, Mobility, Drift Velocity, Transistor, Decibel
>> Hybrid Parameters, Common-Base Connection)

ALPHA PARTICLE is the nucleus of the helium atom consisting of
2 neutrons with 2 protons. Alpha particles are emitted by radio-
active nuclei — see Radioactivity.

ALTERNATING CURRENT is one which reverses its direction at
regular intervals. It does this at a certain frequency. In electronics
the simplest form, that of a sine wave, is used as the basis for
analysis. A single value for an alternating current may be quoted
as its peak value, average value or root mean square (r.m.s.). The
UK electricity mains is approximately sinusoidal (of sine wave
shape) with a peak value of about 340 volts, an average value of 153
volts and r.m.s. value of 240 volts.

The term s frequently abbreviated to a.c. and used as an adjective,
€.g. 2.c. motor, a.c. bell, a.c. supply.
(* Frequency, Sinusoidal, Sine Wave, Root Mean Square, Form Factor)

S



AMMETER (short for ampere meter) is an instrument for the
measurement of current. There are several different types, each of
which has its own particular field of use.

(* Galvanometer >> Moving Coil Meter, Moving Iron Meter,
Thermocouple Meter, Hot Wire Ammeter, Instrument Transformer)

AMPERE - the basic unit of electric current, denoted by the
symbol A (after Andre Marie Ampére, a French mathematician and
physicist). One ampere is the current when one coulomb of charge
flows past a given point in one second. Since the charge of a single
electron is 1.602 x 107! C, then for one ampere the number of
electrons flowing past the point per second is 1/(1.602 x 1071%) =
6.24 x 10'®, a truly enormous number.

The S.I. definition is “that constant current which, if maintained
in two straight parallel conductors of infinite length, of negligible
circular cross-section, and placed one metre apart in vacuum, would
produce between these conductors a force equalto 2 x 1077 newton
per metre of length.”

(* Coulomb, Charge, Electron, Current, Newton)

AMPERE-LAPLACE LAW (BIOT-SAVART LAW) This is a law
relating electrical with mechanical energy, more specifically,
current with force. It applies to two parallel conductors with
currents /, and /, flowing. If very short elements of length d/, and
dl, are considered as shown in Figure A2, then the incremental
force, dF acting between the two current elements in free space or
almost equally in air is given by:

uol,dl1,dl; sin @
dF =

47r?

where uq is the permeability of free space, r is the distance between
the two elements and 6 the angle between the direction of r and the
direction of the conductors as shown in the figure. With current
directions as shown, the force is one of attraction (see Fig. E7).
Note that the equation is of similar form to that expressing the force
between two charges (Coulomb’s Law).

However, this (Ampere-Laplace) law tends to the theoretical
rather than to the practical because to total the force between all
the elementary lengths (i.e. between the two conductors) requires
much mathematical manipulation and even then, it is almost
impossible to check experimentally.

(* Force, Current, Permeability)
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Fig. A2 Ampere - Laplace Law

AMPERE PER METRE is the S.I. unit of magnetic field strength.
The symbol is A/m. It is defined in terms of the magnetic field
strength within a uniformly wound solenoid carrying a current such
that the current density is equivalent to one ampere per metre of
axial distance.

(* SI, Magnetic Field Strength, Current Density >> Solenoid)

AMPERE’S LAW is a law relating magnetic field strength with
current. It is derived from the Ampera-Laplace law relating force
with current. 1t is also known as Ampere’s circuital law or theorem,
sometimes as Ampere’s work law. The law states that the sum-
mation of the magnetic field strength, # round a closed path is
proportional to the total current crossing the surface enclosed by
the pzth.



The law provides the basis for certain of the more practical
magnetism formulae.
(* Magnetic Field Strength, Current)

AMPERE-TURN - an alternative and perhaps more descriptive unit
for magnetomotive force, symbol At (the recommended unit is the
ampere, A). Magnetomotive force is given by the product of the
number of turns on a coil and the current in amperes flowing
through them.

(* Magnetism, Magnetomotive Force, Current)

AMPLIFICATION is the process of increasing the magnitude of a
signal, usually by an electronic circuit — see Amplifier.

AMPLIFICATION FACTOR is a term used mainly with thermionic
valves. It is denoted by u and is the ratio between a small change in
anode voltage to the change in grid voltage required to maintain the
anode current constant. As an example, if a reduction of 20 V on
the anode reduces the anode current by a certain amount and a
positive change on the grid of 2 V restores the anode current to its
original value, then the amplification factor is 20/2 = 10. This is
measured over the straight portion of the anode current/anode
voltage characteristic.

(* Thermionic Valve, Anode, Amplifier, Characteristic)

AMPLIFIER — in a nutshell an amplifier is a circuit or device which
increases the strength of an electrical signal. Because its output
power is greater than the input power energy is required from an
external source and this is provided by a power supply. Amplifiers
are one of the corner stones on which modern electronics has been
built, in fact radio, television, telephony and many other branches
of electronics are unable to function without them. More specific-
ally, a linear amplifier has an electrical output which is a faithful
copy of the input except that it has a greater magnitude. This infers
that no noise is added and no distortion products are generated. On
the other hand a non-linear amplifier has an output which is not an
exact copy of the input, the waveform is distorted on its journey
through. The output therefore comprises a fundamental wave at
the input frequency plus added harmonics.

Let us consider an amplifier as a 4 + 2 terminal network (2 input,
2 output and 2 power supply) as shown in Figure A3(i). If the
input and output terminating resistances Rg and R are known then
by measurement and calculation the performance of this network as
an amplifier can be determined. What we need to know in any

8



particular case is:
(i) the input resistance, Ry,

(ii) the output resistance, R oy,

(iii) the maximum voltage swing which can be applied to the

input

(iv) the frequency range over which the amplifier is to operate

(v) the gain, G. This is expressed in decibels or as a ratio,
either in terms of power, voltage or current

(vi) the harmonic distortion introduced

(vii) the amount of noise added

(viii) the voltage range for the power supply and the current
drawn from it.

Much of this information is obtained from manufacturers’ data
followed by analysis of the circuit using transistor hybrid or y-
parameters. Distortion components and noise are usually measured
when a model of the amplifier has been constructed. Note that for
high frequency working, where internal capacitances have an effect,
the R’s in the figure must give way to Z’s (impedances) to account
for the fact that we are no longer able to class everything as resistive.

The simplest of the many different types of amplifier is the
single transistor stage as shown typically in Figure A3(ii). The input
to the n-p-n transistor is at its base and the output is taken from the
collector (common-emitter connection). The output current flows
via a capacitor C which prévents d.c. potentials from mingling with
the next stage. The resistor, R provides bias to the base. A small
current or voltage change at the base gives rise to a greater one at the
collector — this is amplification. Such an elementary amplifier has
input and output resistances in the medium range. For greater gain,
two or more stages can be linked or cascaded, the output of one
stage being connected to the input of the next. Some other features
of amplifiers in general are as follows:

Direct Coupled Amplifiers — these can amplify a direct current or
one which has a very slow rate of variation. For this, coupling
capagcitors such as Cin (ii) of the figure cannot be used.

A.C. Amplifiers — are used with frequencies from a few Hz upwards
and may have narrow bandwidths (tuned amplifiers) or large, run-
ning into MHz.

Voltage Amplifiers — are designed for a high a.c. output voltage,
hence R, must be high.

Power Amplifiers — are required when work, such as moving the coil
of a loudspeaker has to be done. For this the output current is
appreciable.

Negative Feedback Amplifiers — in these a fraction of the output
energy is sent back to the input of a single stage or over several

9
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(i) Simple single-stage amplifier

Fig. A3 Amplifiers
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stages. In the input circuit the voltage or current fed back is in
opposition to the input signal. This results in a reduction in gain
but with a more stable amplifier and with less distortion and noise
output.

Class 4, AB, B and C Amplifiers — these classes describe amplifiers
according to the length of time current flows in the output circuit
during each cycle. Classes A and AB are linear amplifiers, Class B
is linear provided that a twin transistor (push-pull) arrangement is
used, Class C is non-linear.

Integrated Circuit Amplifiers — except for those with high power
outputs, hence with considerable dissipation of heat, amplifiers are
ideal candidates for integration. Many stages are easily accommo-
dated within one small integrated circuit.

(* Transistor, Gain, Distortion, Impedance, Bandwidth, Negative
Feedback >> Operational Amplifier, Integrated Circuit, Hybrid
Parameters, Y-Parameters, Direct Coupled Amplifier, Class A . . .
Class AB . . . Class B . . . Class C Amplifier, Common-Emitter
Connection, Preamplifier)

AMPLITUDE — simply an expression for the magnitude or value
of an alternating waveform. Generally with regard to sine waves it
is taken to mean the maximum or peak value while the amplitude at
any instant is known as the instantaneous amplitude. Hence if a sine
wave is expressed by v = V.4 sin wt, V. is the amplitude and v
is the instantaneous amplitude.

(* Sire Wave)

AMPLITUDE DISTORTION arises in a transmission channel or
network from variation in gain or loss with the amplitude of the
input signal, i.e. the system has a non-linear input-output character-
istic. With high distortion it is possible for a signal to be clipped,
e.g. 4 sine wave becomes ‘“‘squared off™ at the peaks. This results
in the generation of harmonics which can be measured at the output
of the network.

See Distortion

(* Sine Wave, Harmonic, Characteristic, Fourier Analysis)

AMPLITUDE MODULATION is a modulation technique in which
the amplitude of a carrier wave is varied above and below its un-
modulated level according to the amplitude of the modulating
signa.. Although it was the first type of modulation to be developed
it is still very much in use today for both radio and line transmission.

The carrier wave, f, is most likely to be a single frequency sine
wave but the modulating signal (the baseband) is more likely to be a
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band of frequencies and complex, e.g. speech, music, tv or data.
Here we first consider a single frequency for the modulating wave
otherwise diagrams and explanations get out of hand. Call this
frequency f,,. In practice f; is many times f,, say from 30 up to
several hundred times. However, in Figure A4 we use a ratio of only
5 to avoid becoming entangled in an unmanageable diagram.

In the figure, (ii) represents the carrier wave, unmodulated for
the first 50 us, then modulated by the 20 kHz wave shown in (i).
The amplitude variation of the carrier can be seen and it varies from
(Ve + V) to (V. — V). The carrier now contains the information
from the modulating wave and clearly ¥V, cannot exceed V, hence
carrier levels are comparatively high.

It can be shown by straightforward mathematics that if the
carrier is represented by ¥V, sin w,! volts and the modulating wave
by Vi sin wp t volts, then the result of modulation is:

v = (Vo + Vi sin wpt)sin wet

where v is the instantaneous value of the modulated wave. Note
that modulation results in the product of the two waves, not their
addition.

On expansion the expression can be resolved into 3 components:

(i) the original carrier
(ii) a lower side frequency, Vi, [2 x cos 2a(fe — fm)t
(iii) an upper side frequency, — Vi, [2 X cos 2a(f, + fou)t

or simply, the carrier plus lower and upper side frequencies (f, —
fm)and (f; + fi,) as shown in (iii) and (iv) of the figure.

When f,, is considered as a band of frequencies the theory above
still holds good for each individual frequency but of course overall
it becomes more complicated. We can sum it up however by saying
that because f,, now widens out into a band, the result is that the
modulation products can simply be expressed as the carrier plus
lower and upper sidebands. This is illustrated graphically in (v)
of the figure where the baseband is now, say, 100 Hz (f,) to 4.5
kHz (f3), f. we take as 900 kHz. Now the modulated wave contains
(i) the carrier, (ii) a lower sideband (1.s.b.) extending from (f; —f2)
to (f — f1) and (iii) an upper sideband (u.s.b.) extending from
(f. + f1) to (f. + f) as shown. The total bandwidth occupied by
the modulated wave is therefore (f; + f2) — (fc — f2) = 2f2, i.e.
twice the highest modulating frequency as shown in the figure to be
in this case, 9 kHz.

The modulation factor (m) is a means of expressing the degree of
depth to which the carrier is modulated and it is given by:

12
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m= Va./Ve

and it can also be quoted as a percentage.

Amplitude modulation is accomplished by applying both carrier
and modulating waves together to a non-linear system such as the
input of a transistor, suitably biassed. Figure A4(vi) shows the
elements of such a circuit. The transistor is biased to the square-
law part of its characteristic. Mathematical analysis shows that
components at 2f, are also generated in the process but these are
rejected in the collector circuit by the coupled tuned circuits. These
act as a band-pass filter, selecting the carrier plus sidebands only.
Demodulation — it is evident that the modulated wave is quite a
mixture so what is required is a circuit which effectively extracts
the desired baseband signal and throws the remainder away. Such a
circuit is known as a demodulator but sometimes, especially with
regard to radio systems it is called a detector. Figure A4(ii) shows
that the modulating frequencies are impressed on both the positive
swings of the carrier and also the negative. Both contain the same
information so only one is needed hence all positive or all negative
half-cycles are discarded. This is a job which a simple diode rectifier
does well. In the simple demodulator circuit shown in (vii) of the
figure, a diode is followed by a capacitor, C, shunted by a resistor,
R. C acts as a kind of reservoir capacitor to smooth out the carrier
frequency pulses while R continually discharges C slowly so that
the charge does not build up and prevent it from following the
troughs of the modulation. The values of C and R have to be care-
fully chosen so that the output follows the modulating frequency
waveform as closely as possible.

(* Modulation, Carrier Wave, Baseband, Coupled Circuit, Tuned
Circuit, Filter, Transistor, Diode, Rectification, Demodulation >>
Single Sideband Transmission, Common-Emitter Connection)

ANALOGUE SIGNAL  The term analogue is derived from the
Greek meaning proportional to, similar or parallel to. It therefore
refers to any electrical signal which has a similarity with the original
quantity which it represents. The properties such as amplitude,
frequency or phase of an analogue signal are therefore continuously
variable with time within a certain range. Audio signals provide a
good example, they vary in all three of the above parameters in
sympathy with the sound wave which originally generated them.
The output of an electronic temperature measuring device also
provides an example for the amplitude of the signal at any instant
directly represents the temperature.
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Analogue signals may be contrasted with digital signals which
have constant amplitude but can carry the same information in
coded form.

See Digital Signal.
(* Signal >> Pulse Code Modulation, Analogue-to-Digital Conver-
sion, Digital-to-Analogue Conversion)

ANDERSON BRIDGE is a modified form of the Maxwell bridge,
capable of measuring a wide range of inductances against fixed
values of capacitance. The circuit is shown in Figure A5. L is the
unknown inductance connected in series with a variable resistor,

N\ _
w Oscillator

Fig. A5 Anderson Bridge

R,;. Compared with the Maxwell bridge, the Anderson has the
additional component Rs. The bridge is balanced by adjusting
R, and Rs. At balance (i.e. when there is no deflection on the
meter), then:
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R1R3 = R2R4 and L = R1R3C(l +R5/Rl +R5/R2)
(* Bridge, Maxwell Bridge, Inductance, Capacitance)

ANGLE MODULATION is a term used for a modulation process in
which the phase of the carrier wave is varied according to the
instantaneous value of the modulating wave. Phase modulation is
obviously an example of angle modulation but frequency modula-
tion is also because when a carrier wave varies in frequency, its
phase relative to the modulating wave must also be changing. Angle
modulation has the significant advantage over amplitude modulation
of improved signal-to-noise performance.

(* Modulation, Phase Modulation, Frequency Modulation >>
Signal-to-Noise Ratio)

ANGLE OF FLOW is a term used with amplifiers, usually but not
necessarily with regard to the output stage. With a given sinusoidal
input signal, the angle of flow expresses the fraction of each cycle
during which current flows in the output. The angle is given either
in degrees or radians.

(* Sine Wave, Radian >> Class A .. . AB ... B ... C Amplifier)

ANGSTROM is a unit of wavelength measurement equal to 107!°
metres, named after A.J. Angstrom, a Swedish physicist.

ANGULAR FREQUENCY - if a wave has a frequency f hertz, it
can be represented by a phasor rotating f times per second. Each
rotation is through 27 radians, hence the angular frequency (w)
is 2nf radians per sec.

(* Frequency, Phasor, Radian)

ANION  When for example, air molecules are disturbed by a spark
or flame, electrons are detached from some of them, leaving behind
positive ions. The liberated electrons soon become attached to
nearby molecules and so create negative ions, these are the ones
known as anions. Similarly in electrolysis anions are automatically
produced by the dissociation of molecules. Within a gas-discharge
tube or an electrolyte therefore, being negative, the anions are
attracted towards the anode when a potential gradient exists.
A positive ion is called a cation.
(* lon, Electrolyte, Charge, Anode, Cation, Positive, Negative)

ANODE — this is the electrode through which electron current flows
out of a device. To attract electrons it is therefore held positive with
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respect to the cathode. Devices employing an anode are electrolytic
cells, thermionic valves, rectifiers and gas-discharge tubes. See also
Cathcde.

(* Electron, Electrode, Positive, Negative)

ANODE FALL - see Plasma
ANODE SLOPE RESISTANCE — see Thermionic Valve

ANTENNA is an arrangement of conductors or conducting materials
designed for transmission or reception of electromagnetic waves.
Antennas are around in all shapes and sizes from a long wire sus-
pended high above the ground, to a small slot in a flat sheet of
metal.  There is a reciprocity theorem for antennas which states
that .n most respects the characteristics of an antenna used for
transinitting are similar to those when it is used for receiving. There
is one obvious difference, a transmitting antenna handles much
greater power, accordingly its conductors are larger. The wave-
length of the transmission is a dominant factor in antenna design
and generally antenna dimensions are related to it. The most impor-
tant characteristics of an antenna are:

(i) Gain — of course a passive lump of metal cannot have gain as
with an amplifier, hence antenna gain is expressed relative to that of
a genzrally accepted reference antenna. The simple dipole is some-
times used as a reference but one now commonly used is the
isotropic, meaning that it produces the same radiation in all direc-
tions. The gain is therefore a figure expressing how well an antenna
radiates or receives energy in or from a given direction compared
with the reference. As an example the gain would be expressed as
x dB relative to the isotropic.

(ii) Directivity — the omnidirectional antenna used as a reference
for gain measurements is a theoretical consideration only, all prac-
tical antennas radiate or receive better to or from some directions
than others. Very often they are designed specifically for their
directional properties which are most easily displayed by a polar
diagrem.

(iii) Efficiency — not all the power delivered to a transmitting
antenna is radiated (nor does all the wave power available to a
receiving antenna find its way into the connecting cable), some is
inevitably lost in the resistance of the conductors and in transmitting
some may even be absorbed by the antenna structure. The efficiency
of a transmitting antenna is therefore the ratio of the actual power
radiated to the total power supplied at a specified frequency.
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(iv) Radiation resistance — in a transmitting antenna this is a
measure of the ability of an antenna to do its job. Some of the
power flowing into an antenna is dissipated in the resistance of the
metal, the remainder is radiated and it is this power which for con-
venience we express in terms of the radiation resistance. This is
defined as the power radiated divided by the mean square value of
the current at some specified reference point which is usually the
feed point but sometimes at a current antinode (point at which the
current is maximum). As an example a half-wave dipole (see below)
has a radiation resistance of about 70 ohms.

(v) Effective Height — this is a term seldom used in connection
with transmitting antennas but is a convenient measure of perform-
ance of a receiving antenna. The strength of a radio wave may be
quoted as so many volts, millivolts or microvolts per metre, indicat-
ing that a straight piece of wire 1 metre high would have an e.m.f.
induced in it of that value. However, even an antenna constructed in
this way has an effective height less than its physical height so the
effective height provides useful information as to the efficiency.
Generally effective height has to be measured, especially with
antennas of awkward shapes.

(*Electromagnetic Radiation, Electromagnetic Wave, Reciprocity
Theorems, Microwave, Waveguide, Antenna Gain >> Polar Diagram,
Artificial . . . Dipole . .. Ferrite Rod . . . Folded Dipole . . . Isotropic
. . . Loop . .. Parabolic . .. Yagi Antenna, Broadside Array, End-
Fire Array)

ANTENNA GAIN is measured by comparison with a reference
antenna, either an elementary dipole or an isotropic. For a trans-
mitting antenna the gain is the ratio of the signal power supplied to
the antenna to that which would be needed by the reference antenna
to produce the same field strength at some specified point. For a
receiving antenna the gain is the ratio of the signal power delivered
by the antenna to that which would be delivered by the reference
antenna at the same location and for the same transmitted power.
Gain is therefore a ratio and it may be quoted in decibels (relative
to the reference antenna).

An example of high antenna gain is given by a satellite parabolic
transmitting antenna which concentrates practically all its power
into a narrow beam directed towards earth. Compared with the
isotropic antenna which in the same position would radiate most
of its power into space, the satellite antenna gain (in that particular
direction) might be around 10000 (40 dB) relative to the isotropic.
On the other hand a simple dipole has a gain in the direction of
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maximum radiation of a mere 1.64 (2.15dB) relative to the
isotropic.

(* Electromagnetic Radiation, Gain, Antenna, Decibel >> Dipole
Antenna, Isotropic Antenna)

ANTIFERROMAGNETISM In materials exhibiting this effect the
magnetic dipoles tend to align so that neighbouring ones are in
opposite directions rather than in parallel as with a ferromagnetic
material. At absolute zero temperatuse this results in an overall
magnetisation of zero since the numter of ions aligned in one
direction is equal to the number in the opposite direction. However,
as the temperature is increased atomic vibrations also increase and
encourage the magnetic alignments to change until at a certain
temperature, known as the Néel remperature, Ty the effect com-
pletely disappears.

If a magnetic field is applied to an antiferromagnetic material
the magnetic susceptibility therefore varies with temperature. As the
temperature is reduced below Ty the susceptibility decreases because
the alignments in opposition increase. Above Ty the material
exhibits paramagnetism with the susceptibility falling again as
temperature increases.

(* Magnetic Moment, Dipole, lon, Ferrimagnetism, Ferromagnetism,
Susceptibility Magnetic, Paramagnetism, Absolute Zero)

ANTINODE is a term used with standing waves and is a point at
which the voltage or current reaches maximum value. Antinodes
are shown in Figure S8 which also indicates the nodes, these are
points of minimum or zero value.

(* Standing Wave)

APERIODIC CIRCUIT is one which has no natural resonance
(Greek, a = not). The term aperiodic is generally used to describe
a circuit containing inductance and capacitance yet is so heavily
damped that resonance and tree oscillations cannot arise. For an
apericdic circuit the degree of damping exceeds the critical damping,
i.e. it is overdamped. Overdamping implies a high resistive compon-
ent in the impedance, hence the impedance of an aperiodic circuit
varies little with frequency.

(* Inductance, Capacitance, Resonance, Damping, Impedance)

APPLEGATE DIAGRAM A special type of graph used to illus-
trate bunching in a velocity modulation process. It shows how those
electrons with higher velocities than normal due to the additional
energy provided by the positive half-cycles of an incoming microwave
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signal are able to catch up with the slower ones which have reduced
energy due to the negative halfcycles — see Velocity Modulation.

ARBITRARY UNIT is a unit which is not based on existing physical
phenomena but has at some time been chosen “arbitrarily”, accord-
ingly a prototype has to be maintained somewhere. The earliest
units of measurement were all arbitrary. As an example the metre
was originally defined as one ten millionth of the distance from the
North Pole to the Equator (via Paris). In a way this was based on a
physical phenomenon but not one which could easily be realised in
practice. So that the unit would remain absolutely constant and
could be copied easily, a prototype was constructed by which the
metre was defined by the length between scratches on a platinum-
iridium bar kept at the International Bureau of Weights and
Measures at Sévres. Subsequently the metre has been defined in
terms of a number of wavelengths of orange light emitted by an
isotope of the gas krypton, no prototype is therefore essential and
the metre is no longer an arbitrary unit.

One unit however which remains arbitrary is the unit of mass,
the kilogram and the prototype is a block of platinum, again
preserved at Sévres.

(* SI, Metre, Mass)

ARC is an electric discharge through an ionized gas which contains a
plasma. A plasma is a concentration of approximately equal numbers
of electrons and ions with an extremely low voltage gradient. This
occurs within a gas-filled tube and accordingly only a small voltage
is required to drive a large current. The discharge is visible and
usually emanates from a small area on the cathode. This localized
heating of the cathode increases the current density through
thermionic emission so the arc is sustained. Arc currents in gas-
discharge tubes may reach well over 10® A/m? at a low voltage of
20 or so.

Note that an arc occurs through an already ionized gas, a spark
first creates its own ionization.
(* Gas Discharge, Cathode, lonization, Plasma, Thermionic Emission
>> Spark, Flashover, Arc Lamp)

ARGUMENT - see Polar Coordinate

ASTATIC GALVANOMETER - a very sensitive type of current
measuring instrument. See Galvanometer.

ATOM  An atom is the smallest particle of an element which can
take part in a chemical reaction, hence the derivation of the word
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from the Greek, atmos, meaning indivisible. Atoms are like micro-
miniature solar systems, each having a dense nucleus surrounded by
electrons in orbits. Figure A6 shows the solar and atom systems
together, very much alike except for size. The atom nucleus com-
prises mainly protons and neutrons. The neutron exhibits no charge
but each proton has a positive charge. The number of protons (the
atomic number) determines the element, e.g. the gas hydrogen has
one proton only, iron 26, uranium 92.

The electrons are grouped together in shells, labelled as shown in
the simplified sketch in Figure A7 for the element oxygen (atomic
number 8) which happens to have two shells only (there can be up
to 7). The maximum number of electrons in any shell is equal to
2n* where n is the shell number. Shells may be sub-divided into
sub-shells (see Fig. S4 where an example of the full labelling of shells
and sub-shells is shown). Electrons circle the nucleus in orbits
within the shells at fantastically high speeds (millions of revolutions
in a millionth of a second!). Each electron carries or is a charge
exactly equal to that of a proton but of opposite sign. In a normal
atom the number of electrons is the same as the number of protons
hence the net positive charge of the protons is neutralized by the net
negative charge of the orbiting electrons and generally the atom
appears electrically neutral. Within an atom it is the attraction
between the positive protons and the negative electrons which hold
the latter in orbit.

What is of paramount importance in electronics is that electrons
in the outermost orbits of certain atoms, if given sufficient addition-
al energy, can move to orbits even further out from the nucleus with
the possibility of being released altogether from the atom. Anything
moving possesses kinetic energy and when more is supplied to an
electron (through collision with another electron, from an electric
field, heat or light), it is enabled to change progressively to orbits
further out, depending on the amount of energy it has gained. In
some materials electrons in the outermost orbit are sufficiently
far away from the nucleus that when they are “excited” by added
energy, they are able to escape and become ‘‘free”. Such free
electrons are required for electric current to flow. The atoms of
metals such as copper and silver part with their outermost (valence)
electrons with no fuss, on the other hand atoms of insulators hold
on to their electrons tightly.

(* Element, Electron, Orbit, Charge, Nucleus, Proton, Neutron,
Shell, Current, Bohr Theory, Valency)

ATOMIC MASS UNIT For many calculations it is more conveni-
ent to express the masses of atoms and molecules in a unit more
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commensurate with their sizes. The atomic mass unit (u) used has
a value of 1.66043 x 1027 kg. As an example the hydrogen atom
has an atomic mass of 1.007 825u and a water molecule, 18.02 u.
(* Atom, Molecule, Mass, Mole)

ATOMIC NUMBER  All elements are given a number according to
the number of protons in the nucleus — see Nucleus.

ATTENUATION is that which creates a loss of signal power in a
transmission path or electrical network. It is solely due to the
resistive component of the path or circuit impedance for only in
resistance can power be expended and lost as heat. This applies also
to radio channels in which the signal is attenuated by contact with
the ground or by its passage through the atmosphere. Attenuation
is measured as the ratio between the output power, voltage or
current of a network to that at the input. The ratio is usually
expressed logarithmically in decibels or perhaps less frequently, in
nepers. '

In a transmission channel attenuation is usually unwanted and has
to be overcome by amplification. Alternatively attenuators may be
employed to deliberately introduce attenuation into a circuit.

(* Decibel, Neper, Propagation Constant >> Attenuator)

ATTENUATION BAND — see Filter

ATTENUATION COEFFICIENT is the rate of decrease of voltage
or current down a transmission line, expressed exponentially. It is
the real part of the propagation coefficient. Working in current for
example, if the sending current, /g is known, then the current, / a
distance / along the line is:

[ = I

where a is the attenuation coefficient in nepers.

When I = 1 metre, a = — log, (//I;) or log, (I/I) nepers per metre
(Np/m). Normally this is converted to decibels per metre by multi-
plying by 8.686.

As a simple example, if 2V is applied at the sending end of a
transmission line and one kilometre away the voltage measured is
1.783V, then:

a = log, (2/1.783) = 0.115 nepers = 1.0dB (per km)
ie.a= 1072 dB/metre.
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Attenuation coefficient is also a feature of correctly terminated
networks, the same considerations apply except that distance is
not part of the equation.

See also Phase-Change Coefficient.
(* Transmission Line, Propagation Coefficient, Decibel, Neper,
Network)

ATTENUATION CONSTANT see Attenuation Coefficient.

ATTENUATION/FREQUENCY DISTORTION (ATTENUATION
DISTORTION) (also known as frequency distortion) — this arises
when there is a variation of gain or loss in a transmission channel
or network with the frequency of the input signal. It is typified
by the “tone control” of a radio receiver which deliberately intro-
duces loss at the higher frequencies. See also Figure F1(iii) as an
example of gain variation with frequency.

See Distortion.

(* Attenuation, Frequency)

AUDIO FREQUENCY (A.F.) “Audio” comes from Latin, to hear,
so an audio frequency is simply one which can be heard. The full
audio range is usually taken to be from 20 to 20 000 Hz, however
human ears respond differently (even the pair we own) so the
person with hearing over this range must be considered lucky.
When speech is transmitted electronically as for example, by
telephone, it is intelligibility rather than fidelity which matters so
then we manage with a range of only 300 — 3400 Hz. It is classed as
“inte!ligible” and in fact it is reasonably so although with any dis-
tortion present, sibilants may be wrongly judged. For good quality
speech transmission a range of from 200 to about 7 000 Hz is suffici-
ent while for high quality music at least 30 Hz to 15 kHz should be
transmitted.
(* Fraquency >> Telecommunication System)

AVALANCHE Generally this is an activity in which there is an
increase of something which becomes more and more rapid, an
avalanche of rocks down a mountain is a good example. In this a
single rock falling dislodges others which themselves start to fall.
What is important in this process is that the falling rocks gain in
kinetic energy as gravity accelerates them, hence each has the power
to dislodge not just one rock but several. An avalanche cannot build
up unless there is a constant supply of energy. Each of the rocks
dislodged plays its part in displacing others so it is evident that in no
time at all, many rocks are hurtling downwards.
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In electronics an avalanche occurs on the same principles. A
single particle or photon, given sufficient energy and therefore
velocity by an external electric field can collide with several atoms
in succession and ionize them. Electrons freed in the process and
mobile ions in gases are charged particles and they also gain energy
from the field so splitting further atoms into ions and electrons. The
first single particle (or, of course, it could be several) is therefore
able to create a large number of charged particles, all with increasing
velocities if the field strength is sufficient. The effect is obviously
cumulative as with the rocks above and clearly if allowed to con-
tinue something has to give and the destruction of the particular
device is inevitable. Circuits are therefore designed to prevent such
breakdown, on the other hand the effect can be used to good
advantage as for example in the Geiger Counter.

(* Atom, lonization, Electric Field, Electric Field Strength, Energy,
Collision, Avalanche Breakdown, Zener Breakdown, Avalanche
Photodiode)

AVALANCHE BREAKDOWN occurs in a p-n junction with reverse
bias. As the applied reverse voltage is increased there comes a point
where there is a rapid increase in reverse current. This is mainly due
to the intense electric field of the reverse bias imparting sufficient
velocity to electron minority carriers of the reverse saturation cur-
rent to dislodge orbiting electrons. This results in the generation of
electron-hole pairs by impact ionization. The continued action of
the electric field on the newly released charge carriers creates further
pairs, the effect is cumulative and an avalanche is formed, i.e. the
current increases disproportionately. A typical reverse bias character-
istic showing the avalanche point is given in Figure P10(iv).

The actual voltage at which breakdown occurs is controlled main-
ly by the doping level of the semiconductor material used.
(* Avalanche, Doping, P-N Junction, Reverse Saturation Current,
Minority Carrier, Electron-Hole Pair, Impact Ionization)

AVALANCHE PHOTODIODE A reverse biased p-n junction
photodiode operated at a voltage near the breakdown voltage. There
is photocurrent multiplication due to the avalanche process — see
Photodiode.
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BACK EM.F. (BACK ELECTROMOTIVE FORCE) In an inductive
circuit, if the current varies, the magnetic flux it produces also varies
in direct proportion and accordingly itself generates an e.m.f. By
Lenz’s Law the induced e.m.f. e is in such a direction as to oppose
the change which originally produced it. The e.m.f. is given by:

di
e =—L—
ds

where L is the self-inductance of the circuit and dt is an infinitesi-
mally small interval of time during which the current changes by
di. This opposing e.m.f. is known as the back e.m.f,

Eack e.m.f.’s are also induced in d.c. motor armatures. When the
armature rotates, the conductors cut the magnetic flux of the field
coils, hence an e.m.f. is induced in the conductors even though the
machine is acting as a motor. This induced or back e.m.f. opposes
the Jlow of motor current, hence illustrating Lenz’s Law.

(* Electromotive Force, Magnetic Flux, Inductance, Lenz’s Law
>> Electric Motor)

BAND-PASS FILTER Passes a predetermined range of frequencies
only — see Filter and/or Figure F4.

BAND-REJECT FILTER (same as Band-Stop Filter) — see Filter
and/or Figure F4.

BAND-STOP FILTER  Passes all frequencies except a predeter-
mined range — see Filter and/or Figure F4.

BANDWIDTH  If a range or band of frequencies extends from the
lowest, f; to the highest, f; then the bandwidth is simply f, — f,
Hz, kHz, MHz, etc.

(i) For an amplifier the bandwidth is that range of frequencies
over which the amplification falls within specified limits. Generally
it is taken as the range between the frequencies at which the res-
ponse is 3 dB down compared with that at mid-band.

(ii) Signals carrying intelligence have certain bandwidths, e.g. for
speech over a telephone circuit, f; = 300 Hz, f;, = 3400 Hz therefore
the bandwidth is 3400 — 300 = 3100 Hz.
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(iii) A modulated wave occupies a range of radio frequencies and
has a bandwidth which depends on the mode of transmission, e.g.
for an amplitude modulated signal the bandwidth is twice the
maximum modulating frequency, for a frequency modulated wave
it is considerably greater.

(* Frequency, Amplifier, Decibel, Modulation >> Tuned Amplifier)

BARKHAUSEN EFFECT - so called because it was first noticed
by a gentleman of that name. It was Barkhausen’s work which
produced the first experimental evidence of magnetic domains. In
1919 he discovered that when a specimen is being magnetised, it
takes place by a series of discontinuous jumps. We now know that
each jump corresponds to the reversal of saturation of some 10'$
atoms, occupying a space of 5 x 1075 mm? or less. Jumps are not
in general due to a change in magnetisation of the whole domain
(which typically might occupy some 1072 mm?) but correspond to a
sudden displacement of a domain boundary from one stable position
to another.

The effect adds support to the domain theory of ferromagnetism
in that spin magnetic moments can only be in certain directions,
hence the jumps are due to changes from one direction to another.
If spins were allowed to be at random, this would not occur.

(* Ferromagnetism, Magnetisation, Domain, Magnetic Moment,
Spin)

BASE usually refers to one of the regions of a bipolar transistor. It
is a thin layer of doped semiconducting material sandwiched
between the emitter and the collector. Minority carriers are injected
into the base from the emitter — see Transistor.

BATTERY is a set of cells for the supply of electricity. Each cell
consists of an electrolyte in contact with two electrodes, cylindrical,
rod or flat. The cell has the capability of forcing electrons away
from its positive terminal towards the negative terminal through
chemical action. If a circuit is connected across the terminals, the
difference in charge between them (the p.d.) causes electrons to flow
from the negative terminal round the circuit and be attracted back
to the positive terminal. The driving force of the battery is known
as its electromotive force (e.m.f.), measured in volts.

Primary batteries are those in which during use some of the
chemical constituents of the cells are used up, for example in a hand-
torch battery, the so-called *‘dry cell’. This functions on the
Leclanché principle but the electrolyte is in fact a moist paste, if it
were completely dry the cell could not function. When discharged
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the battery is discarded. Secondary batteries when discharged can
be re-charged by passing a current through them in the opposite
direction to that of the discharge current (e.g. car battery).

(* Electrolyte, Electron, Charge, Leclanché Cell, Secondary Cell,
Potential Difference, Electromotive Force)

BEAT FREQUENCY is produced when two signals of slightly differ-
ent frequencies are combined, they do not modulate (unless some
non-linearity 1s present) but simply add. Consider two sine waves
of equal amplitude, ¥V and of frequencies f; and f, where f; is
sligrtly greater than f,. They are shown graphically in Figure B1,
labelled ¥V sin 2afit and V sin 2nf,r.  Adding these two waves
together produces:

V (sin 2mf, t + sin 2nf, 1)

as shown. Expanding by simple trigonometry leads to the conclu-
sion that the resultant wave has an amplitude 2V and consists of a
frequency (f; + f,)/2 multiplied by a second, (f; — f,)/2. The
figure shows the result to be in the form of two overlapping sine
wavzs consisting of the frequency (f; + f,)/2 varying between its
maximum levels at twice the frequency (f; — f,)/2. There are
therefore two beats per envelope cycle so that the number of beats
per second (the beat frequency) is fy — f,, i.e. the difference
frequency.

As an example of an application of beat frequency generation,
two audio frequency oscillators may be synchronized by mixing
their outputs and detecting the beat frequency on headphones or
on an a.c. meter. One oscillator is then adjusted in frequency until
the beat is zero whereupon the two oscillator frequencies are equal.
(* Frequency, Sine Wave, Heterodyne, Modulation, Oscillator)

BEATING is the addition of two sinusoidal waves so that a periodic
signal arises through interference of one wave on the other. The
periodic signal generated is known as the beat frequency which is
equal to the difference between the frequencies of the original
waves. The amplitude of the beat frequency is equal to the sum of
the original amplitudes.

(* Eeat Frequency, Sine Wave, Heterodyne)

BEL is the basic logarithmic unit employed for expressing ratios of
powers, especially in the measurement of transmission gains or losses.
It is given the symbol B and is named after Sir Alexander Graham
Bell (the Scottish-American inventor). If the power, current or
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voltage input to a circuit is given by 2,, I, or V, respectively and
the power output by P,,/; or V,, then the attenuation (or gain):

n = log(Py/Py) = log(1;*Z/1,*Z) = 2log(I,/I,) B

but note that /; and /, must be measured in the same terminating
impedance, Z. Similarly:

n = 2log(V,/Vy)

and again the voltages must be measared in the same impedance.

The bel happens to be an inconveniently large unit (e.g. a power
gair of one million is equivalent to only 6 B), hence in practice the
decibel, which is one-tenth of a bel, is almost invariably used.
(* Attenuation, Gain, Decibel)

BIAS, BIASING refers to a current, voltage or a.c. signal applied
to 2 device to ensure that the required operating conditions are
obtained. There are two main uses for these terms in electronics:

(1) The most commonly found is with regard to establishing the
optimum operating point for a transistor or thermionic valve. A
load line is drawn on the output characteristics and typically for a
smell-signal transistor amplifier this might indicate that the optimum
basz bias current should be, say 0.6 mA. This means that in this case
and with no signal applied, the bias consists of a steady current in
the base circuit of 0.6mA and this sets the operating point as
required. Hence the bias controls the position of the operating
point. This is also shown when we consider the various classes of
amplification (Class A, AB etc.) for again in each case it is the bias
used which basically controls the operating conditions.

Biasing a transistor for example, may be accomplished in one of
several different ways. The simplest and one without frills is to
obtain the base bias directly from the supply through a resistor
(Ry) of such value that the base voltage or current is as required.
The circuit is shown in Figure B2(i). Alternatively the circuit in
(ii) may be used to provide some stabilization. Any rise in collector
current (due to temperature, change of transistor etc.) reduces the
collector voltage, hence the current through Ry,. The drop in base
current reduces the collector current so tending to compensate for
the original change.

(2) The term “bias” is also to be found in magnetic recording
systems. It refers to an a.c. voltage at some 40 — 100 kHz super-
imposed on the input signal to improve linearity.
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Figure M3 shows a B-H magnetisation loop from which it is clear
that non-inearity abounds. For values of H below the maximum,
small B-H loops are produced, each resulting in a different value of
remanence, B, and a typical magnetic tape transfer characteristic
might be as shown in Figure B3(i). The non-linearity in the recorded
signal is evident. To operate only on the straight section of the
transfer characteristic a constant value of H (+ or —) could be used
as a bias (d.c. biasing), this however uses only the positive or nega-
tive half of the characteristic. The more satisfactory method of A.f.
biasing is adopted as shown graphically in Figure B3(ii). A sine
wave at 3—4 times the highest signal frequency is the bias and it is
mixed linearly with the signal so that the bias frequency amplitude
varies as shown. The h.f. bias, being well above the audio range is of
no concern on replay and the positive and negative audio flux
variations add together, resulting in an overall wave, relatively free
from amplitude distortion. Note that the very non-linear section of
the tape transfer characteristic as it passes through the origin is not
used and also that an enhanced magnetisation is obtained because
both the positive and negative sections of the tape transfer character-
istic contribute. Figure B3(ii) reminds us that the amplitude of the
bias is critical so because the tape transfer characteristics of, for
example ferric oxide and chromium dioxide coatings are different, a
recording machine may need adjustable bias levels to accommodate
all types.

(* Transistor, Thermionic Valve, Characteristic, Beat Frequency,
Magnetisation >> Operating Point, Stabilization, Load Line, Class A
etc. Amplifier, Magnetic Recording, Magnetic Tape)

BINDING ENERGY This results from the general statement that
“atoms always have less mass than the combined mass of their
constituent particles” (i.e. neutrons, protons and electrons). This is
because some of the mass is employed as energy which is required to
bind the neutrons and protons together in the nucleus. If it were
not for this the protons would fly apart because of their like positive
charges.

The most instructive way of iltustrating this is by means of a set
of calculations. Consider a single atom of helium which needs
binding energy in the nucleus to keep its two protons entwined with
the neutrons, It has two electrons. From:

mass of proton 1.67265 x 1077 kg
mass of neutron = 1.67495 x 107" kg
mass of electron = 9.10953 x 1073 kg,
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we get:

Total mass of helium atom (2 of each, neutrons, protons
and electrons) = 6.69702 x 107% kg .

However, from its atomic weight the actual mass of the helium atom
can be shown to be 6.64738 x 10?7 kg. There is therefore a
discrepancy, known as the mass defect of 4.964 x 10~ kg.

Since energy and mass are interchangeable (E = mc?, see
Relativistic Effect), then:

E = (4964 x 100%)x (9 x 101) = 4.4676 x 107'? joules
or: 279 x 10%7eV, ie.27.9 MeV.

This is the binding energy holding the helium nucleus together
and is the energy we would have to supply to a single nucleus to
sepzrate it into its constituent nucleons (neutrons and protons).
Note that to separate the single electron from the hydrogen nucleus,
amere 13.6eV is required.

(* Atom, Nucleus, Electron, Neutron, Proton, Energy, Relativistic
Effect, Electron-Volt)

BIOT-SAVART LAW is concerned with the force between two
conductors carrying a current — see Ampere-Laplace Law.

BIPOLAR TRANSISTOR is a junction transistor in which the main
action is the result of the flow of two different types of charge
carrier (electrons and holes) — see Transistor.

BOHR THEORY  This is the work of Niels Henrik Bohr (a Danish
theoretical physicist). He extended Lord Rutherford’s work on the
atom to produce the first quantum theory of the hydrogen atom
(this is the simplest atom because it comprises a nucleus with one
orbiting electron only). He proposed the following:

(i) the electron rotates about the nucleus in circular orbits with
angalar momentum which is an integral multiple of h/2m (/i is
Planck’s constant);

(ii) the electron radiates or absorbs energy only when it moves
from one orbit to another;

(iii) the energy difference between two orbits is radiated or
absorbed as a single photon.
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From Bohr’s work the electron energy and radius of each of the
various orbits of the hydrogen electron can be calculated. From this
are derived the energy required for the electron to shift from one
orbit to another further out from the nucleus (or the energy released
by a shift further in) and the energy required for release from the
atom altogether.

(* Atom, Electron, Energy, Orbit, Planck Constant, lonization
Potential)

BOLTZMANN’S CONSTANT  Heat is often referred toas a “*form”
of energy and one way of describing it is that in matter it can be
perceived as the kinetic energy (k.e.) of atomic and molecular
motion. Temperature is a measure of the average of this energy
(average because at any instant individual particles do not have the
same energy). Given the premiss that the average k.e. of the particles
of a gas is directly proportional to the absolute temperature, Ludwig
Boltzmann (an Austrian physicist) published his now well known
formula which gives a precise relationship between the k.e. of a
molecule and the temperature as:

kesy = 3/2 kT joules

where T is the thermodynamic temperature and k is a constant, now
known as Boltzinann’s Constant of value 1.380 54 x 10™% joule per
(degree) kelvin (or equally 8.62 x 1075 eV per kelvin). Note that
the k.e. is independent of the mass of the molecule.

As an example the average k.e. of a single molecule at room
temperature is 3/2 x 1.38 x 1072 x 293 = 6 x 102" J, a very
small quantity of energy indeed but then this is for one molecule
only.

Boltzmann’s Constant appears in most formulae which involve
both energy and temperature.

(* Atom, Energy, Kinetic Energy, Joule, Electron-Volt, Thermo-
dynamic Temperature, Molecule, Mass)

BOND  In electronics a bond is the uniting force between atoms
in a molecule. Out of the 100 or so different atoms around, 6
have the highest number of electrons (8) in the valence shell (the
outermost). These are helium, neon, argon etc. and they are known
as the noble gases. A particular feature which they have in common
is that they are unlikely to combine with other elements. All other
elements have less than 8 valence electrons and bonding theory
assumes that they would like to gain the same stable electronic
configuration of the noble gases. This can be achieved by (i)
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emptying the valence shell by giving up one or more electrons or
(ii) completing it by taking over one or more. When certain differ-
ent elements meet in a chemical reaction therefore, it is possible for
them to attain the stable configuration by interchange of electrons
in this way.

The simplest example is perhaps that of sodium chloride
(common salt). A sodium atom has | electron only in its outer (3rd)
shell. If it gives this one up the 3rd shell is dispensed with and the
2nd shell becomes the outer, it has 8 electrons. Chlorine on the
other hand has 7 electrons in its outer (3rd) shell. By taking on one,
the shell is complete. Hence sodium and chlorine atoms reacting
togsther do what is obvious, resulting a positive sodium ion and a
negative chlorine. These are particles carrying unlike charges and so
are attracted powerfully to each other, this is the bond which links
the two atoms and keeps the molecule stable. The process is known
as electrovalent, electrostatic or ionic bonding, basically through the
transfer of electrons.

Covalent bonding occurs, not when electrons are transferred but
when they are shared. As an example, an atom with 4 valence
electrons may form a covalent bond with a neighbouring atom. The
8 saared electrons are attracted simultaneously to both atoms and
move in orbit round them. This produces the bond and by this
technique of sharing, in a way gives both atoms the stable configur-
ation of 8 electrons in the outermost shell.

There are other techniques of bonding but these are of more
interest to chemists than to electronics engineers.

(* Atom, Electron, Molecule, Shell, lon, Valency)

BRANCH In a network a node is a point where 3 or more of the
elements are connected together. A branch is a conducting path
between two nodes as shown in Figure N3 which uses the Wheat-
stone bridge as an example.

(* Network, Node)

BREAKDOWN is a process occurring in insulators and dielectrics in
which there is a change from the insulating to a conducting state,
sometimes with noticeable physical damage. When the voltage
across an insulator reaches breakdown, firstly the conductivity
inc-eases slightly at some point because the energy provided by the
hign voltage releases a few electrons to act as charge carriers. Subse-
quently, in the dielectric of a capacitor for instance, the current
increases as the stored electrostatic energy discharges through the
breakdown path. The material then has low resistance and can no
longer be classed as an insulator.
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Breakdown in insulators requires some 10° to 10° volts per
metre thickness of the material. Much depends on the time for
which the voltage is applied, temperature, surface leakage,
frequency etc.

Air also has its breakdown voltage. Down here on earth it is of
the order of 3—-5000 kilovolts per metre. Up in the clouds different
conditions apply and when the air there does break down with a
lightning discharge, we can certainly appreciate that breath-taking
voltages must be present.

Certain gases are used in gas-discharge tubes for their “break-
down” properties. In this case there is no costly physical damage,
“breakdown’ merely implies a chain reaction in which the whole of
the gas is ionized.

(* Dielectric, Energy, Conductivity, lonization, Insulator, Gas
Discharge >> Lightning)

BRIDGE (BRIDGE NETWORK) is an assembly of elements connec-
ted as four sides of a square as shown in Figure B4(i). Each side is
known as an arm of the bridge and consists of one or more compon-
ents such as resistor, capacitor etc. Here we consider them as
impedances Z,, Z, etc. For measurement purposes a d.c. or a.c.
supply is connected to one pair of opposite corners of the square, a
detector or meter is connected to the other pair. Not immediately
recognizable as such but nevertheless identical electrically, is the
lattice network shown in Figure B4(ii).

It is instructive to consider first the important underlying feature
of this very useful network. In Figure B4(iii) is shown a general
network of impedances, hardly recognizable as a bridge but more as
the lattice network. The feature (which can easily be proved) is
that if a generator is connected in place of any one of the imped-
ances, then the current in one of the others can be made zero by
suitable arrangement of the values of the other four, the value of
the generator impedance being unimportant. As an example, by
connecting a generator or battery in the Zg arm and suitably
adjusting Z, to Z, the current in Z4 can be made zero and in fact
Z¢ can then be disconnected without affecting the power absorbed
by the network. The bridge is then said to be “balanced”. In prac-
tice we substitute some sort of indicating device such as an a.c. or
d.c. meter for Z4, connect the supply in place of Zs and then
balance the bridge by aiming for zero deflection on the meter.

How to balance the bridge is easily determined using Ohm’s and
Kirchhoff’s Laws, but the principle can be seen simply from (iv)
from which it is clear that for equal voltage drops across Z, and Z,
so that there is no potential difference between a and b:
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Z\[Zy = Z,/Z4
from which also: ‘
21/22 = 23/24 and 2124 = 2223

from which it is worth noting that the products of the two sets of
impedances looking across the square must be equal.

In its simplest form when used for measuring an unknown resis-
tance, Figure B4(v) applies. This is the Wheatstone bridge with
which the value of the unknown resistance, Ry can be obtained by
adjustment of the calibrated resistor, R .

Many measuring instruments are based on bridge networks and
are usually more complicated than the Wheatstone bridge but they
still conform to the formula above. For these see:

for measurement of low resistances
for measurement of frequency and
capacitance

for measurement of capacitance

Kelvin Bridge
Wien Bridge

Schering Bridge
Anderson, Hay,
Maxwell & Owen — for measurement of inductance

Bridges

Campbell Bridge — for measurement of mutual inductance.

(* Network, Resistance, Impedance, Ohm’s Law, Kirchhoff’s Laws,
Wheatstone Bridge, Potential Difference, Inductance, Capacitance)

C

CADMIUM CELL — see Weston Standard Cell

CAMPBELL BRIDGE is one of the more complicated a.c. bridge
networks designed for the measurement of mutual inductance by
comparison of the unknown mutual inductance with a standard one.
The circuit is shown in Figure C1 and in this the unknown mutual
inductance is labelled M, and the standard one, M;. With the
switches in position 2, the resistances and inductances of the
primary windings are first balanced by adjustment of L, and R,.
Subsequently with the switches in position 1, the mutual inductance
balance is obtained by adjustment of M;. Then:
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My = M x R3/R,

Ry(L; +L,)
R;
R1R3

R,

X

(* Bridge, Inductance, Transformer)
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CAPACITANCE  This is the property of two conductors, insulated
from each other, whereby they are able to store an electric charge
when a potential difference is connected to them. A conductor may
be of any form, e.g. wire, metal plate or even the earth may be one.
The ratio of the charge to the potential difference (p.d.) is constant,
hence it is possible to write:

C = Qv

where C is the capacitance in farads (symbol F — named after
Michael Faraday, the English chemist and physicist), Q is the charge
in coulombs and ¥V is the p.d. in volts.

The farad is a comparatively large unit so generally capacitance is
quoted in microfarads (uF = 1076 F), nanofarads (nF = 10™° F) or
picofarads (pF = 10!2 F).

In a capacitor the conductors are frequently in the form of flat
plates and the capacitance depends on their effective area (4), the
thickness () and permittivity (e) of the dielectric:

C = €A/t
but since € = €y X €
and €o = 8.854 x 10712

(see Permittivity), then:

8.854 x 10712 x ¢4
t

C

farads

where €, is the relative permittivity or dielectric constant of the
dielectric, ¢ is in metres and 4 in square metres.
Because the farad is a large unit a more practical formula is:

8.854 x ¢, A

picofarads
100¢
where ¢ is in cm and A4 is in sq. cm.

The simplest forms of connection of two or more capacitances
(generally as capacitors) are the series and parallel. Consider the
parallel connection first because it is the least complicated. As
shown above for a capacitor, C is proportional to the area of the
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Fig. C2 Capacitances - Connection in Parallel and Series

plates, hence if several capacitors are connected in parallel, the total
plate area is the sum of the individual areas. Accordingly, the
equivalent capacitance of two or more parallel-connected capacitors
is the sum of their individual capacitances, i.e.:

Cp =C1+C2+C3+

as shown in Figure C2(i).

In Figure C2(ii) is shown a series arrangement of three capacitors.
If a voltage, V; is connected to the network terminals then the same
value of charging current flows through each capacitor for the same
time. Each capacitor therefore receives the same amount of charge
irrespective of its size. Let this value of charge be Q, then
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Q = CV, = CV, = CV; where ¥V, + V, + V3 = V;. The same
charge would be stored by the equivalent capacitor C;, ie. @ =
C,V,, hence:

Vs = Q/Cs vV, = Q/Cx V, = Q/Cz Vs = Q/Ca

0 Q@ 0 ¢ 1 1 1 1
—= — 4+ —+ — jie.—=—+ — + —
¢, C G G ¢, G G G
or c C,C3 +C,Cs3 + C,Cy
s C,C,C,

The reciprocal of the overall network capacitance is therefore
equal to the sum of the reciprocals of the individual capacitances.
(* Charge, Capacitor, Potential Difference, Coulomb, Permittivity,
Dielectric)

CAPACITANCE DIODE is a semiconductor junction diode specially
manufactured with enhanced capacitance for use as a voltage-
dependent capacitor. The variation in capacitance depends on the
fact that when reverse-biased the width of the depletion layer is
proportional to the applied voltage hence an increase in voltage
reduces the capacitance and vice versa. This type of diode is ideal
for use in radio frequency tuning circuits.

(* Capacitance, Semiconductor, P-N Junction, Depletion Layer,
Diode, Tuned Circuit >> Varactor)

CAPACITIVE COUPLING is a means of coupling two circuits
electrically by use of a capacitor. Figure C12(i) shows how C,
is connected in series with circuits 1 and 2 and therefore couples
them. Alternatively a shunt arrangement can be used —see Coupled
Circuits.

CAPACITIVE REACTANCE  This is a means of expressing the
opposition offered by a capacitance to the passage of an alternating
current in Ohm’s Law terms. The unit is therefore the ohm. The
reactance is denoted by the symbol X.. Hence by Ohm’s Law,
I = V/X. where [ and V are current through and voltage across a
capacitance (C).

The quantity of charge in a capacitor is given by Q@ =1/ x ¢
coulombs where [ is the current in amperes and ¢ the time in seconds.
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Rearranging as / = @/t shows that the current can be considered as
the rate of charge (or discharge) at any instant in coulombs per
second. However, for a given capacitance the charge is proportional
to the voltage applied (Q = V/C), hence it follows that the current
is equal to the rate of change of voltage (in volts per second) times
the capacitance, i.e. I = dv/dz x C.

The rate of change of voltage for a sine wave = 2afV, hence:

I =2nfVxC

where Cis the capacitance in farads.
So that capacitive reactance can fit into Ohm’s Law calculations:

or —— ohms

|4 1 1
capacitive reactance, X, = — = -
1 2nfC wC

(w = 2af, Vis in volts and / in amperes).

Next, if instantaneous voltages are plotted with their rates of
change (which in effect are related to the instantaneous currents),
curves as in Figure C3 are obtained. Because the rate of change of
voltage reaches its maximum one quarter of a cycle before the
voltage itself does, then clearly in a capacitive circuit the voltage
lags on the current by an angle ¢ = 90° as shown by the rotating
voltage phasor OP lagging on the current phasor 0OQ. Hence to
complete the formula for capacitive reactance, a j must be added to
express this phase difference, i.e.:

. - -
reactance of a capacitance C farads = = —— ohms.
2afC wC

By convention, capacitive reactance is given a negative sign. The
above considerations assume that no resistance is present. If this is
not the case then ¢ is no longer 90° but something less.

(* Charge, Capacitance, Sine Wave, Voltage, Current, Coulomb,
Ohm’s Law, Complex Notation, Phase, Phase Angle, Quadrature)

CAPACITOR A device having the ability to store electric charge,
basically two conductors (often in the shape of flat plates) separated
by an insulator (the dielectric). The elements of a 2-plate capacitor
are shown in Figure C4 which also includes the various graphical
symbols used. When a battery (or other generator) is connected as
shown, electrons are forced into the left hand plate by the negative
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Fig. C4 Charging a Capacitor

pole of the battery and equally removed from the right hand plate
by the attraction of the positive pole. Momentarily therefore a
current flows until the potentials on the plates are equal to those of
the battery. The capacitor is then said to be charged and if the
battery is disconnected, it remains so. There is no flow of electrons
through the dielectric but because there is a potential across it, an
electric field exists through it. Hence energy supplied by the battery
is now stored in the dielectric.

The capacitance is expressed as the ratio of electric charge gained
to the voltage applied. A capacitor has a capacitance of one farad
(F) if it receives a charge of one coulomb (C) for a potential of one
volt (V), hence: C = Q/V farads, where Q is the quantity of charge
in coulombs and V is the voltage applied. (Note that the symbols
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used for capacitance and the unit of charge are both the capital C,
however the capacitance C is in italic.

The farad is an inconveniently large unit, accordingly practical
capacitors are generally found with capacitances of microfarads
(uF = 107%F), nanofarads (nF = 10~° F), picofarads (pF = 10~ 12
F).

The value of the capacitance of a capacitor depends mainly on
the shape and size of its electrodes and the thickness and relative
permittivity of the dielectric.

Fixed capacitors usually have thin polystyrene, mica, ceramic or
paper dielectrics pressed between metal plates (often silvered). A
common method of construction is by winding together paper or
plastic film with a metal foil, the whole capacitor then being
impregnated with insulating oil or wax. Plastic dielectrics now take
preference over paper e.g. of polyester, polyethylene, polycarbonate,
polystyrene, polypropylene.  Alternatively, metallized paper or
plastic (e.g. polyester, polypropylene) are available, with these the
metal foil is replaced by an evaporated metal film as the electrode.
These types have the advantage of reduced voids between the
insulation and the metal hence relatively higher capacitances.

Variable capacitors as are used for tuning radio receivers have
sets of plates which overlap to the degree required. The dielectric
is air and a typical capacitance range might be from 30 to 400 pF.

Electrolytic capacitors employ a chemical film as a dielectric.

Because the film can be very thin, large capacitances are available
(up to many thousands of microfarads). However, these usually
work at relatively low voltages to avoid breakdown which occurs
if the film becomes punctured.
(* Charge, Coulomb, Capacitance, Dielectric, Electric Field, Energy,
Permittivity, Potential Difference, Breakdown >> Electrolytic
Capacitor, Ceramic Capacitor, Silvered Mica Capacitor, Loss Angle,
Residual Charge)

CARRIER is a shortened form of two different terms (1) charge
carrier and (2) carrier wave — see these terms.

CARRIER CONCENTRATION is a term used to express the number
of charge carriers available per unit volume in a semiconductor. It is
related to electric current only when these charges move. The
mathematics can only be shown in outline. We consider intrinsic
semiconductors first.

The carrier concentration of electrons, n is limited by the density,
N, of the energy levels in the conduction band. Each level accom-
modates only one electron, hence:
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n = N¢PE.)

where P(E.) is the probability that a Jevel of energy, E,, will be
occupied by an electron and E, is the energy at the bottom of the
conduction band. These probabilities are extremely small, for
example at room temperature, for silicon, less than 2 x 10719,
for germanium, less than 2 x 107%. From this:

n = N exp (- E/2kT)

where E; is the energy gap (ie. the difference in energy levels
between conduction and valence bands), k is Boltzmann’s con-
stant and T is the thermodynamic temperature. Clearly n increases
with teniperature.

The probability of a hole (p) occurring where N, is the number
of eunergy levels in the valence band is obtained similarly, i.e.:

p = Ny exp (— E;/2KkT)

For an intrinsic semiconductor, n = p = n;, the number of electron-
hole pairs. Next, taking the product of # and p from the above:

np = n* = NN, exp (— E/kT)

ie. ny = \/(NeNy) exp (— E4[2kT)

showing that the carrier concentration depends only on the type of
semiconductor and the temperature as might be expected.

For n and p-type semiconductors things change because of the
doping. As an example, for the n-type, the greater the density of
impurity atoms, the greater is the probability of an electron being in
the conduction band. In any doped semiconductor material there
may be both donors and acceptors together so that if Ny represents
the concentration of donor atoms and N, of acceptors, then if
Ny > N,, the material overall is n-type. conversely if N, > Ny it is
p-type. Total charges must balance, hence:

p+Ny =n+N,
In an n-type semiconductor let the concentration of electrons
= ne and that of holes = n,. In a p-type semiconductor let the

concentration of electrons = p,, and that of holes = py,.
Then it can be shown that for an n-type material, approximately:
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ne = Ny

where Ny is the concentration of donor atoms, and

ny, = n?/Ng

For a p-type material:
pe = ni*/N,
where NV, is the concentration of acceptor atoms and
Pn = N,.

From these equations we can begin to see the order of things.
Take n-type silicon as an example and suppose that the concentra-
tion of donors, Ny is 10 /m3 | the electron concentration is there-
fore approximately the same. If the concentration of electron-hole
pairs (n;) is, say 10'S/m3, then the hole concentration is
(10%)?/10* = 10°/m®. There are therefore 10'? as many
electrons as there are holes. No wonder we call the electrons in
n-type the majority carriers.

(* Semiconductor, Electron, Energy Levels, Probability, Thermo-
dynamic Temperature, Hole, Electron-Hole Pair, Doping)

CARRIER STORAGE occurs in a p-n junction when switched from
forward to reverse. The diode cannot immediately reach the full
reverse condition because of the presence of stored minority carriers
at the junction. The effect of these is to produce a small reverse
current but initially greater than the normal reverse saturation
current, depending on the external circuit conditions. The carriers
are rapidly removed by recombination and by being forced back
across the junction by the reverse bias. When all carriers are
removed the diode is then in its normal reverse state and the time
taken for this to happen is known as the storage time.

When a reverse current suddenly ceases as shown above, damaging
voltages may occur in inductive circuits, hence diodes used in power
rectification circuits may need special overvoltage protection.

(* Charge, Charge Carrier, Recombination, P-N Junction, Diode,
Reverse Saturation Current)

CARRIER WAVE is a continuous, single frequency wave of constant
amplitude, generated specifically for modulation so that a baseband
signal can be transmitted at a higher frequency. The modulation
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process generates side frequencies if the modulating wave is at a
single frequency, or sidebands if for a range of frequencies. The side
frequencies or bands are classed as upper or lower according to
whether they are above or below the carrier frequency. In a modu-
lated wave the term is also used to describe the carrier frequency
component. This component is usuvally transmitted as an integral
part of the modulated wave, however in certain systems (e.g. single-
sidetand) it can be suppressed before transmission.

(* Mbdulation >> Baseband, Single-Sideband Transmission)

CARTESIAN COORDINATE It was first shown by Renée
Descartes (a French mathematician) that any point in a plane can be
defired relative to two axes by two numbers, now known as
cartesian coordinates. In electronics the two axes are almost invari-
ably at right angles as shown in Figure C5. In this figure it is shown

y-axis
4 4
4 =
= - =& == ’
(abscissa) |
|
2 1 I 3
: (ordinate)
14 !
1
l
|
L
T 1 T T
0 1 2 3 4

s

X -axis

Fig. C5 Cartesian Coordinates

that relative to the x and y axes, the position of the point P can be
expressed by the two numbers 4, 3. These are known as the abscissa
(cocrdinate measured parallel to the x-axis) and ordinate (coordinate
measured parallel to the y-axis). It is of course by such coordinates
that we normally plot graphs. (See also Polar Coordinate.)
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CATHODE  This is the electrode through which electron current
enters a device. The electrons are ejected from the cathode through
thermionic emission or the photoelectric effect (photocathode). The
current flows towards the anode which is held at a positive potential
relative to the cathode. Devices employing a cathode are electrolytic
cells, thermionic valves, rectifiers and gas-discharge tubes. See also
Anode.

(* Electron, Thermionic Emission, Photoelectric Effect)

CATHODE FALL — see Plasma

CATION When electrons are liberated from atoms or molecules,
the latter become positive ions. This occurs in a gas by ionization
also in an electrolyte by dissociation. The positive ions are known
as cations and being positive are attracted towards the cathode
when a potential gradient exists.
A negative ion is called an anion.

(* Atom, Molecule, lon, lonization, Dissociation, Electrolyte,
Charge, Anion)

CELL This is a device which produces electricity from chemical or
other non-mechanical means. It is a two-terminal, direct voltage unit
in which electrons are driven away from the positive terminal
towards the negative terminal. Most cells have an electromotive
force (e.m.f. — the “open circuit’ voltage) of between 1 and 2 volts.
When a load is connected the potential difference across the cell
terminals is less than its e.m.f. owing to the voltage drop across the
cell internal resistance. Cells relying on chemical reaction usually
contain an electrolyte and are known as electrolytic.

(See also Primary Cell, Secondary Cell)

(* Electromotive Force, Potential Difference, Resistance, Internal
Resistance, Electrolyte)

CELSIUS — the name given to the scale of temperature on which
water freezes at 0° and boils at 100° under specified conditions
(also known as the Centigrade scale) — see also Kelvin.

CHANNEL This is a term frequently used in electronics, especially
with regard to field-effect transistors. The channel is that part of the
semiconductor through which the majority carriers flow from source
to drain as shown in Figure F3(i). The conductivity of the channel
is controlled by the gate voltage.

(* Field-Effect Transistor, Conductivity >> Channel)
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CHAFACTERISTIC  This is the relationship between interdepend-
ent quantities peculiar to a device, network or system. A character-
istic is usually expressed as a curve on a graph relating the two
quantities under examination. The complete term is therefore
“characteristic curve” but for convenience it is usually shortened to
“characteristic”. Note that even straight lines on a graph come
under the general description of *“curve”. An example of a compon-
ént characteristic is given in Figure F3(iv), it shows graphically one
of the relationships existing in a particular type of transistor. Many
such component characteristics are the result of measurement,
others are calculated, e.g. for the simple resistor, Ohm’s Law enables
us to draw the characteristic relating voltage with current with
little effort.

The wide scope of electronics naturally generates a profusion of
characteristics, hence they are subdivided

(i} electrode characteristics — show the relationship between
current and voltage at one of the electrodes of a component, e.g.
between collector current and collector voltage of a bipolar transis-
tor. These are sometimes divided again into input and output
characteristics.

(ii) transfer characteristics — show how an effect is transferred
through a device and they therefore show the relationship between
the conditions on one electrode and those created on a different
electrcde. The example given above (Fig. F3(iv)) is that of a transfer
characteristic.

(iii) static characteristics — refer to active devices (e.g. transistors
and thermionic valves) and show relationships between current and
voltage either at the same or between different electrodes under
static conditions, i.e. with all other applied voltages maintained
constant,

(iv) dynamic characteristics — these again refer to active devices
and relate the current on one electrode to the voltage on a different
electrode under specified working conditions. Frequently this
involves drawing a load line over a set of static characteristics. This
allows examination of changes in voltage or current under working
conditions.

(* Transistor, Electrode, Hybrid Parameters >> Load Line)
CHARACTERISTIC IMPEDANCE is a feature of 4-terminal sym-
metrical networks and of 2-wire transmission lines. There is a

commcen factor in that a transmission line may be considered to
consist of a large number of tiny similar 4-terminal networks in
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tandem. The characteristic impedance of a 2-wire line is defined as
the impedance looking into an infinite length of the line. Looked at
as 4-terminal networks and designating the characteristic impedance,
Z,, Figure C6 shows how we arrive at a second definition. This is
that if any symmetrical 4-terminal network is terminated with its
characteristic impedance then the input impedance will also be the
characteristic impedance.

In (i) of Figure C6 is shown the theoretical definition while (ii)
shows that if the first network is removed, then because the number
of networks remaining is still infinite, the impedance looking into
terminals | and 2 is also Z,y. At (iii) we see how the above definition
arises.

Being symmetrical it follows that if the input is terminated by
Zy, then the impedance looking back nto the output terminals is
also Z,.

The characteristic impedance (Z,) of a 2-wire transmission line
can be calculated from the four primary coefficients, R, L, G and C
(see Transmission Line):

R + jwl
Zy = — — ohms
G +jwC

where each has the value per unit length. For j see Complex Notation.

In practice, for short lines, Z, can be measured, for if Z, is the
impedance looking into the line with its distant end open-circuited
and Zg that measured when the distant end is short-circuited, then:

Zy = VZg X Zg .

(* Network, Impedance, Complex Notation, Iterative Impedance,
Transmission Line)

CHARGE This is one of the most important terms in the book. In
the whole world no material exists without charge. Gravity and
chargz hold the universe together and charge is the basis of all
present day electronic wonders.

Nature is mysterious in the extreme and her secrets are closely
guarded for although one by one the laws are being revealed, never
are the reasons why. This is how it is with charge, that invisible
certain something possessed only by atomic particles. It is the
fundamental driving force of electricity yet it is a phenomenon
which we do not fully understand. Nevertheless we have certainly
been successful in developing methods of measuring and harnessing
it.
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It was not untii 1897 that the English physicist, J. J. Thomson,
was able to prove that charged particles (which we now know as
electrons) actually existed. Then it was left to R. A. Millikan (an
American physicist) to refine earlier measurements and produce a
reasonably accurate idea of the charge carried by a single electron.
We now give charge the symbol Q and the unit is the coulomb. The
electron charge is sometimes called the elementary charge because so
far nothing smaller has been confirmed. It has a value of 1.6021 x
107! coulombs. Since Millikan’s work it has been discovered that
the atom nucleus contains protons, each of which has exactly the
same amount of charge as the electron but in one important way it
is very different. Whereas similar charges dislike each other intensely
and repel, the proton and electron charges exhibit great attraction
for each other. The whole phenomenon is summed up by the golden
rule:

.

**Like charges repel, unlike attract”.

We label the proton charge, positive and the electron charge,
negative.

A charge is therefore defined as a quantity of electrical energy.
Charges give rise to fields and in the field of one charge another
charge experiences a force on it, of attraction if the two charges
are of different types but of repulsion if the same. See Figure C7.

The way in which the force between two charges varies is:

0.0,
d2

F @

where Q, and Q, represent the magnitudes of the charges and d is
the distance between them.

The charge of a single electron may seem insignificant but when
millions of them get together (as is normally the case), the total
charge is mighty and powerful. It is charge which can move massive
trains at high speed for our convenience yet generate thunderstorms
for aggravation.

It is also most instructive to calculate for ourselves the magnitude
of the forces which are locked up in matter. Such a calculation has
no practical use whatsoever but it does enable us to appreciate how
exacting Nature is where charges are concerned.

Imagine two cubes of copper of side a mere one millimetre and
let them be one metre apart. Assume that in both cubes all protons
(the positive charges) are removed. There are some 8.5 x 10'” atoms
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in each tiny cube so with 29 electrons per atom there are about
2.5 x 10* altogether. The total negative charge per lmm cube is
therefore (2.5 x 10*') x (1.602 x 107?), i.e. some 400 coulombs.

From Coulomb’s Law the force of repulsion between the two
cubes 1m apart works out to about 1.4 x 10' newtons which is
approximately equal to 1.4 x 10" tonnes (or tons, there is not
much difference). Thus we have two tiny specks of copper (minus
their protons) one metre apart and the force between them is some
140 thousand million tonnes! The fact that copper exhibits no
charge normally shows how exactly Nature balances electron and
proton charges.

The term “charge” also refers to the quantity of electricity
stored in a capacitor or in a secondary cell.
(* Atom, Electron, Proton, Field, Coulomb, Coulomb’s Law, Posi-
tive, Negative, Newton)

CHARGE CARRIER An electron or hole which is mobile and
therefore is a moving charge. Electrons carry (or are) a negative
charge, holes, positive and both are mobile within conductors and
semiconductors. When in motion these charge carriers constitute an
electric current.

(* Electron, Hole, Current, Electron-Hole Pair, Positive, Negative)

CHARGE DENSITY If we consider a region of space occupied by
many individual charges closely spaced, then at a distance the charge
can be imagined as uniform. Hence the effects of the total charge
can be expressed by charge density.

Surface charge density is the electric charge per unit surface area
of a medium. It is given the symbol ¢ (sigma) and is measured in
coulombs per square metre (C/m?).

Volume charge density is the electric charge per unit volume of a
medium. It is given the symbol p (rtho) and is measured in coulombs
per cubic metre (C/m3).

(* Charge, Coulomb)

CIRCUIT  An electrical circuit is a complete conducting path over
which current can flow. There cannot be a build-up or depletion of
charge anywhere, hence the number of charge carriers (usually
electrons) must be the same at every point around it.

(* Current, Charge, Charge Carrier, Electron)

COERCIVE FORCE This is a term used with ferromagnetic
materials, it is the reverse magnetic field strength required to reduce
the magnetisation or flux density of a magnetically saturated
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specimen to zero, i.e. to demagnetise it.

See Magnetic Hysteresis.

(* Magnetism, Magnetisation, Magnetic Field Strength, Ferro-
magnetism >> Saturation)

COEECIVITY is a characteristic of a ferromagnetic material, it is a
meastre of the magnetic field strength required to demagnetise a
sample of the material from magnetic saturation.

See also Coercive Force.

(* Ferromagnetism, Magnetic Field Stiength, Magnetic Hysteresis
>> Saturation)

COHERENCE is a wave property in which corresponding points on
the wavefront are in phase. It is possible therefore to look upon a
coherent beam as comprising a wave with its spatial and time pro-
perties predictable. In a more practical way a coherent wave is one
at a single frequency and a non-coherent wave, although having a
predominant wavelength, is basically a mixture of different waves
of rardom phases and varying amplitudes.

Caherent oscillations have the property that if interrupted, the
wave will recommence at a phase which it would have had with no
interruption. Generally lasers are coherent oscillators.

(* Electromagnetic Radiation, Phase, Wavefront, Laser)

COLD CATHODE is one which emits electrons at ambient tempera-
tures. i.e. it is not heated. For emission a sufficiently high voltage
gradient must exist at the surface. Also light can have the effect of
releasing those electrons from a cold cathode which receive suffici-
ent energy from incident photons to exceed the work function.
Electronic emission is also possible from a cold cathode in a gas-
filled tube for example with neon at moderately low pressure. The
normal space charge surrounds the cathode and electrons may be
drawn from it depending on the strength of the electric field existing
between the anode and cathode.

Cold cathodes are preferabty of, or coated with, materials of low
work function.
(* Cathode, Space Charge, Work Function, Photoelectric Effect,
Photoemission, Gas Discharge)

COLLECTOR is one of the regions of a bipolar junction transistor.
Minority carriers in the base region are swept into the collector
region where they become majority carriers — see Transistor.
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COLLISION is the sudden encounter of a moving body with another
or with a stationary body. It is something experienced so often
in daily life. We know the rules which govern such clashes and the
rules are no different in the microscopic world of atomic particles.

In a way momentum is an expression of the power lurking in the
velocity of abody. Itisa function of both the mass and the velocity,
ie.:

momentum, p = mvkgm/s

where m is the mass of the body in kilograms and v its velocity in
metres per second. The Law of Conservation of Momentum states
that: “provided that no external force acts, the total momentum of
a group of objects is constant.”

This can be examined in a practical way by using the classic
example of rifle and bullet. These two form a “‘group of objects”
and while the rifle is being aimed the total momentum is zero
because neither rifle nor bullet has velocity. When the trigger is
pulled the explosion forces the bullet forward with a certain
momentum. Because the total momentum must remain at zero,
the rifle recoils, i.e. it acquires a momentum in the opposite direc-
tion. The forward momentum of the bullet equals the backward
momentum of the rifle. This is when things fly apart. In the atomic
world we are more interested in what happens when they collide.
For collisions the Law still holds good, the total momentum is
unchanged after the event.

Another illustration which brings us one step nearer in under-
standing particle collisions is given by the game of billiards. The
player strikes a ball with the cue whereupon all the momentum of
the cue is transferred to the ball because the cue comes to rest
(v =0,.. p =0 — friction is neglected of course). With luck, the
moving ball then collides with another, they bounce off each other
with the momentum of the striking ball now shared between the
two.

Things get easier when we consider collisions between two
electrons for the “bodies’ have exactly the same mass so it is evident
that there is simply a redistribution of velocity but we must not lose
sight of the fact that velocity embraces both speed and direction.
Collisions are subdivided into two types, elastic and inelastic. Firstly
we recall the formula for kinetic energy:

Ex = %mv? joules.

Elastic Collisions: the rule governing these is that the total
kinetic energy after collision is the same as that before, simply
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Fig. C8 Elastic Collision in a Straight Line Batween Two Similar Particles

implying that because the collision is elastic, no kinetic energy is

lost {in fact in physics this is how elasticity is defined, i.e. that in a

collision there is no decrease in kinetic energy). Collisions in a

straight line are the least complicated, consider therefore two

particles about to collide as in Figure C8(i). Velocity denoted by a

lower case v is that before collision, after collision a capital V is used.
Egquating the momenta before with after collision:

myvy, +mv, = mV; +mV,
i =V = (V2 —») (1)
also equating the kinetic energies:
Vv ? + Yomw,? = imV 2 + hmV,?

from which:
v+ V), —Vy) = (Vy +0)(V, —v,) 2

and dividing equation (2) by equation (1):

v+ V) =@ +V3) 3)
or:
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vy —vy = —=(V, — V) 4

showing that the relative velocities before and after are the same.
Note here that the m’s have disappeared from the equation as might
be expected.

Adding equations (1) and (3) brings the important conclusion
that v, = V,, i.e. on collision the two particles simply exchange
their velocities (see Fig. C8(ii).

Although the figure shows two particles travelling in the same
direction, a similar result is obtained when the collision is head-on,
i.e. one of the velocities is negative.

This is a highly simplified explanation for seldom do particles
meet in a straight line. However, the law of conservation of momen-
tum applies equally to the separate components of velocity, i.e.
momentum in the x direction before collision = momentum in the
x direction after collision and similarly for the y and perhaps z
directions (see Fig. C5). This enables us to calculate not only the
velocities after collision but also the angle at which the bodies part.

From the above explanation, limited in scope though it may be,
it is possible to appreciate how in secondary emission, resident
electrons at the surface of a material are able to escape when they
exchange velocities with high velocity ones bombarding them from
an external source.

Inelastic Collisions: in these some of the original kinetic energy is
lost in doing work or producing heat. Everyday collisions are of this
form and range between the completely elastic (which in fact is not
a practical condition because some friction is always around) and the
completely inelastic in which the colliding objects actually stick
together.

Although we may picture electron collisions in terms of those
of billiard balls, there is more to consider. Electrons carry negative
charges and as two get close to each other there is an increasing
force of repulsion — a complicated affair altogether.

(* Energy, Momentum, Mass, Electron, Kinetic Energy, Secondary
Emission)

COLOUR is a sensation produced in the brain when the eye reacts to
electromagnetic radiation at a certain frequency. Figure ES shows
the “rainbow” colours on a basis of radiation wavelength. On a
frequency basis the range is approximately from 4 x 10'* Hz (lowest
red) to 7.9 x 10 Hz (highest violet).

In television any colour is defined by its luminance which
expresses the level of brightness of a picture element and its chromi-
nance. The latter term which tells about the colour, itself has two
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components, hue which is the dominant electromagnetic frequency
and szturation which can best be explained as the colour intensity
or *“colourfulness”. A colour with 0% saturation in fact contains no
colour at all but is entirely grey. At the other extreme 100% satur-
ation indicates a colour which has no dilution by white.

A characteristic of the human eye is that certain primary colours
can be combined to produce a multitude of others, in electronics we
use red, green and blue. For example, blue and red mixed together
give purple. Red and green together give yellow and with a little
blue added the result is a pastel green, not necessarily the same as
the primary green on its own. It is on this basis that colour tele-
vision is so successful, allowing us to enjoy its exquisite reproduc-
tion that we all now take for granted.

(* Electromagnetic Spectrum >> Television, Television Signal,
Television Receiver)

COMPENSATION THEOREM This is a theorem used as an aid in
network analysis. It is one of the few theorems which is not restric-
ted to linear networks only. In simple terms it states that any
impedance in a network can be replaced by the voltage across it. In
full ir states that any impedance can be replaced by a zero imped-
ance generator having an e.m.f. equal to the instantaneous p.d.
which existed across that impedance.

A simple circuit can be used to demonstrate this as in Figure
C9(i). By Ohm’s Law (plus Kirchhoff’s when necessary), the
current in resistor R is 0.025 A, hence the p.d. across R is 0.025 x
20 = 0.5V. By the Compensation Theorem therefore R can be
replaced by a zero impedance generator of e.m.f. —0.5 V as in (ii) of
the figure. The minus sign arises because this e.m.f. must be in
opposition to E for if not, some voltage has been gained from some-
where which of course is impossible. It can be shown by use of
Kirchhoff’s Laws that the network in (ii) produces the same currents
in each branch as does the original network in (i).

(* Network, Impedance, Ohm’s Law, Kirchhoff’s Laws, Electro-
motive Force, Potential Difference)

COMPLEX CONJUGATE - see Rationalization

COMPLEX NOTATION (COMPLEX NUMBERS, COMPLEX
ALGEBRA) is a method of handling phase differences in a.c. net-
works mathematically instead of by graphic or phasor diagram.
Basically the method enables manipulation of the rectangular
components of phasors by keeping all horizontal components
together and similarly all vertical compenents. To do this a phasor
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is first resolved into its components as shown in Figure C10. The
components and axes are labelled real and imaginary (a misleading
label which has been handed down from early mathematicians).

The phasor OP in the figure is resalved into:
real component = OPcos ¢ and imaginary component = OPsin ¢ .
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Fig. C10 The Complex Number of a Single Phasor

To keep the components apart (because they cannot be manipu-
lated in this form by normal algebra), an “operator’ is used, denoted
by the letter j (for electronics only, mathematicians used “i”). j is
said tc rotate any phasor or component through 90° anticlockwise,
hence the phasor OP can now be expressed by OP(cos ¢ + j sin ¢),
for example, if OP has a magnitude of 10 and ¢ = 60° (i.e. in polar
coordinates, OP = 10L60°), then:
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OPcos¢p = 10x 0.5
OPsin ¢ = 10 x 0.866
s0 in complex notation the phasor 10£60° becomes:
10(0.5 +j0.866) or 5+j8.66.

Having done this, phasors can be added, subtracted, even multi-
plied and divided as required using special rules which ensure that
the real and imaginary components do not become entwined until
finally the complex number is reformed as a phasor. Addition
and subtraction of two phasors (a + jb) and (c + jd) results in:

(a+jp)+(c+jd) = (@a+c)+jbb+d)
and
(a+jbp)—(c+jd) = (a—c)+jb—d).

Multiplication and division of phasors are less frequently carried
out in complex notation because the job is more easily accom-
plished using polar coordinates.

Capacitive and inductive circuits readily lend themselves to
solution by complex algebra because reactance in both cases is con-
veniently 90° out of phase with the resistance.

If rotating a phasor through 90° multiplies it by j, then by
rotating it a further 90° (i.e. to 180°), it is multiplied by j x j (= j*).
But a phasor at 180° is in the opposite direction and is normally
given a negative sign, hence j> = —1 or j = +/—1 as shown in the
figure. In mathematics there is no such thing as the square root of
—1 so it is now perhaps possible to come to terms with the label
“imaginary”.

(* Phasor, Cartesian Co-ordinate, Polar Co-ordinate, Rationalization,
Reactance)

CONDUCTANCE This is a term expressing the ability of a specified
material of a certain shape (e.g. a wire) to carry an electric current.
It depends on the conductivity of the material and the material
dimensions. As an example, for a given uniform length of wire, the
conductance is inversely proportional to the length and directly
proportional to the area of cross-section. Conductance is given the
symbol G and for any purely resistive circuit:

G = I/Vsiemens (S)

where [ is the current in amperes and V, the voltage applied, is in volts.
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Conductance is the reciprocal of resistance, hence a resistance of
1052 is equivalent to a conductance of 0.1 S. Conductance is also
the real component of admittance (Y). ie. Y = G + iB where B is
the susceptance and all units are in siemens. The relationship
between conductance and the components of impedance is given by:

R

= ——— siemens,

R* + x?
where R and X are in ohms.

Mest circuit analysis is conducted using the concept of resistance,
however there are occasions when conductance may be more useful,
especially for parallel combinations for if the conductance of each
branch is known then the total conductance is simply the sum of the
individual branch conductances.

(* Conductivity, Siemens, Complex Notation, Admittance, Suscep-
tance. Reactance)

CONDUCTION BAND The range of energy levels possessed by
electrons in a solid which have been released from the orbits of
parent atoms and are therefore available as charge carriers (i.e. for
conduction). On an energy-level diagram this range of levels appears
as a band as shown in Figure E12 — see Energy Bands.

CONDUCTIVITY expresses the ease with which charge carriers
(current) can tlow through a given material. Generaliy it varies:

(i) directly with the average number of free electrons (1)
(i) directly with the electron mean free path (d)

(iii) for most materials, inversely as the square root of the absolute
temperature (7), i.e.

0 = nd/\JT
where ¢ is the conductivity.
Consider a length of wire as in Figure Ct1 in which we find that:

(i) the current is proportional to the cross-sectional area (a)
(ii) the electric field strength varies inversely with length (/).

Tte conductivity is then expressed by the electric field strength
required to produce a given current density, i.e.:
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current density (J)

0 = -
electric field stiength (£')

J is :n amperes per square metre, E is in volts per metre, hence the
unit for conductivity is amperes per square metre per volt per
metre. The S.I. system however simplifies this by bringing in a
special unit for conductance, the siemens (8), accordingly the unit
for o is siemens per metre (S/m).

Conductivity can also be expressed in terms of a unit cube (1
metre sides) of the material. If a current / (amps) flows between
opposite faces and the voltage across them is ¥ (volts), then the
conductivity, o = I/V siemens per metre.

(* Charge, Conductance, Electron, Mean Free Path, Current Density,
Electric Field Strength, Siemens)

CONDUCTOR  This is a material which contains sufficient “free”
electrons so that an electric field pervading the material can acceler-
ate them towards the positive pole, so causing a relatively large
current to flow. Most metals are good conductors, a particularly
useful non-metal one is carbon.

Materials used for conductors have low resistivities (high conduc-
tivities). Copper for example has a resistivity of (.72 x 10”8 ohm-
metres (2 m). Silver is even better as a conductor at 1.62 x 1078
2 m. Generally conductors have resistivities in the range 10”2 to
107 Q m.

(* Atom, Electron, Conductivity, Conductance, Resistivity, Copper,
Silver)

CONJUGATE IMPEDANCE Two impedances are said to be
conjugate if their real (resistive) parts are equal and their imaginary
(reactive) parts are equal in magnitude but of opposite sign, i.e.
R + jX and R — jX are conjugate impedances. Each is said to be the
conjugate impedance of the other.

Using polar co-ordinates, ZL¢$ and ZL—¢ are conjugate.
(* Impedance, Complex Notation, Polas Co-ordinate)

CONTACT POTENTIAL When two dissimilar metals are placed in
contact, a potential difference called the contact potential appears
between them. This arises from the difference in the work functions
of the two metals. Consider two dissimilar metals A and B with
work functions ¢, and ¢g such that ¢, is the greater. This means
that more energy is required in metal A to encourage a free electron
to jump the surface barrier than is required in metal B. When the
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two metals are placed in contact therefore the electron emission
B—A will exceed that A>B. A therefore becomes negatively charged
and B positive, this difference in potential is the contact potential.

The phenomenon can also be explained via Fermi levels. If metal
B has the higher Fermi level, then A must have more lower energy
levels available than B. Accordingly electrons from B are free to
move into A and the latter becomes negative with respect to B. The
process continues until the two Fermi levels become equal and it
follows that the contact potential is equal to the difference in the
Fermi levels of the metals (when they are not in contact).

Contact potentials are usually no more than a small fraction of
one volt.
(* Electron, Work Function, Fermi Level)

CONTACT WORK FUNCTION - see Work Function

CONVENTIONAL CURRENT One would imagine that when
dealing with quantities, a positive amount would be greater than a
negative amount and any movement would be from positive to
negative. Generally this holds true so it is unfortunate that names
for the two types of electric charge were decided on long before
the electron was discovered. Accordingly it was considered that
electricity flowed from positive to negative but the subsequent
discovery that most current flow is by electrons has proved this
to be a bad guess. Current flow is from negative to positive except
in a few cases, for example with positive ions in gases or liquids.
These do flow from positive to negative although much more slowly
than electrons because of their greater mass. The original idea has
remained with us simply because changing it would cause confusion
for some time. To distinguish between this generally incorrect
direction of current flow and electron flow the former is labelled
“conventional current” (i.e. following tradition).

Fearful of the complications arising from a changeover, the
experts have decided that current direction on semiconductor
graphical symbols shall remain conventional but note that the
artful device known as “hole current” is used so that we moderns
cannot be accused of being incorrect. To sum up, it is suggested that
it is usually better not to think in terms of conventional current but
to “see” current flow as pictured in Figures C11 or C15, remember-
ing the golden rule, *‘like charges repel, unlike attract”.

(* Charge, Current, Electron, Semiconductor, Hole Current, Positive,
Negative)

COPPER is an element, symbol Cu, atomic number 29, which is
extensively used in electronics as a conductor. Copper has one
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clectron only in its outer (4th) shell which it readily gives up for
conduction purposes. Its resistivity is therefore very low (only
bettered by silver) at }.724 Qm x 1078 (at 20°C).

(* Element, Atom, Conductivity, Shell, Resistivity, Silver)

CORE usually refers to the soft ferromagnetic material which is
part of the magnetic circuit of for example, a generator, electric
motor or transformer. Important qualities required of such a core
are high permeability, low coercivity and low remanence. At the
lower end of the frequency range, laminated cores are used. These
consist of thin laminations of a ferromagnetic material such as iron,
each coated with an insulating film so that when built up as a core
the magnetic properties remain but electrically the resistance
between adjacent laminations is high. This reduces the magnitude of
eddy currents. At radio frequencies, ferrite cores are more likely to
be employed, these are cast into the core shape required and the
ceramic mix can be such that both high permeability and high
electrical resistance are obtained — again eddy current losses are
minimized.

(* Ferromagnetism, Permeability, Coercivity, Remanence, Eddy
Current, Core Loss, Transformer >> Ferrite, Lamination, Electric
Motor, Generator)

CORE LOSS refers to the dissipation of electric power in a ferro-
magnetic core. From the circuit point of view such a power loss is
wasted energy. The total loss is mainly that due to eddy currents
and magnetic hysteresis.

(* Core, Eddy Current, Magnetic Hysteresis)

COULOMB A single electron (or ion) carries a tiny electric charge.
When more than one congregate. their charges are additive, hence a
unit of electric charge is needed rather than attempting to quote
hovs many electrons are involved. The S.I. unit of charge is the
coulomb (symbol C — after Charles Augustin de Coulomb, a French
engineer and physicist). In fact the number of elementary charges
(usually electrons) gathered together which constitute a charge of
one coulomb is 6.242 x 10'®. When this quantity of electric charge
is conveyed past a given point in one second, then one ampere of
current is said to flow. From this the definition of the coulomb
follows, i.e. it is the charge transported in one second by a constant
current of one ampere. Hence:

Charge, Q = [ x t coulombs (C)

whare / is the current in amperes and ¢ is the time in seconds.
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The charge per electron is equal to:
1/(6.242 x 10'®) = 1.602 x 107*° C.
(* Electron, Charge, Ampere, S.1.)

COULOMB’S LAW A law concerned with the force between
charges at rest from Charles Augustin de Coulomb. The law states
that the mutual force of repulsion between like charges or of attrac-
tion between unlike charges concentrated at points in an isotropic
medium (the same throughout) is (i) proportional to the product of
the charges, (ii) inversely proportional to the square of the distance
between them and to the permittivity of the medium. As a formula:

i
4med?

F newtons

where Q, and Q, represent the charge magnitudes in coulombs,
d is the distance between their centres in metres and e is the permit-
tivity of the medium.

(* Charge, Force, Newton, Coulomb, Permittivity)

COUPLED CIRCUITS are those between which power can be trans-
ferred by some means of coupling between them. Basically there are
two ways in which coupling is arranged, (a) by components common
to both circuits (common impedance coupling) or (b) by transfer-
ence of power by means of 4 magnetic field.

For (a) the components can either be in series between the two
circuits as shown for the capacitor Cp, in Figure C12(i) which is
linking two resonant circuits or for the inductor L, in (ii) which is
doing the same thing in a different way. For the capacitor any
voltage across it produces a current from circuit 1 into circuit 2.
For the inductor, current through it as part of circuit 1 gives rise to a
voltage across it which is injected into circuit 2. These forms of
coupling are frequency dependent, resistance (or direct) coupling
can similarly be used and in this case the coupling itself is not
frequency dependent although the individual circuits may be.

For (b) the term mutual inductance coupling is used. Here the
only coupling is via the magnetic flux generated in, say L, which
also embraces L, [see Fig. C12(iii)]. If all the flux generated by
L, cuts L,, then the mutual inductance:

M = </L,L, henries
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(when L, and L, are in henries), but because in practice this con-
dition cannot be met, a coupling factor, k is introduced so that:

M
VL,\L,

and theoretically k varies between 0 and 1.

The coupling factor can be defined as the ratio of the mutual
impedance between two circuits to the geometric mean of the total
impedances of the same type in the two circuits. As an example,
for the circuit of Figure C12(ii):

k =

Ly
k —
\[(Ll + Lm)(LZ + Lm)

See also Critical Coupling.
(* Magnetic Field, Magnetic Flux, Transformer, Inductance, Mutual
Inductance, Resonant Circuit)

COUPLING COEFFICIENT (COUPLING FACTOR) — see Coupled
Circuits, Critical Coupling, Transformer.

COVALENT BOND in a material atoms or molecules need some-
thing to keep them exactly in position and locked together. That
something is called “bonding”, of which there are many kinds. The
type of bonding which has enabled all the wonders of semiconductor
technology to be achieved is known as covalent. Silicon and german-
ium are two very important semiconductor elements and in them the
atoms are locked into the lattice by this method.

Each element has four electrons in the outermost shell (the
valence electrons) and purely for convenience in drawings, we can
represent them in a simplified fashion as in Figure C13(i). The
electrons in the inner orbits play no part in electrical conductivity,
hence we omit them. Silicon is the more widely used so it is used
here as an example, much of what is said however also applies to
germanium and some other semiconductor materials.

The silicon crystal has its atoms disposed in a regular three-
dimensional cluster. Figure C13(ii) gives an idea of the arrangement,
the cubical structure of the lattice for atom 1 is shown with this
atom at the centre. Each of the six faces of the cube has two atoms
at the corners, diagonally opposed. Every atom has therefore four
immediate neighbours (except at the surface of the material) and the
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bonds each has are as indicated. The drawing therefore leaves to
the imagination the cubical structures of each of the atoms 2 — 5,
again with bonds to four other atoms. To simplify our drawings
even further, Figure C13(iii) shows this in plan.

Atoms form bonds with their neighbours by “pairing” electrons
with them, each pair sharing an orbit embracing both of the parent
atoms. Effectively therefore, by the sharing technique every atom
has 8 electrons in orbit in 4 covalent bonds with atoms nearby. The
additional four electrons enable the atom to complete its final sub-
shell which is a move that many atoms are anxious to make. This
is shown diagrammatically in (iv) of the figure which in fact is a
development of (iii) to show the electrons and their orbits.

The bonds are sufficiently tight that at absolute zero temperature
none is broken hence no electrons are available as charge carriers.
At higher temperatures some electrons gain sufficient energy from
heat to be released and the crystal changes from being a perfect
insulator to one not so good, i.e. it becomes a semiconductor.
(* Atom, Electron, Bond, Molecule, Orbit, Valency, Crystal, Shell,
Absolute Zero)

CRITICAL COUPLING  Generally transformers are thought of as
devices which transmit power from one circuit to another at a single
frequency. However, when they are part of high frequency tuned
circuits where the overall response is frequency dependent, they can
in fact be used as band-pass filters.

Consider the two resonant circuits mutually coupled as in Figure
C12(iii). The coupling factor, &, is given by:

M
VvVLiL,

Both circuits are tuned to the same resonance frequency (f;) and
critical coupling (k.) is reached when there is the maximum transfer
of energy between the two circuits. Under this condition the
current in circuit 2 is maximum and it can be shown that:

1
ke = ——
V@102

where Q, and Q, are the Q-factors of the individual circuits. The
effect of critical coupling is shown in Figure C14 for curve k = k..
The response falls as the frequency varies above and below f; as one
would expect from resonance.
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k = kc (Critical coupling)
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Fig. C14 Typical Response for Coupled Tuned Circuits

As k is reduced below the critical value, the response again falls
as shown for the curve k < k.. When k exceeds k. however, the
maximum current is actually lower than that for critical coupling
but now exh:bits a “double hump” (curve k > k.). By careful
adjustment of the value of k to something slightly above the critical
value a reasonably flat-topped band-pass characteristic can be
obtained. This is especially useful in intermediate frequency ampli-
fiers for exairple those used in amplitude modulation radio receivers
where maximum transfer of energy at the resonance frequency is
required but with a bandwidth of some 9 kHz. In such transformers
k may be as low as 0.01, very different from the mains transformer
where 0.95 may be expected.

(* Transformer, Tuned Circuit, Coupled Circuits, Filter, Q-Factor,
Intermediate Frequency)

CRITICAL DAMPING is the degree of damping in an oscillatory
circuit at which the system just fails to oscillate — see Damiping.

CRYOGENICS is the branch of physics dealing with extreme cold
and its effects (from Greek, frost).
( >>> Cryotron)

CRYSTAL The arrangement of atoms or molecules of a substance
intc a regular framework (the lattice siructure). Externally a crystal
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has the form of a solid enclosed by symmetrical plane faces. All the
crystals of a particular substance have the same shape. A simple
form is the cube of common salt (sodium chloride), this is an
example of a crystal having all its faces alike. Most are much more
complex.

(* Atom, Molecule >> Crystal Filter, Crystal Oscillator)

CURIE POINT is the temperature above which a ferromagnetic
material loses its magnetic properties. It is named after the physicist
Pierre Curie (husband of Marie Curie) — see Ferromagnetism.

CURRENT (electric) This is the movement of electric charge
carriers round a circuit. Current flow between two points normally
occurs when there is a conducting path and an electrostatic field
between them. As an example, in a metal wire the atoms and ions
are fixed within the lattice structure and free electrons move ran-
domly in the spaces between them. If a positive charge is applied
to one end of the wire and a negative charge to the other (e.g. from
a battery), the electrostatic field set up from end to end within the
wire causes the electrons to drift away from the negative charge
towards the positive. Such a flow of electrons constitutes an electric
current. The rate of flow depends on the magnitude of the field
applied (i.e. on the potential difference). The magnitude of the
current itself is the rate at which charge passes a given point. In
terms of the unit of charge, one ampere is the current when one
coulomb of charge flows per second.

Charge carriers may also be positive as for example in the case of
jons within a gas, these drift towards a negative region.

Because current is the framework on which all electronic activity
is based, Figure C15 is added to gather together the various terms
associated with it and to illustrate the process in greater detail:

(i) a conductor contains “free” electrons, i.e. they have accu-
mulated sufficient energy to be able to break away from
atoms;

(i) chemical action within the battery forces electrons away from
the positive terminal towards the negative, i.e. it generates an
electromotive force;

(iii) as there is a complete circuit connected to the battery termin-
als, a potential difference is created across points A and B.
An electric field is therefore applied across the ends of the
conductor and is propagated from end to end at almost the
speed of light;

(iv) the electric field contains energy and is therefore capable of
doing work. It imposes a force on all free electrons and
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accelerates them so that they tend to move towards the
positive pole. This is electron drift along the conductor and
is the current. It is the same at all points in the circuit because
charge cannot build up;

(v) the electric field also helps more electrons to escape from
their orbits because they also gain energy. Also fast moving
electrons collide with attached ones and knock them out of
orbit. They too become charge cairiers;

(vi) the current depends on the strength of the electric ficld, the
mobility of the electrons in that particular material and the
number of them available. This is summed up in a practical
manner by Ohm’s Law;

(vii) now if, for example, 6.24 x 10'® electrons flow into A and
out at B, this is one coulomb of charge on the move. If it
happens in one second, the current is one ampere;

(viii) although electrons enter at A and electrons leave at B, these
are not necessarily the same ones. Electron drift commences
at all points along the wire (even if many kilometres long)
immediately the electric field is present. However the rate at
which they move along the wire is surprisingly low (remember
they are moving in all directions but with a bias towards B).
The rate is usually only one or two centimetres per minute.

Fizure C16 is added to show how the various formulae linking
charge, electric field strength, work etc. fit in.

Prictical currents vary over a wide range. In the middle of the
range a motor car headlamp bulb operates with some 3 A, a 60 watt
light bulb on 240V mains, 0.25 A. The current flowing in a radio
antenna or in some computer circuits may be down in the nano-
ampere (107° A) region while conversely thousands of amperes are
needed to start an electric train.

(Sec also Ohm’s Law)

(* Charge, Electric Field, Electric Field Strength, Electron, Force,

Coulomb, lon, Energy, Drift Velocity, Lattice Structure, Potential

Difference, Electromotive Force)

CURRENT DENSITY A measure of the concentration of current
passing through a material. It is equal to the ratio of the current to
the cross-sectional area through which :t is flowing. The symbol is
J and the unit, the ampere per square metre (A/m?).

(* Current)

CUT-OFF FREQUENCY When referring to a filter, it is that
frequency at which the attenuation changes from a low value to a

high one, i.e. at the transition from the pass band to the attenuation
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Fig. C17 Cut-Off Frequency for a Low-Pass Filter

band. The change in attenuation is not abrupt hence the cut-off
frequency has to be defined in some way, this is generally as the
frequency at which the attenuation has changed by 3 dB when the
filter is connected between specified impedances. Figure C17 gives
an example for a low-pass filter.

If the term refers to a waveguide, the cut-off frequency is the
frequency below which transmission fails for any particular mode —
see Waveguide.

(* Frequency, Attenuation, Filter, Decibel)

CYCLE is that part of a wave between two successive points having
the same value and at which the wave is varying in the same direc-
tion. This is illustrated in Figure S5 and one cycle is equivalent to
rotation of the phasor OP through a complete circle, irrespective of
its starting point.

(* Sine Wave, Phasor)
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DAMPING is that property of an electrical or mechanical system
which reduces the amplitude of free oscillations. Once oscillation
commences an ideal resonant circuit should continue to oscillate
indefinitely. The fact that it does not arises from resistance losses
etc. in the electrical circuit and from friction and other losses in
mechanical systems. In both cases energy is extracted from the
oscillation and dissipated in the form of heat. How the system func-
tions depends on the degree of damping, it is termed critical if the
system just fails to oscillate, overdamped if the damping is greater.
When damping is less than the critical, it is said to be under-
damped and free oscillations can arise but because of damping will
slowly decay. This is illustrated by the graph of Figure F7 which
shows an example of how the current in a free oscillation circuit
decays. A measure of the rate of the decrease in amplitude of an
oscillation is given by the damping coefficient, §. This is defined as
the ratio of the amplitude of any one of the damped oscillations
to the amplitude of the one following. When this ratio is expressed
as a natural logarithm it is known as the logarithmic decrement.
Damping is also the term used when oscillations of for example,
a measuring instrument pointer are reduced by some electrical or
mechanical means.
(* Resonance, Oscillation, Free Oscillation, Logarithmic Decrement
>> Magnetic Damping, Regeneration)

DAMPING COEFFICIENT (DAMPING FACTOR) A measure of
the rate of decrease in amplitude of an oscillation due to damping
— see Damping.

DANIELL CELL is a primary cell and is an improvement on the
voltaic cell which suffers from polarization. It is named after John
Frederic Daniell, an English chemist. In the Daniell cell two differ-
ent electrolytes are separated by a porous pot. The positive electrode
is copper, immersed in an electrolyte of copper sulphate, the
negative electrode is amalgamated zinc (surface coated with mer-
cury) immersed in dilute sulphuric acid. Cell e.m.f. is just over 1
volt. The cell is “reversible” because if an external voltage slightly
greater than the normal output voltage is applied to the terminals
in the opposite direction, the chemical reactions are reversed.
(* Cell, Voltaic Cell, Electrode, Electrolyte, Polarization, Electro-
motive Force)
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DARAF The unit of elastance — see this term.
D.C. — see Direct Current

D.C. COMPONENT is the mean value of a signal. Fourier analysis
shows that any recurring waveform can be analysed into a d.c.
component to which is added an alternating function. D.C.
component applies to asymmetrical waves only for the mean value
of a symmetrical wave (i.e. equal above and below the time axis)
is zero.

(* Direct Current, Fourier Analysis)

D.C. VOLTAGE is a lax way of expressing direct voltage, in reality
the term is saying direct current voltage, but “‘current” is super-
fluous.

de BROGLIE WAVES In 1924 Louis Victor de Broglie (a French
physicist) published a hypothesis suggesting that any moving object
had an associated wave motion. He based this on thé argument that
if light can act both as a particle and also as waves, then why should
not electrons act similarly? He called them matter or pilot waves in
the sense that the wave guides or steers the particle. To de Broglie’s
credit, he produced these ideas long before there was any experi-
mental evidence.

To appreciate that particles behave like waves and vice versa
needs quite a stretch of the imagination but less if we develop the de
Broglie formula in terms of the photon:

Einstein gave us:

E = mc?
where E is the energy, m, the mass and c, the velocity of light.
Planck gave us:

E =hf

where h is Planck’s Constant = 6.6261Js, f is the wave frequency,
hence:

hf = me® . m = hffc?.
Now the wavelength, X = ¢/f and the momentum (p) of a photon

travelling at the speed of light = mass (m) x velocity (v) is equal
to:
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— X ¢ =—
e
and since
fle = 1\ thenp=h/\,ie.\=h/p
and since p = my
then A = himv

— this is the expression for the “de Broglie Wavelength”.

Next consider the single hydrogen electron which has an orbital
velocity, v = 2.187 x 10® m/s, an orbit radius of = 5.295 x 10~
m and a mass, m of 9.109 x 1073 kg: length of hydrogen orbit is
equal to:

2ar = 2w x 5.295x 107" = 33x 107 m

*“de Broglie Wavelength equals:

h 6.626 x 107% Js
— = =33x10""%m
my  9.109 x 1073 kg x 2.187 x 10 m/s

botn exactly the same. This makes sense so that a wave “guiding” a
hydrogen electron in its orbit has its end joined to the beginning of
the next wave. If this does not happen then subsequent waves do
not reinforce the earlier ones and the wave loses its form. An
electron therefore can only accept exactly the amount of energy
which satisfies this condition. This might be illustrated as in Figure
D1 which shows in an exaggerated fashion a normal orbit modified
by 3 cycles of a waveform. Here the 1st, 4th, 7th .. . waves start at
exactly the same point. If the number of complete waves is n, then
the circumference of the orbit = nX = 2m. n must be a whole
nurmber otherwise the wave does not join back to itself. It is called
the orbit quantum number.

(* Atom, Electron, Orbit, Frequency, Wavelength, Energy, Photon,
Planck Constant, Momentum, Quantum Theory)

DECIBEL Using logarithmic units to express power, current or
voltage ratios has two distinct advances: (i) large numbers are
reduced and so become more manageable, and (ii) in a complex
system with a large number of circuits, each contributing a gain or
loss, calculation of the overall power etc. ratio by multiplying
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fractions is unwieldy. By expressing each ratio in a logarithmic
unit, addition takes the place of multiplication, a more manageable
process altogether. Hence the bel came on the scene (after Alexander
Graham Bell, the Scottish-American inventor) which is simply the
common logarithm (to the base 10) of the power ratio. This gives
rather low figures so an offshoot soon appeared, the decibel (symbol
dB) which is one tenth of one bel. If the power, current or voltage
input to a circuit is given by Py, /; or V| respectively and the power
output by P,, I, or V,, then the attenuation (or gain):

P2 122 X Z [2
n = 10log— = 101log = 20log — dB

P, [12)(2 [1

but note that /; and /, must be measured in the same terminating
impedance, Z. Similarly:

Va
n = 20log — dB
1

and again the voltages must be measured in the same impedance.
(Note however that we often deliberately go astray when quoting

88



the voltage gain of an amplifier by using the above formula while
ignoring differing input and output amplifier impedances. No
problem if we realize what we are doing and tell others.)

If gains and attenuations are being considered together, then
signs become necessary. If P, is greater than P,, there is amplifica-
tion and n is positive, conversely if P, is the greater, there is a loss
and n is negative. Suppose P, = 1 mW and P, = 0.5 mW, obviously
there is a power loss so # should work out to be negative:

attenuation in dB:
(ny = 10log(P,/P,) = 10log 0.5 = 10(—0.3010) = —3.0]

Absolute values can be quoted in decibel notation provided that
a reference or zero level is stated or known. As an example, the
reference level of a quantity such as signal power or sound pressure
is chosen and this is given the decibel value of 0. The reference level
is usaally indicated by an added letter to the symbol. One common-
ly used in electronics is one milliwatt for which the symbol now
becomes dBm. Thus a power level of 100mW may be expressed as
+20 dBm because a power gain of 20dB on 1 mW results in 100 mW.
No reference level need be quoted because it is indicated by the
“m”. Equally ~30dBm is the same as 1 uW. Another commonly
used reference level is one volt for which the symbol used is dBV
and there are several used for sound and noise levels [e.g. dB(A)].

Note that the practice of quoting noise levels directly in decibels
used by the general public is technically wrong, but it works.

There is an alternative unit, the neper but the decibel is more
likely to be used in practical situations. The neper comes into its
own in line transmission theory.

(* Transmission Line, Power, Attenuation, Gain, Neper, Bel)

DECINEPER is a transmission unit equal to one-tenth of a neper
see Neper.

DEGENERATE SEMICONDUCTOR is one which has lost the pro-
perties normally expected of a semiconductor. This occurs when
the impurity density is increased greatly. As the doping level of an
n-type semiconductor is increased the Fermi level moves towards
the conduction band [see the energy level diagram of Fig.D10(i)].
With a p-type semiconductor the Fermi level moves towards the
valence band [see Fig.D10(ii)]. For n-type silicon the donor density
is of the order of 10%2/m?® and calculations show that when the
density reaches about 10%6/m® the Fermi level actually falls within

89



\ - Conduction band

———————— <¢— Fermi level

A
Energy Energy gap

-¢— Valence band

(i) Degenerate n-type semiconductor

A -« Conduction band

Energy Energy gap

———————————— -¢—— Fermi level

— -«—— Valence band
IR SIS ARSI ey NI =

(i) Degenerate p-type semiconductor

-«— Conduction band

Energy = «— Fermilevel

-4— Valence band

(iii) Metal {no energy gap)

Fig. D2 Energy Levels in Degenerate Semiconductors

90




the conduction band as shown in Figure D2(i). Similarly the Fermi
level comes within the valence band for p-type as illustrated in
Figure D2(ii). For comparison (iii) shows the energy diagram for a
metal which of course has no energy gap. Both types of semi-
conductor now have so many majority carriers that they have almost
the same conductivity as a metal. We say that the semiconductor
has degenerated into a metal and it is no longer a true semiconductor.
(* Semiconductor, Energy Diagram, Energy Levels, Impurity,
Doping, Fermi Level)

DELAY DISTORTION occurs when the time of propagation of the
signal through a system varies with frequency. This occurs especially
in transmission lines in which the wave velocity varies with fre-
quency. This shifts the phase of some frequencies relative to others
and it is possible for the output waveform, which is the sum of all
frequencies together, to differ appreciably from the input waveform.
The term delay/frequency distortion is also used.

See Distortion.

(* Transmission Line, Waveform, Frequency, Phase Shift, Group
Delay >> Delay Equalizer)

DEMODULATION In the modulation process a signal which con-
tains the information to be transmitted is impressed upon a higher
frequency carrier wave. It is then transmitted over a line or radio
channel in this form, i.e. as a modulated wave. Demodulation or
detection is the final process in the chain and is the one in which
the baseband signal is regained from the modulated wave. The
technique used depends on the type of modulation.

For demodulation of amplitude modulated waves two practical
methods are (i) use of a diode detector followed by a resistance-
capacitance network for separating out the modulating frequencies,
or (ii) use of a square-law detector which employs the non-linear
part of the input characteristic of a transistor.

Demodulation of frequency modulated waves is more compli-
cated. It was originally accomplished by two American engineers,
Foster and Seeley, who produced a phase-difference discriminator
circuit which bears their names. Subsequent improvements,
especially with regard to integration, now give us a transistor stage
which provides limiting to remove noise in conjunction with a
frequency sensitive circuit. This first expresses the f.m. deviation
as a phase-shift, then as an amplitude variation, i.e. the original
modulating signal.

See also Amplitude Modulation, Frequency Modulation, Phase
Modulation, Pulse Modulation.
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(* Carrier Wave, Modulation, Baseband, Characteristic, Non-Linear-
ity, Phase Shift, Noise >> Detector, Diode Detector, Frequency
Discriminator) :

DEPLETION LAYER This is a region in a semiconductor material
(usually at a p-n junction) in which there are very few charge carriers
[see Fig.P10(i)] . This condition applies even when there is no applied
voltage. When a reverse bias is connected, the width of the depletion
player and its resistivity increase. For a forward bias the width is
reduced and the layer conductivity increases. See P-N Junction.
(* Semiconductor, Doping, Charge Carrier, Bias)

DEPLETION MODE is a way of operating field-effect transistors. In
this mode there is an appreciable drain current when the gate poten-
tial is zero. To reduce the drain current therefore a reverse gate bias
is required — see Field-Effect Transistor.

DEPOLARIZER is a chemical for removing the gas which collects
on an electrode of a primary cell — see Primary Cell, Leclanché Cell.

DERIVED UNITS These are part of the S.I. system and are
developed from the S.I. base units. As an example the three base
units for length, mass and time are the metre (m), kilogram (kg) and
second (s). A derived unit from these is that for force, the newton
(N) which has a unit symbol kgm/s?. Going one step further, the
derived unit for work or energy is the joule (J) which has a unit
symbol Nm — see S.I.

DEVIATION RATIO is a term used in frequency modulation
systems. It is defined as the ratio between the maximum frequency
deviation and the maximum modulating frequency —see Frequency
Modulation.

DIAMAGNETISM is a property exhibited by materials resulting in a
relative permeability very slightly less than 1. The relative perme-
ability, u, can be used as a guide to the effect a magnetising field has
on a material. For y; less than 1, the indication is that the magneti-
sation produced is in such a direction as to oppose the applied field.
Two examples only of diamagnetic materials are required to demon-
strate how weak the effect is, silver has a relative permeability of
0.999 999 81, that for bismuth is 0.999 998 6.

Diamagnetism arises from the orbital motions of electrons, hence
the effect is common to all substances. When placed in a magnetic
field the electron velocities (and therefore orbits) change in such a

92



way that as a magnetic dipole, the electron opposes the applied
field, overall therefore a diamagnetic material reduces the flux
density of an applied field but only tc a minute degree. Diamag-
netisin is not affected by temperature as is ferromagnetism.

See also Ferromagnetism, Paramagnetism.

(* Magnetism, Magnetic Field, Magnetisation, Permeability, Dipole.
Electron, Orbit)

DIELECTRIC  This is an insulating medium which is capable of
sustaining an electric field. If an insulating material is subjected to
an electric tield, its molecules (or atoms) become elongated in the
direction of the field, the electrons being pulled one way, the
nuclei the other as illustrated pictorially for an atom in Figure D3.

Undisturbed atom

AR =
/
LA T~ Nucleus
S // \
: Electron
|
!
- mm——————— o _] ————————— - - - +
- —————— R S S +
7, ~. N
7,0
e Vo SRR EEEES SR .
1 l@ } \ Electric field
- m————- VA A A +
\ \‘ ~ - /’ /
- mm——— A NOEE St SR
P P P S R — +
Nucleus pulled this way
- Electrors pulled this way
—

+ =
Atom polarities

Fig. D3 Effect of Electric Field on an Atom

The molecules are therefore aligned in the direction of the field
s0 giving rise to a redistribution of charge within the material, hence
an electric field persists after the actuating field has been removed.
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Because the electric charges within a molecule are unbalanced,
the molecule is poled, i.e. it has ends which are oppositely charged
(dipoles). If when no external field is applied, each molecule acts
as a dipole, the material is said to be polar, if the molecules are
electrically balanced, the material is non-polar. Losses occur in
dielectrics because energy is absorbed from the electric field in
aligning the molecules. In this respect polar and non-polar materials
have different loss/frequency characteristics.

The permittivity of a dielectric is a measure of the electric flux
density developed in it by a given electric field strength, measured in
farads per metre.

Dielectric strength indicates the maximum voltage a sample can
withstand before breakdown, i.e. when sufficient energy is imparted
to the material for electrons to be released and current to flow. It is
megsured in volts per metre of thickness of the sample tested.
Typical, very approximate values (V/m) are: ceramics (4—12 x 10°),
polyethylene and polystyrene (4 x 107), ruby mica (4 x 107) and
impregnated capacitor paper (2—4 x 107).

(* Atom, Molecule, Insulator, Electric Field, Electric Field Strength,
Electric Flux Density, Permittivity, Dipole, Polar, Breakdown,
Capacitor >> Loss Factor, Microwave Heating)

DIELECTRIC ABSORPTION Some of the charge of a capacitor is
lost by absorption — see Absorption.

DIELECTRIC CONSTANT (DIELECTRIC COEFFICIENT) Same
as Relative Permittivity — see Permittivity.

DIELECTRIC LOSS ANGLE  Application of a voltage across a
dielectric results in the displacement of electric charges and this
represents a storage of energy. However, some energy is absorbed in
the process and this is indicated by the dielectric loss angle. 1t is
given the symbol  and is the difference between the dielectric phase
angle and 90° as shown in Figure D4. Clearly the more efficient a
material is as a dielectric, the smaller is its loss angle. The tangent of
the loss angle is the dissipation factor.

(* Dielectric, Energy, Phase Angle, Dielectric Phase Angle, Dissipa-
tion Factor)

DIELECTRIC PHASE ANGLE  When a sinusoidal alternating volt-
age (V) is applied across a dielectric material, the resulting current
(/) leads in phase by the dielectric phase angle ¢. This is shown as a
phasor diagram in Figure D4. The cosine of the dielectric phase
angle is the dielectric power factor.

(* Dielectric, Dissipation Factor, Phase Angle)
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DIELECTRIC POLARIZATION - see Electric Polarization

DIELECTRIC POWER FACTOR is the cosine of the dielectric phase
angle — see this term.

DIELECTRIC STRAIN refers to the rearrangement of charges with-
in the atoms in a dielectric — see Displacement.

DIELECTRIC STRENGTH The maximum voltage a dielectric can
withstand — see Dielectric.

DIFFRACTION is the phenomenon which allows electromagnetic
waves to bend around the edge of an opaque object in their path. It
can be illustrated by using light from a point source as shown in
Figure DS. At the upper edge of the shadow it will be found that
light has spread in, in fact there s a narrow pattern of light and dark
fringes. The wavefront of the light beam produces secondary
wavelets and it is because not all of the wavelets are obstructed that
an interference pattern is able to arise at the edge of the shadow.
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Light is used here as an example but the same phenomenon
occurs with all electromagnetic waves, there is a slight bending at
any discontinuity in the medium through which the wave is travel-
ling. The effect is found similarly with electron beams for eack
electron has an associated wave pattern as shown by de Broglie.
(* Light, Electromagnetic Wave, Wavefront, de Broglie Waves)

DIFFUSION CURRENT In a p-n junction, due to thermal energy.
electrons and holes diffuse from one side of the junction to the
other so giving rise to the junction potential barrier. Such a flow of
charge carriers constitutes a flow of current and this is known as
the diffusion current.

See P-N Junction.

(* Semiconductor, Hole, Charge Carrier, Current, Potential Barrier)

DIGITAL SIGNAL is one which can only take certain discrete
values, usually few in number and most frequently, two only. Change

96



between the values occurs only momentarily and for any given
system no other values are allowed. One significant advantage of
digita] working is found in the binary system (2 values only, “on”
or “off”’). In this the difference between the two states can be
detected with extremely small likelihood of error. Such signals are
therefore virtually unaffected by normal variations in supply volt-
ages, by temperature changes or circuit noise. All of these have an
adverse effect on the alternative type of signal, the analogue.

See Analogue Signal.

(* Siznal, Binary, Binary Code >> Logic Level, Analogue-to-Digital
Conversion, Digital-to-Analogue Conversion)

DIODE This is simply any device which has two electrodes. There
are many different types, most have a high resistance to the flow of
current in one direction but a low resistance in the opposite direc-
tion. Of these the current/voltage characteristic determines the
application.

The thermionic valve diode consists of a heated cathode with an
anode in an evacuated glass envelope (see Fig.T2). Electrons escape
from the cathode by thermionic emission, they can tlow across the
space to the anode only when the latter is positive with respect to
the cathode, hence the diode is a one-way device.

The sericonductor diode is simply a p-n junction. With forward
bias, current flows through the diode, increasing exponentially with
voltage applied [see Fig.P10(iv)]. With reverse bias there is only a
minute (reverse saturation) current.

Diodes of both types are used for rectification of alternating

current. The non-linear portion of the current/voltage characteristic
is employed in signal demodulation anc the device is used extensive-
ly in digital circuits.
See also Schottky Diode, Photodiode, Tunnel Diode, Zener Diode.
(* Thermionic Emission, P-N Junction, Carrier Storage, Character-
istic, Non-Linearity >> Peak Inverse Voltage, Light-Emitting Diode,
Varactor, Fast-Recovery Diode)

DIPOLE This is an object oppositely charged or magnetized at two
points, known as “poles” (di = 2). The electric dipole is a system of
two point charges of equal magnitude and opposite polarity at a
distance apart small compared with the distance the field is theore-
tically considered to extend. In many molecules for example, the
electric charges are distributed in such a way that the effective
centre of the positive charges and that of the negative charges
coincide. If however the centres do not coincide, the molecule is
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said to be polar and it has a dipole moment, meaning that a torque
will be exerted on it when an electric field is present.

The dipole moment is the product of the magnitude of either
charge and the distance between the two charges (for the reasoning
behind this, see Magnetic Moment). It is given the symbol p which
is related to the electric field strength (£) and to the torque (T') the
field produces on the dipole by:

p = T/E coulomb metres

(E in volts per metre and 7T in newton metres).

There are also magnetic dipoles, each of which consists of a pair
of North and South poles (see Magnetic Moment).

“Dipole” is also used as a shortened form of Dipole Antenna.
(* Charge, Molecule, Dielectric, Field, Electric Field, Magnetism,
Magnetic Moment >> Dipole Antenna)

DIPOLE MOMENT is a feature of a molecule which is polar — see
Dipole.

DIRECT CURRENT is an electric current which flows in one direc-
tion only. As an example, it is the current through a resistor which
is connected to a unidirectional voltage source such as a primary or
secondary battery.

The term is frequently abbreviated to d.c. and used as an adjec-
tive, e.g. d.c. motor, d.c. bell, d.c. supply.
(* Current, Battery)

DIRECT-GAP SEMICONDUCTOR is important in the functioning
of lasers, light-emitting diodes and all devices relying on radiative
recombination, i.e. the recombination of electrons with holes which
produces the radiation of a photon. This is something which does
not occur equally in all semiconductors and to what extent a semi-
conductor is capable of emitting light depends on a rather complex
quantity known as the momentum vector, k. Here care must be
taken not to get momentum and energy mixed.

On an energy diagram [e.g. Fig.E12(iv)] the energy gap (the
forbidden band) is the difference between the maximum energy
level in the valence band and the minimum energy level in the
conduction band. Taking gallium arsenide as an example, we find
that its energy diagram is not as shown generally for semiconduc-
tors (Fig.E12) because the energy gap changes its form according to
the value of k as sketched in Figure D6(i). It is seen that irrespective
of the value of k the maximum valence band energies and minimum
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conduction band energies are the same and occur together. This
allows an electron with the right amount of energy to make a direct
transition from conduction to valence band with accompanying
emission of a photon. Accordingly gallium arsenide is known as a
direct-gap semiconductor.

In (ii) of the figure the diagram for germanium and silicon is
shown and clearly the value of k now affects electron transitions for
the maximum and minimum energies occur at different values.
However, the fact that k is a momentum vector indicates that
transitions can take place provided that the electron loses the
required amount of momentum. This is accomplished by release
of a phonon (or for transition from valence to conduction band,
by absorption of phonon). Germanium and silicon are therefore
classified as indirect-gap semiconductors since the transition is not
made directly.

The likelihood of an electron emitting a phonon of the correct
momentum coupled with the emission also of a photon makes
radiative recombination less likely to take place in indirect-gap
semiconductors than in direct-gap ones, hence we find that gallium
arsenide is a better emitter of light.

(* Electron, Semiconductor, Energy, Energy Bands, Laser, Momen-
tum, Photon, Phonon, de Broglie Waves)

DIRECT VOLTAGE is a unidirectional voltage for example as
produced by a battery. It is the potential difference created across
a resistance when a direct current flows through it.

(* Voltage, Potential Difference, Direct Current)

DISPERSION arises when the constituent waves of a group of waves
travel through a medium or over a line with different velocities — see
Group Velocity.

DISPLACEMENT is a term used regarding the effects of an electric
field on a dielectric. When an electric field is applied to a dielectric
or insulator, the atoms are stretched out as indicated in Figure D3.
Polarization of the material follows as shown in Figure D7 resulting
in the surface charges as also shown. The small displacement of the
electron charges within each atom, all in the same direction consti-
tutes a minute current, known as the displacement current, but note
that this current only flows while polarization is being established.

Consider two charges g, and g, separated by a distance d within
a dielectric. From Coulomb’s Law and the fact that the electric
field strength, E, is defined so that the force on a charge g, is given
by F/q,, it follows that:
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where € is the permittivity of the dielectric.

The quantity q,/4nd® is constant and equal to eE showing that
the electric field is dependent on the permittivity. It is convenient
in calculations concerned with dielectrics to consider the quantity
q,/4nd? as the displacement or electric flux density, symbol D
and in practical work the unit is in coulombs/m*. Hence:

D = eE
and if there is no dielectric,

D = e F
where €, is the permittivity of free space.
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With a dielectric however there will be additional flux arising
from its surface charge and it can be shown that the displacement
inside the dielectric becomes:

D = ek +P

where P is the electric polarization. This expression is the one more
likely to be used in defining D. The displacement is also referred
to as the dielectric strain.

(* Atom, Electron, Charge, Dielectric, Coulomb’s Law, Permittivity,
Electric Field, Electric Field Strength, Electric Polarization, Suscep-
tibility Electric, Displacement Current)

DISPLACEMENT CURRENT  Each elementary charge in a dielec-
tric sets up its own electric field and the net effect can be expressed
as an electric flux. When a varying voltage is impressed across the
dielectric we are able to determine what is called the displacement
current, I in terms of the applied electric flux. The applied volit-
age causes free charges to move to opposite sides of the dielectric
and these set up a flux in the dielectric. The displacement current
is given by the rate of change of the electric flux,  with respect to
time, i.e.

dy
dt
and because Y = D x s where D is the displacement and s is the

surface area:
d(Ds)

det dt dr

sdD sedls

Ly

since D = e£ where ¢ is the permittivity and £ the electric field
strength.

Thus the displacement current can also be expressed as a function
of the rate of change of the electric field strength.

Note that if the electric flux remains constant, the displacement
current is zero. It is also important to note that displacement cur-
rent is not the normal conduction current because no charge carriers
actually flow through the dielectric.

(* Charge, Dielectric, Electric Field, Electric Flux, Displacement,
Electric Field Strength, Permittivity, Charge Carrier)
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DISSIPATION is mainly the dispersal of energy as heat when current
flows through a resistance; it is the power loss. Resistance is present
in all electronic circuits, hence there is always some dissipation. In
an electric fire for example, there is full dissipation of energy which
is required. In a circuit containing free oscillations however,
although dissipation is very much less, it is the factor which damps
the oscillatory current and causes it to die out.

Non-resistive dissipation occurs for example, in dielectrics when
energy is absorbed from the electric field in aligning the molecules
and also in circuits carrying radio frequency currents for they
radiate energy which is a loss to the circuit.

In equivalent circuits the total dissipation may be represented by
insert.on of an effective series resistance which would dissipate the
same DOwer.

(* Energy, Resistance, Current, Power, Dielectric, Dissipation
Factor, Damping)

DISSIPATION FACTOR  Although this applies to both inductors
and capacitors, it is used mainly with the latter. With capacitors the
dissipation factor (d.f.) is the ratio of the effective series resistance,
R to 1he capacitive reactance, X, i.e.:

df. = R/X, = wCR

where w =27 x the frequency, f.

Since the quality factor, Q for a capacitor = 1/wCR, then clearly
the d.f. is the reciprocal of Q and vice versa. In general therefore,
while @ is considered as a figure of merit, d.f. is a measure of
impetfection.

Also since in general in an a.c. circuit, d.f. = R/X, then d.f. =
cotangent ¢ where ¢ is the phase angle [see Fig.I13(i)]. The power
factor (p.f.) and the dissipation factor aie essentially equal when the
p.f. iz 0.1 or less (e.g. when cos¢ = 0.1, cot ¢ = 0.1005), hence in
low loss components such as good quality capacitors, the d.f. can be
taken as cos ¢.

(* Dissipation, Reactance, Phase Angle, Q-Factor, Power Factor,
Impedance, Capacitance)

DISSOCIATION is the term used when certain metallic salts divide
into charged ions when dissolving in water. Examples are sodium
chloride (common salt) which dissociates into Na* and Cl~ ions and
copper sulphate which dissociates into Cu* and SO,~ ions. In the
solution ion production and recombination goes on continually but
the solution exhibits no overall charge because positive and negative
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charges balance. If a voltage is applied across the solution the ions
act as charge carriers. When a solution contains a dissociated salt it
is known as an electrolyte.

(* Ion, Charge, Charge Carrier, Electrolyte, Recombination)

DISTORTION is the change in form or character (other than in
magnitude) of a signal during transmission through a component or
system. In television distortion refers to deviations in any way of
the picture from the original. Such changes are usually unwanted
and the signal quality is therefore impaired. There are several differ-
ent types of distortion in non-visual systems, one way of classifying
them is as follows:

(i) distortion which occurs when the transmission properties of a
system vary with the instantaneous magnitude of the applied
signal. In this category are amplitude, harmonic and inter-
modulation distortions. These are also classified as non-linear
distortions because cach arises from the effects of non-
linearity somewhere in the system;

(ii) distortion which occurs when the transmission properties of a
system vary with the frequency of the applied signal. There is
only one type in this category, appropriately known as
attenuation/frequency distortion.  The terms attenuation
distortion and frequency distortion are also used;

(iii) distortion due to phase shift moving out of line with fre-
quency. In this category are delay distortion and phase
distortion, these are generally associated with line trans-
mission;

(iv) there is also crossover distortion which is peculiar to Class B
amplifiers.

(* Attenuation, Non-Linearity, Phase Shift, Amplitude . . . Harmonic
. . . Delay ... Attenuation/frequency Distortion >> Intermodula-
tion, Phase Distortion, Class B Amplifier)

DOMAIN  Modern theory suggests that it is electron spins which
are mainly responsible for magnetism (see Fig.M5). This results in
certain atoms having a net magnetic moment, i.e. the atom itself
exhibits weak magnetic properties. In a complicated way, neigh-
bouring atoms of certain materials interact magnetically so that
overall a group of them develops N and S poles. Each of these
groups is known as a domain, hence a domain might be regarded as
a microscopic elementary magnet. Normally within an unmagnetised
material the domains are distributed randomly and their overall
magnetic effects cancel. When a magnetising force is applied
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however the domains tend to turn into the direction of the field
(see Fig.M4) so the whole specimen becomes magnetically polarized.
Materials reach magnetic saturation when all domains are fuily
aligned with the applied field. If the latter is reversed the alignment
breaks up according to the strength of the field. The process might
be pictured as in Figure D8.

(* Atom, Electron, Spin, Magnetism, Magnetic Field, Magnetic
Moment, Ferromagnetism, Barkhausen Effect >> Magnetic Bubbie)

DONOR IMPURITY is a term used in semiconductor manufacture.
It is a pentavalent element such as arsenic or phosphorus, so called
because it replaces tetravalent atoms within a lattice, completing the
bonds but at the same time making electrons available as charge
carriers.

See Doping.

DOPANT - see Doping

DOPING (IMPURITY SEMICONDUCTORS) is a process by which
an intrinsic (pure) semiconductor is made extrinsic (i.. not belong-
ing naturally). It is an ingenious way of adding free electrons or
creating holes to improve conductivity and therefore making semi-
conductor action possible. Because silicon is the most widely used
semiconductor material, here we consider this element only but
much of what is said also applies to germanium and other tetra-
valent elements.

Electrons cannot be forced into silicon and left there as happens
in a capacitor for in this case the silicon would take on a negative
charge, only to discharge the electrons when electrically possible.
Doping on the other hand can add or subtract electrons, yet leave
the silicon electrically neutral. One of the two methods is to add a
tiny amount of another element which has five valence electrons in
its outer shell (pentavalent, e.g. phosphorus, arsenic, antimony).
The added element is called an impurity, it is the dopant and the
process is known as doping.

Figure D9(i) represents the silicon crystal structure in simplified
form. Each atom has four covalent bonds with its immediate neigh-
bours. It so happens that the atoms of the impurity link into the
crystal lattice of the silicon and it is evident from (ii) of the figure
that when this happens, one electron of the five valence electrons
of the impurity atom (shown as arscnic) has no home to go to. It
therefore moves into orbit round the now positive arsenic ion and
it can be shown that this orbit is at a radius much greater than that
normally expected of the arsenic atom. Because of the large orbit
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radius the energy of this “surplus” election is only just below that of
a free electron in the silicon (i.e. one having an energy in the con-
duction band). This is shown on an energy level diagram in Figure
D10(i). The Fermi level is also shown as it is useful in other con-
siderations. The valence band is seen to contain many different
energy levels, this condition arises from the Pauli Exclusion
Principle.

The figure clearly shows that, given a small amount of extra
energy from say, an electric field, the “spare” electrons easily move
up into the conduction band whereas those in the valence band have
the whole of the forbidden band to jump. Hence at normal tempera-
tures we can assume that nearly all electrons in the conduction band
have been excited from the donor level.

The silicon is still electrically neutral because the added atoms are
themselves neutral, all that happens is that some electrons are moved
out of orbit. In practice the impurity is added by special diffusion
techniques and would be of the order of only one impurity atom per
108 or more silicon atoms. The silicon becomes a better conductor
because of the extra free electrons available and it is known as n-
type because current is carried by negative electrons. The impurity
is called a donor because it donates electrons to the host element.

The second method involves doping with a trivalent element (e.g.
boron, gallium, indium). Again the atoms of the impurity form
bonds with the silicon atoms as shown for boron in Figure D9(iii).
However, a trivalent element does not have sufficient valence
electrons for the completion of four covalent bonds, hence, as
shown, one bond is incomplete, leaving a hole. We call the impurity
an acceptor because it accepts electrons from the host element and
the silicon is classed as p-type. Its improved conductivity arises
from the holes generated which for convenience (and with tongue in
cheek) we class as mobile positive charges.

The energy considerations are similar to those for donors except
that the acceptor level in Figure D10(ii) now refers to holes. We can
regard the hole created when an acceptor atom settles in as though it
were orbiting around the now negative boron ion. This is perhaps
more difficult to appreciate but the hole needs to be “‘excited”
downwards into the valence band because an electron leaving the
valence band leaves an empty energy level there and this is therefore
equivalent to a hole entering it. When this happens it is freed from
the boron ion and can then move as a charge carrier. The trivalent
impurity therefore produces an energy acceptor level as shown.

The charge carriers which predominate in either type of semi-
conductor are known as majority carriers (electrons in n-type, holes
in p-type). The remaining carriers (holes in n-type, electrons in p-

109



type) are minority carriers).

In the intrinsic semiconductor the number of electrons is equal to
the number of holes. After doping it is obvious that this equality no
longer applies and the relative numbers of electrons (n,) and holes
(ny,) will vary depending on the type and degree of doping intro-
duced. It can be shown that, at a given temperature, if n; is the total
number of charge carriers (electrons and holes) in the pure material,
then:

neny = ni?

for any level of doping.

This again shows that doping does not introduce additional
charges, instead it changes the ratio between electrons and holes, i.e.
for n-type material n, > ny, and for p-type, n, > n,.

(* Semiconductor, Charge Carrier, Electron, Orbit, Bond, Covalent
Bond, Hole Valency, Fermi Level, Pauli Exclusion Principle, lon
Implantation >> Diffusion)

DRAIN is one of the electrodes of a field-effect transistor. It is
coupled to the channel and is the electrode by which charge carriers
leave — see Field-Effect Transistor.

DRIFT MOBILITY is given the symbol u and it is the average drift
velocity achieved by charge carriers in a semiconductor per unit
electric field. The conductivity g is given by:

6 = q(upn + upp)

where ¢ is the electron charge, u, and u, are the mobilities and n
and p are the numbers of the two types of charge carrier — see
Conductivity and Drift Velocity.

DRIFT VELOCITY is the rate at which electrons or other charge
carriers move along a conductor under the influence of an electric
field. An understanding of it is best approached through the
simplified mathematical reasoning below.

Free electrons in a conductor always have random motion due to
their thermal energy. Random implies motion in all directions hence
there is no net electric current. Under the influence of an electric
field however, the electrons for example, are accelerated towards
the positive end of the field. Each electron carries a charge of
e = 1.602 x 107'* coulombs and if the strength of the field is
denoted by E (newtons per coulomb), then the force acting on
each electron is eE£ newtons. According to the normal rule, force is
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equal to mass x acceleration, the acceleration of each electron is
eE/m where m is its mass (9.109 x 1073! kg).

Now the average distance travelled by an electron between
collisions is known as the mean free path. The average velocity can
also be calculated, hence the time between collisions which is known
as the relaxation time:

mean free path
TE—
average velocity

For metals 7 is of the order of 107 s (for copper it is actually
2 x 107" 5) and for semiconductors which have a higher density of
free electrons, about 10712 s,

The average or mean drift velocity, v = acceleration X time =
ekfm x 7, which we can write as v = uE where u = er/m, known as
the mobility,i.e.

mobility, u = v/E

which is the drift velocity per unit electric field and since drift
velocity is expressed in metres per second and electric field strength
in volts per metre, the mobility has the rather unnerving dimension,
metre squared per volt per second (m?/Vs). Since the mobility is
inversely proportional to m, the mass of the particle, it is clear and
perhaps obvious anyway that the mobility of electrons is very much
greater than that of positive ions owing to the much smaller mass of
the electron.

A practical calculation shows what to many engineers is a surpris-
ing result. Consider a fine piece of copper wire, 0.04 mm diameter
and 1 metre long. It has a resistance of 13.7 2. If a current of 1 mA
flows through it as might be found in a computer, then the voltage
across the wire is 0.0137V and £ = 0.0137 volts per metre. Then:

eEr  1.602x 107" x 0.0137 x 2x 10~
drift velocity,y = — =
m 9.109 x 10~¥

which is equal to 4.8 x 1075 metres per second or about 1 mm in
20 seconds.

This shows just how comparatively slow electron flow is along a
conductor even though individual electron velocities are extremely
high. To illustrate this further, the wire can be shown to contain
some 1.26 x [0% electrons. In one second, 1 mA is equivalent to
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the movement of 6.24 x 10 electrons hence in one second this
number has entered at one end of the wire and the same number has
been removed from the other end, nevertheless this represents only 1
in 20 000 of the free electrons in the wire.

(* Electron, Electric Field, Electric Field Strength, Energy, Charge,
Force, Newton, Current, Mean Free Path, Collision, Random)

DRIVING POINT IMPEDANCE is the impedance measured across a
pair of terminals at any point in a network. It is most frequently
measured at the network input terminals and is given by the ratio
between the applied (r.m.s.) voltage to the resulting (r.m.s.) current
flowing between the terminals.

(* Network, Root Mean Square, Impedance)

DYNAMIC refers generally to motive forces in actual operation as
opposed to static where all is at rest. In electronics therefore
dynamic indicates that the parameters of any device or circuit are in
motion, i.e. changing.

See also Dynamic Characteristic.

DYNAMIC CHARACTERISTIC must be of an active device and is
simply the relationship between the voltage on one electrode and the
current through another electrode under specified operating condi-
tions. The particular importance of most dynamic characteristics is-
that when the characteristic is curved, the relationship between the
two quantities is not constant but depends on the instantaneous
operating position on the curve. Two such characteristics are shown
in Figure F3(iv) and (v).

(* Electrode, Characteristic)

DYNAMIC IMPEDANCE is the impedance of a parallel resonant
circuit. The impedance, Z; is given by L/CR ohms where L is the
inductance in henries, C, the capacitance in farads and R, the
resistance in ohms. There is no frequency component in this
equation hence Z, is purely resistive (but only at resonance). The
term dynamic resistance therefore also applies.

(* Resonance Frequency, Resonant Circuit, Impedance, Inductance,
Capacitance)

DYNAMIC RESISTANCE is the resistance of a parallel resonant
circuit — see Dynamic Impedance.
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EDDY CURRENT  When the magnetic flux linking with a con-
ductor changes, an electromotive force (e.m.f.) is induced in the
conductor. The *“‘conductor” need not be part of the electrical
circuit giving rise to the magnetic flux, it could, for example, be the
iron in the magnetic circuit of a transformer or electric rotating
machinery. As stated by Lenz’s Law the e.m.f. sets up a current the
effect of which is to oppose the original change in magnetic flux.
This current is known as an eddy current and in flowing through
the resistance of the conductor it creates a power loss known as the
eddy current loss. Generally induced e.m.f.’s are proportional to the
flux frequency hence because power loss varies as the voltage
squared, the eddy current loss varies as the square of the frequency.

Eddy currents are troublesome in transformer and rotating
machinery cores but their effect can be minimized by increasing the
resistance of their paths. One way is by laminating the core, i.e.
building it up with thin strips arranged parallel to the flux and
insulated from each other. In radio frequency transformers eddy
current loss is reduced by powdering the core so that the individual
grains are insulated from each other. This increases the electrical
resistance but affects the magnetization only slightly. Ferrites may
also be used with the same aim, these are special magnetic materials
which are non-conductive.

On the other hand, eddy currents are frequently employed to
advantage, for example for heating metals to which heat cannot be
applied directly such as electrodes in thermionic valves after they
have been assembled in the glass envelope (degassing).

(* Electromagnetic Induction, Electromotive Force, Lenz’s Law,
Ferrite >> Degassing, Induction Heating, Lamination)

EDDY CURRENT LOSS is the power loss created when eddy
currents flow in a conductor — see Eddy Current.

EFFECTIVE RESISTANCE The “normal” resistance of say, a
length of copper wire is simply calculated from the resistivity of
copper and when a voltage is applied across the wire, the current is
determined by Ohm’s Law. This current is distributed uniformly
throughout the wire. When the current is alternating, the normal
d.c. rules do not apply especially at the higher frequencies. Several
effects add up to increase the resistance:
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(i) skin effect — arises from the fuact that a wire has inductance
which is greatest in the centre, hence the wire impedance
decreases from the centre outwards. Because of this, current
flow is greatest near the surface (or skin) of the conductor.
Effectively therefore the resistance of the wire increases, more
so at the higher frequencies;

(ii) eddy currents, the byproduct of induced e.m.f’s generate
unwanted heat which consumes power from the uapplied
current. This therefore represents an increase in the resistance
equal to the power lost divided by the (current)?:

(iii) in devices employing magnetic cores such as transformers and
electrical machines, magnetic hysteresis (i.c. where the magnet-
ization of the material lags on the magnetic field strength) also
causes a power loss. Again this is equivalent to an increase in
resistance.

These resistances add up to a single value at any given frequency
which we call the effective resistance.

Effective Resistance is also known as a.c. resistance, sometimes as
r.f. resistance.
(* Resistance, Ohm’s Law, Skin Effect, Eddy Current, Magnetic
Hysteresis)

EFFECTIVE VALUE of a sine wave — scc Root Mean Square.

EINSTEIN MASS-ENERGY RELATIONSHIP sce Relativistic
Effect.

EINSTEIN PHOTOELECTRIC EQUATION Einstein explained the
emission of eclectrons from certain materials when illuminated in
terms of the energy transferred to an electron by a light photon. The
photon energy is given by Af where /i is the Planck constant and f
the frequency. Provided that this energy exceeds the work function
(¢) of the particular material, an electron having absorbed a photon
receives sufficient energy so that not only can it cross the surface
potential barrier but will have some left over in the form of kinetic
energy. The maximum Kkinetic encrgy possessed by an electron
which has crossed the barrier is denoted by Eg(may) and the
Einstein photoelectric equation is therefore:

Ex(max) = f — ¢ joules .

See also Photoelectric Effect.
(* Light, Photon, Frequency, Planck Constant, Work Function,
Energy, Kinetic Energy. Potential Barricr)
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ELASTANCE = We probably meet this term less frequently than
some of the others ending in ‘“‘ance” but it is the one attached to
capacitance, used as an expression of the facility of charge storage.
It is simply the reciprocal of capacitance and is given the symbol S.
Hence since C = Q/V, then § = V/Q indicating that for high charge
storage in a capacitor, a low elastance is required. The unit is the
reciprocal farad, i.e. F~!, also referred to as a daraf.

(* Capacitance, Charge)

ELECTRIC AXIS is the axis of maximum conductivity in a piezo-
electric crystal — see Figure P8(i).

ELECTRIC CHARGE The stuff electricity is made of — see Charge.

ELECTRIC CONSTANT is synonymous with Permittivity of Free
Space. It has a value of 8.854 x 107'? farads per metre — see
Permittivity.

ELECTRIC DIPOLE Two equal point charges of opposite polarity
at a distance apart — see Dipole.

ELECTRIC DISPLACEMENT is concerned with the effect of an
electric field on a dielectric — see Displacement.

ELECTRIC FIELD This exists in the space surrounding a charge.
Charge gives rise to a condition in the space around it known as an
electric field and in this space another charge experiences a force on
it. Apart from this an electric field cannot be detected by any other
means, this is a fundamental condition Nature has bestowed on us.
Consider the two conductors A and B as shown in Figure E1. Con-
ductor A has a positive charge on its surface because some atoms
have lost electrons, B has a negative charge because the surface has
surplus electrons. There is therefore an electric field between A and
B which we usually picture as dotted lines, arrowed to show the
direction the force would act on an isolated small positive (test)
charge. Since like charges repel and unlike attract, a positive test
charge would experience a force tending to move it away from A
and towards B as shown, hence the lines are so arrowed. In fact a
free positive charge would trace out a “line of electric flux”. How-
ever, such lines do not really exist, they simply make explanations
easier.

Not only does a test charge experience a force on it but the
conductors themselves do also since the electric field from A attracts
B and vice versa. Note too that there is a difference in electric
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Electric field Test charge

Con\ductor
B .

— — — — —

Lines of electric fiux

Fig. E1 Electric Field

potential between A and B depending on the magnitudes of the
charges and the shapes of the conductors. An electric field therefore
has a potential gradient running between the charges from which it
arises.

When the charges which give rise to a field are at rest, the field is
called electrostatic.
(* Charge, Ficld, Force, Potential Difference)

ELECTRIC FIELD INTENSITY sce Electric Field Strength.
ELECTRIC FIELD STRENGTH This is a quantity expressed by
the force acting on a unit charge at a point within an electric field.

Coulomb’s Law gives us the formula for the force between two
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electric charges as:

0.0,
F =
4med?

newtons

where O, and @, represent the charge magnitudes in coulombs, d
is the distance between their centres in metres and € is the permit-
tivity of the medium.

If the electric field is due to a charge of Q coulombs and the unit
charge is that of the electron (normally designated by e), then the
foce acting on the unit charge is:

Qe
F = newtons
4med?

The electric field strength is the force per unit charge and is given
the symbol £, hence:

Q
4med?

electric field strength, £ = newtons per coulomb

and the force acting on the unit charge is therefore:
F = ef.

Electric fields arise from charge differences which have the poten-
tial to do work on a charge within the field. This potential is
measured in volts and it is clear that there is a potential gradient
along the field, hence the electric field strength can most conveni-
ently te expressed in volts per metre, i.e.

electric field strength, £ = F/e volts per metre

where F is the force acting on a unit charge at a point in the field
and e is the unit charge (of the electron = 1.602 x 107!° ().

(* Electron, Charge, Coulomb’s Law, Electric Field, Electric Field
Strengih, Force, Work, Coulomb, Permittivity)

ELECTRIC FLUX is the sole constituent of an electric field.
Because it is invisible, we normally depict it as a group of lines of
force. In the S.I. system the total electric flux emanating from a
charge, O coulombs itself is equal to Q (coulombs).

(* Charge, Electric Field, Force)

117



ELECTRIC FLUX DENSITY shows the concentration of electric
flux over a given area. Since the electric flux emanating from a
charge of Q coulombs is itself equal to @, then:

electric flux density, D = Q/a coulombs per square metre (C/m?)

where @ is the area under consideration and is normal to the direc-
tion of the lines of force — see Displacement.

ELECTRIC IMAGE is a technique developed for analysis of certain
electrostatic problems. Its use can be illustrated by consideration
of an electron freed from the surface of a material. When an elec-
tron escapes it leaves behind a positive charge which exerts a force
tending to pull the electron back. Calculation of the magnitude of
the force can be made on the basis that if the escaping electron of
charge —e is at a distance x from the surface, then the force is that
due to an image charge of +e at the same distance x below the
surface. The distance between the two charges, d = 2x, hence from
Coulomb’s Law, the force between the two charges which is actually
the force tending to pull the electron back to the surface:

0,102 e?
F —

" 4red?  l6mex?

The idea of the electric image is useful in such theoretical calcu-
lations, nevertheless as can be seen from this particular example, the
permittivity of the medium, € cannot be stated exactly. It is in fact
a mixture of that of the material and that of the surrounding
medium.

(* Charge, Electron, Coulomb’s Law, Force, Work Function,
Permittivity)

ELECTRICITY is a form of energy possessed by atomic particles.
That of the proton is labelled positive, for the electron it is negative.
The two types create a force of attraction between them and atoms
are so arranged that proton and electron charges cancel, hence an
atom is normally electrically neutral. It is when this condition is
disturbed by separation of one electron or more from an atom
(ionization) that electricity comes into existence. On their own
the electrons constitute a negative charge while the atom becomes
positively charged because it has lost some of its balancing negative
charge.
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When these charges remain stationary they give rise to static
electricity, when they are caused to flow through a material or gas
they are known as current electricity.

(* Atom, Proton, Electron, Charge, Energy, Ionization, Current,
Static Electricity, Positive, Negative)

ELECTRIC POLARIZATION This occurs in a dielectric through
whick there is an electric field. The nucleus, being positive is
displaced in the direction of the field (see Fig.E1) whereas the
electrons are displaced in the opposite direction. The atom there-
fore develops polarities as shown in Figure D3, i.e. it becomes a
dipole and has a dipole moment.

Electric polarization is given the symbol P and it is defined as
the electric dipole moment per unit volume. It is related to the
electric field strength (£) by:

P = x.€0F coulombs per metre squared (C/m?) ,

where x, is the electric susceptibility and eg is the permittivity of
free space (E is in volts per metre, €y in farads per metre and ¥,
is dimensionless).

(* Dielectric, Electric Field Strength, Coulomb, Dipole, Suscep-
tibility Electric, Permittivity, Relaxation Time)

ELECTRIC POTENTIAL Anything possessing potential energy
has the capacity to do work. In an electric circuit potential energy
has the ability to move an electric charge (usually electrons) round
the circuit, i.e. create an electric current. Electric potential energy
is measured in volts (V). The potential difference or voltage
between two points in a circuit is a measure of the energy required
to move a given amount of charge between those points, hence the
potential difference:

energy or work (joules)

joules per coulomb or volts .
charge { coulombs)

Since from Ohm’s Law, voltage = current X resistance and the
power expended = current? X resistance, i.e.

V=IxR and P=1*xR

then
V =1IxPiI* = P/l
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hence the potential difference, V, can be expressed in watts per
ampere, i.c. a volt can also be defined as the difference of electric
potential between two points in a circuit carrying a constant current
of one ampere when the power dissipated between these points is
equal to one watt.

(* Charge, Energy, Work, Joule, Ohm’s Law, Coulomb, Power)

ELECTRIC POTENTIAL ENERGY - see Potential Energy.
ELECTRIC SUSCEPTIBILITY — see Susceptibility, Electric

ELECTROCHEMICAL EQUIVALENT is the mass of any ion
deposited from an electrolyte by one coulomb of electricity. Thus
the mass deposited by a current of / amperes flowing for ¢ seconds
is Jzt where z is the electrochemical equivalent of the ion being
deposited. As an example, silver nitrate (AgNO;) ionizes into
Ag* and NO;~, the ion deposited from the solution is the Ag,
i.e. pure silver.

The ampere was originally defined in these terms as that current
which flowing uniformly for one second would deposit 0.001118
grams of silver from a solution of silver nitrate. 0.001118 is there-
fore the electrochemical equivalent of silver although this is more
likely to be quoted as 0.248 ampere-hours per gram.

(* Current, Electrolyte, Coulomb, lonization, Mass, Ampere)

ELECTRODE  This is a conductor through which electric charge
carriers enter or exit from an electrolyte, vacuum, gas or other
medium such as a semiconductor or dielectric.

(* Charge Carrier)

ELECTRODE CHARACTERISTIC shows the relationship between
current and voltage at an electrode — see Characteristic.

ELECTROKINETICS is the theory concerning the ‘force compon-
ents of moving charges. As an example, this leads to calculation
of the force between two current-carrying conductors so to the
definition of the ampere.

(* Charge, Current, Ampere, Force)

ELECTROLUMINESCENCE is concerned with the emission of light
by certain phosphors when under the influence of a strong electric
field. The phenomenon was first observed by G. J. Destriau and is
therefore occasionally referred to as the Destriau Effect. Electron-
hole pairs are created by the field and light arises from recombination
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with excess energy emitted as photons. Electroluminescence occurs
with both a.c. and d.c. excitation and typically a thin layer of the
phosphor (less than 50 um) is sandwiched between two electrodes,
one of which must be transparent for the light to escape. Several
hundred volts may be required. Colour of the light depends on the
phosphor.

(* Light, Electric Field, Electron-Hole Pair, Energy, Recombination,
Photon, Visible Spectrum)

ELECTROLYSIS is the chemica! decomposition of a solution (the
electrolyte) when an electric current is passed through it. A simple
example is given by a common salt solution (sodium chloride, NaCl).
When a current flows between two electrodes in the solution the salt
dissociates into sodium and chlorine which are liberated at the
electrodes — see Electrolyte.

ELECTROLYTE has two meanings: (i) a substance which can
dissolve in a liquid to produce a solution capable of conducting an
elect:ic current, (ii) the solution itself. Electrolytes are essential in
cells (electrolytic cell) and in eleciroplating processes.

The substance used is a compound which when dissolved in a
liquid allows some or most of its molecules to dissociate into separ-
ate ions, some positively charged, an equal number negatively
charged. Because the ions are charged particles and mobile they are
capable of transporting electricity. This is best explained by an
example, e.g. that of sodium chloride (common salt) in water. Water,
when pure, happens to be a poor conductor of electricity.

The sodium chloride molecule is the product of the two elements,
sodium and chlorine [see Fig.E2(i)]. The sodium atom has one
electron only in its valence shell, the chlorine has 7 but to complete
its shell would like 8. It seizes the single sodium electron and the
molecule forms by the bond between the two ions. The sodium
atom: is not unhappy about this arrangement because it too prefers
to have its outer shell complete (i.e. 8 electrons in Shell 2).

When the sodium chloride is dissolved in water the ions separate
as shown in Figure E2(ii), a positive sodium and negative chlorine.
These ions bear no relationship to the original elements and exist
only in the solution. While free in the solution they follow the
normal rules for charges and the electrolyte acts as an electrical
conductor as demonstrated in Figure E2(iii).

(* Atom, Molecule, Bond, Shell, Charge, lon, Faraday Law of
Electrolysis, Cell >> Electroplating)
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Fig. E2 Example of Conduction within an Electrolyte
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ELECTROLYTIC CELL - see Cell

ELECTROMAGNETIC INDUCTION was discovered by the English
physicist, Michael Faraday in 183]1. Knowing that an electric cur-
rent produces a magnetic field, he reasoned that a magnetic field
might produce an electric current. This he found to be true
although it became evident that whereas a steady current gives rise
to a steady magnetic field, only a changing magnetic field could
produce a current. From Faraday’s work dynamos, generators,
transformers and electric motors were soon developed and an
electricity supply into homes became a reality.

Faraday found that an electromotive force (e.m.f.) was produced
in a conductor while there was a change of magnetic flux through it.
The moving magnetic flux releases electrons and accelerates them in
one particular direction. He also found that the e.m.f. induced in a
conductor was proportional to the rate of change of magnetic flux
linkirg with it, i.e.:

total flux cut (webers)
e.m.f. induced,e = volts
time (seconds)

ie. do
e = — — volts
dt

where d¢/d: is the rate of change of flux with time in Wb/s.

In S.I. terms it can therefore be stated that the e.m.f. induced is
one volt when the magnetic flux changes at the rate of one weber
per second. The minus sign shows that e is in opposition to the
change which produces it.

If a conductor of length / metres moves a distance of d metres
through a magnetic field, then the area of flux ‘“cut” by the
conductor =17 x d.

The total flux cut, ¢ = Bld webers where B is the flux density in
tesla.

d¢ ¢ Bld
Rate of change of flux, — = — = —
d: t t

Now if the conductor moves at a constant velocity, v = d/t metres
per second, then:
Bid

induced e.m.f.,e = — = Blv volts .
!

123



If, however, the conductor moves at an angle 6 to the “lines” of
magnetic flux:

e = Blvsin 6 volts .

The direction of the induced e.m.f. and resultant current flow can
be determined using Fleming’s Rules.

The transformer is an example of a device based on electro-
magnetic induction. An alternating current in the primary winding
produces a continually changing magnetic field which also embraces
a secondary winding. An e.m.f. is therefore developed in the
secondary winding.

The electromagnetic or radio wave is based on an extension of
this principle. If a changing magnetic field produces a changing
electric field, then the changing electric field can itself give rise to a
changing magnetic field, hence the two fields are bound together
with energy being continually transferred between them.

(* Faraday’s Law, Lenz’s Law, Magnetic Flux, Weber, Electromotive
Force, Fleming’s Rules, Transformer, Electromagnetic Wave, Tesla
>> Generator)

ELECTROMAGNETIC MOTOR ACTION In 1821 the English
physicist, Michael Faraday discovered that a wire carrying an electric
current moved if placed within the field of a magnet. This is the
principle of the electric motor and a simplified way of looking at
motor action is that motion arises from forces associated with the
interaction of the magnetic field due to the current in the wire with
that of the surrounding field. For a better understanding of the
basic principle however a few formulae are useful.

It is an experimental fact and one which can be proved theore-
tically that the force on a charge moving in a magnetic field varies
linearly with the charge velocity, i.e.:

F o qv

where F is the force exerted on a charge, ¢ and v is the charge
velocity. Working next in terms of a single electron of charge, e:

F « eV,

The force is also proportional to the strength of the magnetic
field (i.e. the magnetic flux density, B) hence:

F = Bev newtons
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Fig. E3 Force on a Charge Moving in a Magnetic Field
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with B in tesla, e in coulombs and v in metres per second.

If the electron is moving at right angles to the magnetic field,
then F is perpendicular to both B and v. This is illustrated in Figure
E3(i). In (ii) is shown how F is reduced to Bev sin 8 when the
electron cuts the lines of flux at an angle 8°. Because the electrons
are captive within the wire, the total force on them adds up to a
much greater force on the wire itself, tending to move it in the
direction of F as shown in (iii).

In terms of current rather than charge:

F = Bllsin § newtons

where 7 is the current flowing in a conductor of length / metres in a
uniform magnetic field.

The direction of F can be determined using Fleming’s Rules.
(* Charge, Force, Magnetic Field, Magnetic Flux Density, Newton,
Testa, Coulomb >> Electromagnet)

ELECTROMAGNETIC RADIATION  For some this is one of the
more difficult terms to understand yet one of the most important,
especially in these days of information technology. Some of our
difficulties may arise from the fact that other waves we know are
more obvious, waves on water or on a string can be watched, sound
waves cannot be seen but they make themselves heard. All these
are vibrations of some kind within a material and they cannot
progress in a vacuum. On the other hand the electromagnetic wave
can, in fact the wave travels best in a vacuum. The reason for this
arises from the nature of the electric field, it does not require a
medium in which to act, a vacuum does just as well. Within an
electric field both the strength and direction of the electric force at
any point can be represented by an electric field vector. This
represents one of the forces which vibrates in an electromagnetic
wave.

By causing a charge to oscillate in an antenna, a changing electric
field is set up in the space surrounding it. The fact that the charges
are moving indicates that an oscillating magnetic field is also set up.
Figure E4(i) demonstrates in a very simple form how the two fields
(electric and magnetic) arise at a particular instant around a dipole
antenna (one which is designed especially for its radiation proper-
ties). 1t is evident from the figure that the electric and magnetic
fields are at right angles and that at a distance as (ii) shows, they can
be considered as straight lines. There is a continual transfer of
energy between the two tields since cach field gives rise to the other.
The fields are therefore inseparable, hence the description *‘clectro-
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magnetic”. Energy is transferred from the antenna current to the
fields.

A finite time is required for the fields to collapse so if the genera-
tor polarity reverses before this is completed, all of the field energies
cannot return to the antenna because new and opposite fields are in
the way. This is in contrast with for example, the field surrounding
an inductance which does return practically all of its energy as it
collapses. The original electromagnetic fields arc therefore forced
outwards, i.e. they are propagated. That part of the field which
does manage to return to the antenna is known as the induction
field.

The speed of propagation (v) of electromagetic waves in a
medium is controlled by both the permeability (1) and the permit-
tivity (€) of the medium:

v = 1/(ue) .

For frec space, 4 = o and € = €. Hence, now using ¢ for the free
space velocity:

¢ = V1/(4nx 1077 x 8.854 x 107'2) = 2.998 x 10® m/s.

For other media v is lower because both permeability and permit-
tivity are greater than 1. In the case of air the values are so close to
1 that the velocity is almost identical with c.

The frequency of an electromagnetic radiation ( f) is exactly that
of the originating source and frequencies up to 1022 Hz or more are
known. The entire range is known as the electromagnetic spectrum.

Knowing the frequency of a radiation, the wavelength (A) is
calculated from:

N = c/f metres

(c is in metres per second [m/s] and fis in hertz).

For polarization see Electromagnetic Wave.
(* Electric Ficld, Electromagnetism, Force, Charge, Energy, Perme-
ability, Permittivity, Electromagnetic Spectrum >> Dipole Antenna)

ELECTROMAGNETIC SPECTRUM  This is a display of the entire
range of frequencies of electromagnetic waves together with the
names we give to the various bands. The spectrum is shown in
Figure ES.
(* Electromagnetic Radiation, Electromagnetic Waves, Visible
Spectrum)

128



6C1

Micrometres 0.8 0.7 0.6 0.5 0.4

L l ] | 1
L red T/ %  geen' blue | violet T
orange yellow
10,000m 10cm 1 micrometre Wavelength
| !
I 105 107 108 1010 1012 1014 1016 1018 1020 1022,
100Hz 1kHz 10kHz Hz 1MHz Hz Hz 1GHz Hz Hz Hz Hz Hz Hz Hz requency

L | T T T T 1 T L) I T L T 1 1 T 1 1 1
P I - ultra cosmic __y
Audio !requenciesTlonngedT short T ultra-short T infra-red T T violet x-rays gamma rays | rays

-4———— Radio waves ———»

visible
spectrum
30kHz 300kHz 3MHz 30MHz 300MHz 3GHz 30GHz 300GHz
[ T T ] | T I 1
Low Medium High Very high Ultra high Super high Extremely high
frequency frequency frequency frequency frequency frequency frequency
(L.f.) {m.f.) (h.f) (v.h.f.) (u.h.f.) (s.h.t.) (e.h.f)
Terrestrial Satellite
tv Microwave tv

) ovens
Fig. E5 The Electromagnetic Spectrum




o€l

Electric field lines

b

V¥

Magnetic field lines

44_-_—
‘.. ] |
-}
<_4_._-.
‘__....‘_
- -}

X
|
f
\J
(i) Vertically polarized

B

/’4- J—— J-b

<11 r >

Electric fieid lines rt1rri1-ri1>
—— - = -4
N U ! G Iy %
el - - —
—+4- —
YYYY ¥

(i) Horizontally polarized

Right-hand circular polarization

Looking towards transmitter

Left-hand circular polarization\/ (iii) Circular polarization

Fig. E6 Electromagnetic Wave Polarizations

Magnetic field lines




ELECTROMAGNETIC WAVE  Much about the electromagnetic
wave can be understood from the explanation of electromagnetic
radiation, brief though it may be. However, when used for radio
transmissions, there are some important features about the wave
which should also be appreciated. Reception of an electromagnetic
wave is based on the simple fact that the varying electric and
magnetic fields of the wave are capable of exciting electrons within
a material, usually a piece of wire specially formed for the purpose,
i.e. the receiving antenna.

Once under way from the transmitting antenna, we can see from
Figure E4(ii) that as the electric and magnetic field lines expand
outwards, they soon appear to an observer facing them as the lines
on a sheet of graph paper as depicted in Figure E6. The arrows
reverse direction at each half-cycle of the wave and the fields are at
right angles to each other. When, as in this case, the fields and
the direction of propagation are mutually perpendicular, it is sa1d
to be a plane wave.

Polarization of the wave is determined by the direction of the
electric field so (i) of Figure E4 shows a vertically polarized wave.
In (i) of Figure E6 the wave is horizontally polarized. For radio
working a receiving antenna should have the same polarization as the
wave to be received, i.e. for Figure E6(i) the receiving antenna
should be vertical, if it is horizontal reception is at a minimum.

The plane of polarization of an electromagnetic wave is the plane
which contains both the direction of the electric field and the direc-
tion of propagation (see Fig.P12).

There is a further method of wave polarization, circular, see (iii)
of the figure. In this case the electric and magnetic fields remain at
right angles to each other but now as a pair, they continually rotate.
Circular polarization is used for example, in reception from satel-
lites, for this special antennas are required.

Light arises from a very limited band of electromagnetic waves,
see Electromagnetic Spectrum, Visible Spectrum.

(* Electromagnetic Radiation, Antenna, Field, Electric Field,
Magnetic Field, Polarization >> Ground Wave, lonosphere, Satellite
Television)

ELECTROMAGNETISM is concerned with the magnetic force
produced by electricity. It is a special force between charges in
motion and it is important to keep in mind that charge is one of
Nature’s fundamental devices (fundamental because it does not
arise from something else), but the same cannot be said for magnet-
ism because it is a force which arises from charge. Electricity and
magnetism are in fact different aspects of the same force.
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Fig. E7 Magnetic Effects from Current Flow

It is possible to obtain a hint of what goes on if we enlist the help
of two famous men of science, Albert Einstein (the German-Swiss
physicist) and Henricke Anton Lorentz (a Dutch physicist). From
their work we find that distances are not what they seem when
observers are moving relative to one another. However, first let us
get to grips with the problem.

Consider the two parallel wires carrying electric currents in the
same direction as shown in Figure E7(i). The wires are attracted to
each other but if the currents flow in opposite directions as in (ii),
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there is repulsion. Charge cannot build up in a wire when current
is flowing so the question is therefore, how can such forces arise
when apparently neither wire exhibits a charge?

Lorentz expressed the distance problem mentioned above mathe-
matically by what we now call the Lorentz contraction. For
example, using electronics terms, a distance d associated with one
particle (negative electron or positive ion) as seen by another particle
becomes dv/T — (v7/c?) where v is the relative velocity between the
two particles and ¢ is the velocity of light. The formula holds good
everywhere but considering that ¢* = 9 x 10'® metres per second,
v must be very large for the effect to show. Just to get this formula
into perspective, it shows that one would need to fly over a football
pitch at about 150 million kilometres per hour (some 100 million
miles per hour) for the length apparently to be reduced by 1%.

Figure E7(iii) looks inside the wires of (i) but for clarity shows
one electron only in conductor 1. Assume that electrons in both
wires are travelling to the right with a velocity, v. Then to the
electron in conductor 1:

(i) the relative velocity of the negative charges in conductor 2 is
zero (because they are travelling in the same direction at the
same speed);

(i) the relative velocity of the stationary positive charges in
conductor 2 is v.

Condition (ii) is the important one for whatever the value of v,
the Lorentz contraction shows that from the point of view of the
electron in conductor 1, the distances between the positive charges
in conductor 2 are reduced, hence a greater concentration of charge
arises. This leads to an attractive force produced entirely from the
relative motions.

If we were to repeat this reasoning for (ii) in the figure, we would
find that our lone electron in conductor 1 has a relative velocity to
the negative charges in conductor 2 of 2v, but to the positive charges
of v, hence overall there is repulsion.

These forces between the two wires arise only when the charges
have relative velocities and they are the basis of electromagnetism.

Infinitesimally small though the distance contractions may be, we
must remember that not only are atomic forces very great but so is
the total number of electrons flowing (6.24 x 10'8 per second for
one ampere) and that the increases in charge are additive. It is clear
too that the magnetic force is directly proportional to the current
flowing (as is shown by the formula for magnetmotive force).
(* Charge, Current, Electron, lon, Force, Magnetomotive Force,
Lotentz Contraction >> Electromagnet)
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ELECTROMOTIVE FORCE This is a measure of the ability of a
source of electricity to cause a current to flow round a circuit. It is
the driving or generating force which sets up a potential difference
(p.d.). Like p.d. it is measured in volts. The symbol is E.

Consider the electrical circuit of Figure E8. Work has to be done
on an electric charge to move it round a circuit (i.e. a current flows)
and the amount of work depends on the ease with which each
particular part or component of the circuit enables electrons to flow
through (its conductance or conversely if we talk in terms of the
opposition it puts up, its resistance). An electric field is the means
by which a force is made to act on a charge so causing it to move
and therefore have work done on it.

Electric fields are established between two points in a circuit
when there is a difference of potential (p.d.) across them, e.g.
between points a and b of component 1. If R is the resistance
between a and b, then the p.d. (v,) required to provide sufficient
electric field strength to get the current / through is, by Ohm’s Law,
I x R volts (I in amperes and R in ohms). The p.d.’s v, and v; will
have such values that they too achieve the same result. The supply
of these p.d.’s comes from the battery or other generator and
whereas the charge moves through the components from a to f i.e.
from negative to positive, the battery has the ability to move the
same charge from positive to negative against the total p.d. across
its terminals, viz. (v; + v, + v3). This is the electromotive force.
In any electrical circuit the e.m.f. is equal to the algebraic sum of the
p-d.’s and it is a measure of the work required to move a unit electric
charge completely round the circuit.

Electromotive force is generated by several means, mostly by
energy conversion e.g. batteries (chemical), generators (mechanical),
photovoltaic cell (light), thermocouple (heat).

See also Internal Resistance.

(* Force, Work, Charge, Current, Circuit, Potential Difference
Electric Field, Volt)

)

ELECTRON is a minute negatively charged particle which has a
normal habitat in orbit round a parent atom (see Fig.A7). It also
spins as it moves. J. J. Thomson (an English physicist) was the first
to prove that such particles as electrons actually existed. This was
in 1897. He showed by using an apparatus not unlike the present
day cathode ray tube that a stream of particles could be generated
and all particles seemed to have similar mass and charge. In fact we
now know that all electrons have exactly the same characteristics
and therefore behave similarly. Earlier in 1884, George Johnstone
Stoney (an Irish scientist) had suggested the name “‘clectron’ for the
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elementary particle and the name was adopted. It is derived from
the Greek elektron for amber which had already been found to
develop certain forces when suitably rubbed. Gradually the true
value for the charge of an electron has emerged as () 1.602 x
107" coulombs. This high-speed little packet of charge does have
some mass but it is only 9.109 x 1073 kilograms. It therefore
takes about 10?7 of them to add up to about 1 gram (about one-
thirtieth of an ounce). Clearly then little of the weight of a material
is due to its electrons. It is generally considered that electrons are
fundamental particles and therefore not divisible (but there are some
who dispute this).

The release of an electron from its parent atom occurs when
sufficient energy is given to it (e.g. by an electric field, heat, light,
etc.). As an example, given 13.6 electron-volts (¢V) of energy), the
single electron of a hydrogen atom can escape, for copper only 7.7
eV is required (an electron-volt is a measure of energy and is equiva-
lent to 1.602 x 107*® joules). Copper is a metal which gives up the
single electron in each atom outermost orbit quite freely so that it
is available as a charge carrier. By surrounding them with an electric
field, the “free” electrons are forced to move and negative charge is
transferred along the material — this is an electric current.

The electron in its orbit is a very fast mover, calculations on, for
example, the hydrogen atom reveal almost unbelievable figures — the
velocity is some two thousand kilometres per second!

With the most powerful modern microscope, atoms can be seen
but electrons never will (they move too fast anyway). Accordingly
our pictures of them as small black balls or dots are probably far
from the truth, we might preferably imagine them as infinitesimal
balls of cotton wool or when many are gathered together, as a
cloud.

See also de Broglic Waves.

(* Atom, lonization, Mass, Charge, Energy, Coulomb, Conductivity,
Electron-volt, Spin)

ELECTRON CHARGE is that property posscssed by an electron
through which it exerts an attractive or repulsive force on other
particles. We label the electron charge negative and it has a value of
(=) 1.60219 x 10™"® coulombs.

(* Electron, Charge, Coulomb, Negative)

ELECTRON-HOLE PAIR  When an electron is excited into the
conduction band it is considered that two charge carriers are pro-
duced, the free electron and the vacated hole. Together they are
known as an electron-hole pair.

(* Electron, Charge Carrier, Energy Levels, Energy Bands, Hole)
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ELECTRON OPTICS is the science concerning the behaviour of
electron beams especially in how they can be focused as a ray of
light is focused by a lens. There are both electromagnetic and
electrostatic lenses.

(>> Electron Beam Focusing, Electrostatic Deflection, Electron
Gun)

ELECTRON-VOLT  In atomic considerations the joule is a com-
paratively large unit of energy, accordingly one referring to a single
electron is frequently used. An electric field is capable of accelerat-
ing a “free” electron and the electron-volt (symbol eV) is the work
done by a field or equally the energy acquired by an electron when
the latter is accelerated through a potential difference of one volt.
Hence:

work done = ex V

where e is the electron charge (1.602 x 10™'? coulombs) and V is
the field voltage through which it has been transported (1V).

leV = 1.602x 107 coulemb-volts, i.e. joules .

(It is important to remember that although “volt” appears in the
name of the unit, the electron-volt is a unit of energy, not voltage).
(* Energy, Electron, Field, Electric Field, Charge, Coulomb, Joule)

ELECTROPHORESIS is the movement of very finely divided
particles in a fluid when under the influence of an electric field.
(* Particle, Electric Field)

ELECTROSCOPE  This is a laboratory instrument used for detec-
ting electric charges. The earliest electroscopes employed a pith ball
hanging by a fine silk thread, the ball being attracted to a charged
rubber or glass rod. Then in the late 1700’s came the gold-leaf
electroscope as depicted in Figure E9. In operation, if for example,
a positive charge is brought near to the top plate, electrons are
attracted from the gold leaves to it, leaving the plate negatively
charged but the leaves positively charged. The repulsion between
the like charges on the two gold leaves causes them to move apart so
indicating that a charge is present near or on the top plate. A
further development of the device replaces one of the gold leaves by
a metal plate.

An example of the use of an electroscope is shown in Figure P6.
(* Positive, Negative, Charge)
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ELECTROSTATIC BOND - see Bond

ELECTROSTATIC FIELD — the electric field arising from an
electric charge at rest.
(* Charge, Electric Field)

ELECTROSTATIC INDUCTION is the rearrangement of the charges
on a body when in the vicinity of another more highly charged
body. The charged body has associated with it an electrostatic field,
its effect is best illustrated as in Figure E10. Here we consider the
charged body to be a plastic ruler which has been rubbed on a piece
of flannel to accumulate a high negative charge as shown. The
drawing shows that in a nearby piece of paper the electrostatic field
is capable of ionizing some of the molecules and the electrons so
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Fig. E10 Electrostatic induction

freed are repelled away from the ruler hence leaving the paper
positively charged on the left and negatively on the right. This is an
example of electrostatic induction. A positively charged body
would have the opposite effect. That these charges are present is
shown by the fact that the ruler can pick up the piece of paper
through the attraction of its negative charge on the positive charge
induced nearby in the paper.

(* Charge, Electrostatic Field, lonization, Static Electricity, Positive,
Negative)

ELECTROVALENT BOND is formed when there is a transfer of
one or more electrons between iwo atoms so that both will have
complete outermost shells — see Bond.

ELEMENT  Of all the substances encountered on earth, just over
100 are known as elements, meaning that they are pure and con-
tain nothing else. Each of the elements is made up of its own
particular atoms and these are different from those of other ele-
menrts. When there are only onz2 or two electrons in the outermost
shell (the valence shell), the element is usually a good electrical
conductor, e.g. copper (atomic number 29) and silver (atomic
number 47) are both good conductors and have only one. When
there are 4 electrons in the outermost shell, groups of atoms can
form covalent bonds, essential in semiconductor technology, e.g.
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silicon and germanium.
(* Atom, Electron, [onization, Shell, Bond, Valency)

E.M.F. — see Electromotive Force

EMISSION is the general term used for the release of electrons or
electromagnetic radiation from the surface of a solid, usually a
metal. Atoms in a metal or other conductor are constrained within
the lattice structure with free electrons moving between them
randomly. Inevitably therefore those electrons at the surface which
have a component of velocity in a direction out of the surface are
able to jump clear provided that they have sufficient energy, the
result can be imagined as in Figure E11. Remember that at atomic
level there is no clean-cut surface as we might see on a piece of
polished metal but simply a jagged line where the lattice terminates,
as the figure attempts to illustrate. However those electrons which
do escape from the ‘‘surface” are encouraged back by the positive
charges left behind and also they themselves congregate at the sur-
face and repel the emission of more. Hence effectively a few
electrons do escape but the space charge they set up limits the
liberation of others. It is a dynamic process, electrons with sufficient

Space charge

Surface

/ / /

Positive ion Neutral atom Electron Section of metal conductor-

Metal atoms

Fig. E11 Space Charge at Surface of a Conductor
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kinetic energy continually join the escapers while others go back
home. Overall an equilibrium occurs and because the space charge
is so close to the material it can really be considered as part of it.

At room temperature and below, with no outside help very few
electrons have enough energy to escape from the space charge.
Energy must therefore be supplied for this to happen and the
amount energy per electron is known as the work function, usually
measured in electron-volts. The energy can be supplied in several
different ways:

(i) by heat (thermionic emission)

(ii) by radiation, for example light (photoemission)
(iii) by bombardment (secondary emission)
(iv) from an external field (field emission).

In practical circuits for useful emission electrons are drawn off
from the space charge in a vacuum. For this the metal must be
connected into an electrical circuit able to replenish the electrons
removed. As an example, a thermionic emission device gives the
electrons extra energy by heat and removes them from the space
charge by surrounding it with a positively charged electrode (the
anode — see Fig.T2). A photoelectric cell gains the energy required
from incident light photons and collects the electrons similarly at a
positive anode.

There is also stimulated emission — see Laser.

(* Atom, Electron, Current, Space Charge, Work Function, Electron-
Volt, Electric Image, Photon, Thermionic Emission, Photoemission,
Secondary Emission, Field Emission, Thermionic Valve, Lattice
Structure, Random)

EMITTER is one of the regions of a bipolar transistor. From the
emitter majority charge carriers flow into the base region where
they become minority carriers — see Transistor,

ENERGY is the prime mover of life. Much of the analysis we carry
out on the busy life of the electron rests on the energy it possesses,
hence so much electronics theory is in terms of energy levels and
energy bands. A simple example of how an active unit functions
according to its store of energy is given by the human being. He or
she wakes up in the morning (usually) “full of energy’ and hence
has the power to do things for this is what energy is. The energy
level is high. During the day things are done and the level goes
down. With food and rest the level rises again. Thus the amount
(or level) of body energy varies continuously. So it is with the
electron, it has a store of energy (of infinitesimally small value)
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which while the electron is simply in orbit does not change because
none is used up in travelling through the space within an atom.
Electrons however can gain energy from many different sources and
they can also lose it in many different ways.

We define energy as the capacity for doing work for work can
only be carried out if energy is expended. Energy is measured in
joules (J) and because heat is a form of energy, it is measured in the
same unit. (See also Kinetic Energy, Potential Energy).

There are several forms of energy apart from the human kind,
each of which can on its own, or through some intermediate device,
do work. Some are given below with a single example in each case
of the work done:

chemical explosives

electrical drives trains

heat expands metals

nuclear electricity generation
radiant moves a photometer needle
sound moves ear drums.

Einstein, in his famous equation showed that mass and energy are
related to one another and that each can be converted into the
other. He expressed this by:

E = mc?
where E is the energy, m the mass and c the speed of light.

Hence mass can be converted into energy by, for example, a
nuclear reaction. Equally energy is convertible into mass and as
the speed of an object increases so its kinetic energy increases,
resulting in an increase in mass of E/c?. But note that ¢? is so large
(9 x 10'% m/s) that speeds approaching that of light are necessary
before an appreciable change in mass takes place.

See also Potential Energy.

(* Work, Joule, Mass, Kinetic Energy)

ENERGY BANDS In an atom each electron possesses energy,
potential energy by virtue of its orbital position relative to the
nucleus and kinetic energy because of its motion. The net energy
is complicated and is described in detail by quantum theory. The
electrons can only have certain discrete energy levels and Pauli’s
exclusion principle states that not more than two electrons can
occupy each level (and these must have opposite spins). Accord-
ingly the electrons occupy the lower levels first, then progressively
higher levels as the lower ones become filled.
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The discrete levels of energy existing in a particular atom might
therefore be pictured as in Figure E12(i). When however atoms are
packed together in a solid, the electrons in the outermost shells are
disturbed by neighbouring atoms and their energies change. The
energy levels for these higher energy electrons therefore spread out
into bands, each containing a large number of closely spaced energy
levels as in (ii) of the figure. The bands may overlap as shown or
there may be band gaps, also known as forbidden bands. In the
solid therefore, no electron has a level of energy falling within a
forbidden band.

The inner electrons of an atom are much less affected by neigh-
bouring atoms, hence we can demonstrate practical conductivities
as in Figure E12(iii), (iv) and (v) for conductors, semiconductors and
insulators. In conductors the valence band (i.e. the band of energy
levels possessed by the valence electrons) and conduction band are
close together or even overlap. The conduction band is not full so
there are some vacant energy levels. This means that any electron
receiving the correct amount of energy from, for example, an
electric field, can continue at this new energy level. Having filled
the energy ‘‘vacancy”, no other electron can do so. From the
figure it is evident that little additional energy needs to be supplied
to electrons in the valence band for them to break free and “‘enter”
the conduction band.

For semiconductors there is a forbidden band, i.e. no electron
within the material can function at an energy level within this band.
Hence to jump from the valence to the conduction band needs the
provision of around one electron-volt of energy as shown. The
forbidden band widens considerably for insulators, accordingly for
a valence electron to be freed to act as a charge carrier it must be
accelerated greatly to gain sufficient energy to ‘‘cross the gap”.

At absolute zero temperature, where energies in a solid are
low, the lower energy levels are occupied and the valence band is
partly filled. The maximum energy level under these conditions is
known as the Fermi Level.

(* Atom, Electron, Energy, Pauli’s Exclusion Principle, Valency,
Fermi Level, Electric Field, Semiconductor, Absolute Zero)

ENERGY DIAGRAM This is a graphical representation of energy
levels of atomic particles and an energy diagram is especially useful
in understanding what goes on deep down in semiconductors. It is
energy which enables the electron to act as it does and its energy
level at any time tells us much about the electron’s movements at
that time. The energy is usually measured in electron-volts.
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The best way of getting to grips with this type of diagram is by
example, such as given in Energy Bands and Doping. An example of
interpretation of an energy diagram is given under the heading P-N
Junction.

(* Electron, Energy, Energy Bands, Energy Levels, Electron-Volt)

ENERGY LEVELS A body in orbit possesses kinetic energy
depending on its mass and velocity and generally within an atom,
the larger the orbit, the greater is the electron energy. This is
referred to as the electron energy level or state. The energy levels
required by the various shells have certain fixed values and for an
electron to be within a particular orbit it must have exactly the
energy associated with that orbit. Electrons cannot orbit between
shells, only within, hence gaps between shells represent unusable
energy levels and within the range of energy levels this gives rise to
forbidden energy gaps. Thus if an electron gains energy from the
force due to an electric field, it can jump from one orbit to the next
higher but the energy increase must be exactly that required to satis-
fy the new orbit, i.e. there is a discrete amount of energy required.
Once within another orbit the electron continues in it until it loses
that same discrete amount of energy and falls to an orbit nearer the
nucleus. Such discrete amounts of energy can also be supplied or
given up as heat, light or radiation. The lowest possible energy level
for an atom is known as the ground state, anything higher is known
as an excited state. ’

A practical outcome of this phenomenon is the laser in which
electrons are raised to higher energy levels by pumping energy in.
They are then induced en masse to fall suddenly to the original level
and in so doing each releases the discrete amount of energy in the
form of light. With a sufficient number of electrons in action, a
very short duration but intense beam of light is produced.

(* Atom, Electron, Orbit, Shell, Mass, Electric Field, Kinetic Energy,
Laser)

ENVELOPE VELOCITY is the velocity at which a group of waves as
a whole is propagated through a particular medium or over a line —
see Group Velocity.

EXCITATION is a term used in several different spheres of elec-
tronics. In general excitation induces activity in a device, for
example:

(1) It is the provision of sufficient energy to an atom or molecule
to raise one of its orbital electrons to a higher energy state
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but without detaching it completely, i.e. without ionization.
When this happens the atom is said to be excired.

(2) The current which flows in an electromagnet is known as the
excitation current.

(3) It is the application of an input signal to the base of a trans-
sistor or grid of a thermionic valve.

(4) It is the application of a voltage to a crystal to start it oscil-
lating or maintain it in oscillation. Also the application of
periodic pulses to a radio frequency tuned circuit to maintain
oscillations (e.g. from a Class C amplifier).

(5) An antenna is said to be excited when radio frequency power
is switched to it.

(* Atom, Molecule, Energy, Energy Levels, lonization >> Electro-
magnet, Class C Amplifier)

EXCITED STATE refers to the energy possessed by an atom or
molecule. The ground state is the lowest possible energy level, at
any higher level the atom or molecule is said to be in an excited state
— see Energy Levels.

EXTRINSIC SEMICONDUCTOR is one which has greater conduc-

tivity by virtue of the addition of an impurity — see Semiconductor,
also Intrinsic Semiconductor.

) O

FARAD is the S.I. unit of capacitance, symbol F, named after
Michael Faraday (the English chemist and physicist). It is the
capacitance of a capacitor between the plates of which there appears
a difference of potential of one volt when it is charged by a quantity
of electricity equal to one coulomb. It happens to be an inconveni-
ently large unit so in practice the sub-multiples, microfarad (10~% F),
nanofarad (107° F) and picofarad (1072 F) arc more likely to be
used.

(* S.1., Capacitance, Coulomb, Volt)
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FARADAY CONSTANT has the symbol F and a value of 96487
coulombs per mole (C/mol). It is the amount of charge required to
deposit or liberate one mole of a univalent ion in electrolytic action.
The constant is calculated from the fact that there are 6.023 x 102
molecules per mole (Avogadro’s constant) so with this number
releasing one electron each and therefore themselves becoming
positive charges of 1.602 x 107'® coulombs, we have (6.023 x
108) x (1.602 x 1071?)=9.649 x 10* C/mol.

(* Electrolyte, Electron, Charge, lon, Coulomb, Mole, Valency,
Atomic Mass Unit)

FARADAY LAW OF ELECTROLYSIS states that in electrolytic
action the mass of a substance deposited at one electrode or equally
liberated from the other electrode varies (i) directly as the quantity
of electricity, (i) directly as the atomic weight of the substance
deposited and (iii) inversely as its chemical valence. The Faraday
electrolytic constant (Faraday constant) is the amount of charge
required to liberate one mole of any univalent element and it is
equal to 96 487 coulombs per mole.

(* Electrode, Electrolyte, Electrochemical Equivalent, Coulomb,
Faraday Constant, Mole, Valency)

FARADAY'S LAW (after Michael Faraday, the English chemist
and physicist). This is concerned with electromagnetic induction.
It states that:

“when the magnetic flux through a circuit is changing, an
induced electromotive force (e.m.f.) is set up, the magnitude
of which is proportional to the rate of change of flux.”

Society owes much to Faraday for following his discovery in
1831, (i) generators which change the flux in a coil by rotating
electromagnets past them and (ii) transformers which change the
flux in a coil by varying the current in an adjacent coil, were
developed. They still are the backbone of our electricity power
systems.

(* Electromotive Force, Electromagnetism, Electromagnetic Induc-
tion, Magnetic Flux, Transformer >> Generator, Electromagnet)

FEEDBACK This refers to a system in which a fraction of the
output voltage or current of a circuit (usually an amplifier) is return-
ed to the input, just as an echo is a fraction of the voice returned to
a talker. In the case of an amplifier the feedback may be applied
back over the same or a preceding stage.
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Feedback is used or exists in many electronics systems and in the
case of amplifiers their performance in terms of gain stability, fre-
quency response, distortion and noise can be greatly improved with
it. However, feedback is not always applied to a circuit by a
designer, it has a habit of turnirg up where it is not wanted due to
stray reactances and efforts must then be made to reduce it.

There are two classes of feedback: positive in which the energy
fed back augments the input signal and negative in which the feed-
back diminishes the input signal. Any feedback system can be
represented as in Figure F1(i). The amplifier output voltage is
connected to a feedback network which inserts a fraction of it in
series with the input circuit. This fraction is normally designated by
B. From the figure, v, = 4 x v; and v, acting at terminals 1 and 2
of the B network results in a voltage fv, at terminals 3 and 4. This
in the circuit shown is added in series with the generator voltage v
so that v; now becomes vy + fv,,. Hence now that feedback has been
added:

vo = A(vs+pBv,)

from which,
Avg = vy —A3v, = vo(l —AP)
so the modified amplifier gain is equal to:

Vo A

Vg N 1 —gA4

To maintain », at its original level (no feedback), v, must therefore
be increased.

This however is not the full story because it is possible that there
will be phase shift through the amplifier varying with frequency.
The feedback network may also cortain reactive components, in
fact sometimes deliberately introduced so that the gain/frequency
characteristic of the amplifier is modified. Under these conditions
the gain of the amplifier is quoted as 4 L6 meaning that its output
is A times the input and the two differ in phase by the angle 6.
Similarly the feedback network is described by B L¢. Going through
the same procedure as above:

Vo ALl
gain with feedback = — = ———
Vs 1 —BAL(6 +¢)
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an important relationship whcih applies to feedback systems gener-
ally and it is obvious that everything depends on whether the feed-
back voltage aids or opposes the input voltage.

Positive Feedback: when the feedback reinforces the input, v;
increases, v, therefore increases and so does the feedback and
provided that there is no control over the action, the overall gain
increases. From the general equations above it can be seen that if
the second term in the denominator reaches or exceeds unity, the
amplifier gain theoretically becomes infinite and the whole system
becomes unstable. Many oscillators function on this principle, in a
way the positive feedback takes over as the input signal, that is, the
amplifier supplies its own input and can therefore keep going at the
particular frequency of instability.

Negative Feedback: it may be instructive first to consider prac-
tical values in a typical system employing non-reactive feedback so
that we do not get lost in complex algebra. Let the feedback net-
work be as shown in Figure F1(ii). Then let:

v = 10mV, 4 = 100 so that v, = 1000 mV
R, = 560002, R, =110Q

R, 110
f=-———=— ~ -0.002,
R, +R, 56110

the minus sign indicating negative feedback, so feeding back fv,,
i.e. —0.002 x 1000 = —2mV.
With the feedback connected, the overall gain:
A 100

= = = 833
1—64 1 —(—0.002 x 1000)

Ag

To maintain v, at its original value, v, must be increased by the
amount fed back so that v; is restored to 10mV, i.e. vy now becomes
12 mV and again:

As = vy/vy = 1000/12 = 83.3.

So what have we gained? A higher level of input signal is required
and the output signal is no greater but:
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(i) gain stability — if 84 is very much greater than 1,i.e. when 4
is high and 8 not too low, then the general equation reduces to
—1/B, i.e. the gain is constant whatever happens inside the
amplifier (e.g. change of transistor parameters with tempera-
ture). Clearly the greater the feedback, the greater the gain
stability;

(ii) reduction of non-linearity distortion and noise — because a
fraction of any distortion occurring within the amplifier is fed
back, then after amplification it appears at the amplifier out-
put in antiphase to the inherent distortion, thus tending to
cancel it. 1t can be shown that the distortion component in
the output is reduced by the factor 1/(I — BA4), hence if
BA >> 1 it is reduced approximately to —1/8. Internally
generated amplifier noise is similarly affected;

(iii) improved frequency response — many amplifiers suffer from
amplitude/frequency distortion with which the gain falls
usually at the tower and upper ends of its frequency range as
shown in Figure F1(iii). When feedback is applied, because it
is proportional to the gain, there is less reduction of overall
gain at the low and high frequencies, resulting typically in a
“flatter’”’ characteristic as also shown in the figure.

There are four methods of applying negative feedback to an
amplifying system. The one shown in (i) of the figure is classed as
voltage output — series input. The term is self-explanatory, the
feedback network input terminals sense the amplifier output voltage
and the network applies the desired fraction in series with the input.
Alternatively a series input may be controlled by sensing the current
in the output circuit. Similarly there is shunt input controlled by
either the output voltage or current. In many types of transistor
circuit, negative feedback is present although because it is not
recognizable in the form of Figure F1(i), it is sometimes difficult
to understand which of the four types it is.

In what is intended to be a negative feedback system it is possible
for the feedback to become positive at certain frequencies with
the attendant loss of stability. There are several techniques through
which the degree of stability can be determined, particularly as
developed by Nyquist and Bode.

The operational amplifier is one which has a very high gain and
in use a large amount of feedback is applied to reduce this gain to
that required. The amplifier is almost invariably an integrated
circuit and the feedback network is connected externally.

(* Amplifier, Phase Angle, Phase Shift, Oscillator, Operational

Amplifier, Nyquist Diagram, Bode Diagram >> Current Feedback,

Regeneration, Acoustic Feedback)
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FELICI MUTUAL INDUCTANCE BALANCE is a form of alternat-
ing current bridge used for measurement of mutual inductance. Its
accuracy is mainly at the lower frequencies (e.g. audio) where
winding capacitances are small. The basic circuit is shown in Figure
F2 wnere M, is the mutual inductance of the windings under test
and M; is the variable mutual inductance of a standard transformer.

Headphones
e=-joMd] e=-jwMsl
- -
Mx } Ms
Y'Y Y\ > ‘
: s
()
O/ \
Mutual inductance Oscillator Standard variable
under test mutual inductance

Fig. F2 Felici Mutual Inductance Balance

At balance the voltages developed in the headphones (or other
suitable indicating instrument) are equal and produce a null. These
two voltages for a current / in the oscillator circuit are —jwM,/ and
—jwM/ so for their sum to be zero,

See also Hartshorn Bridge.
(* Inductance, Bridge, Complex Notation)

FERMI — a length, 107!S metrss. Named in honour of the 20th
century physicist, Enrico Fermi for his statistical analysis of atomic
particles.

FERMI-DIRAC DISTRIBUTION This is a statistical formula
developed by Enrico Fermi and Paul Dirac during their work on
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quantum theory. They used a “free electron model” in an effort to
explain the function of energy in electron movements. From the
main form of the distribution it is possible to express the probability
of a given energy level, £ being occupied by an electron as:

1

f(£) =
S exp(E —w)*T + 1

where u is a constant, k is Boltzmann’s constant and 7 is the temper-
ature in degrees Kelvin.

(* Electron, Energy Levels, Boltzmann’s Constant, Thermodynamic
Temperature)

FERMI ENERGY — see Fermi Level.

FERMI LEVEL De Broglie, in introducing his wave theory, show-
ed that only certain electron orbits are possible and that to remain in
any particular orbit an electron must possess exactly the right
amount of energy for that orbit. From this it follows that because
a wave motion is associated with each electron, the wave properties
of the free electrons in a metal limit the values which their energies
may take. Moreover, when electrons are in close proximity as they
are within a metal, nearby atoms modify their behaviour in such a
way that their energies change and what was previously a single
energy level is spread out into a range of levels. Then Pauli stepped
in and with his Exclusion Principle showed that only two electrons
are permitted to occupy each of the energy states allowable. The
result is therefore a cloud or gas of free electrons with energies
spread over a range of levels and only two electrons at each level.

Enrico Fermi (an Italian-US physicist) first developed the statis-
tics of free electrons and was able to show that the electrons occupy
the lowest energy levels possible but since each level can only take
two electrons, progressively higher levels must be occupied until all
electrons are accommodated. The highest energy level which an
electron can have at a temperature of absolute zero is known as the
Fermi energy or Fermi level, F: of the metal. From Fermi’s work,
E'g can be calculated:

h?*(3N/8m)*3
F =
2m,

where N is the number of valence electrons per m>, h is Planck’s
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constant (6.626 x 107 J ), m, is the electron mass (9.109 x
10731 kg) and as an example, taking N for copper as 8.5 x 10?8,
Eg worksoutto 1.13x 10718 J,ie. 7.05eV.

So far we have considered the Fermi level for a metal at a temper-
ature of absolute zero. Al higher temperatures the value is obtained
from the Fermi-Dirac distribution which has temperature as one of
its variables. It is the energy at which this distribution has a value of
%. Putin other words, at a given temperature, it is the energy of the
state which has 50% probability of being occupied.

The theory indicates that those electrons which have energies
approaching the Fermi level are the ones which effectively contri-
bute to the conductivity of a metal. The concept of Fermi levels is
very useful in conductivity calculations, especially with semi-
conductors.

(* de Broglie Waves, Pauli Exclusion Principle, Joule, Electron-Volt,
Fermi-Dirac Distribution, Valency, Absolute Zero)

FERRIMAGNETISM is a magnetic effect found mainly in ferrites.
The effect undergoes a fundamental change at a certain critical
temperature known as the Néel temperature, Ty. In an antiferro-
magnetic material the magnetic moments of the ions are equal and
with equal numbers aligned in opposite directions, they cancel out.
However, if the magnetic moments are not all equal then pairs in
opposition may exhibit some magnetisation, put more technically,
there will be unpaired electron spins. In such a case the material is
said to be ferrimagnetic and this is what occurs at temperatures
below Ty. The material behaves similarly to a ferromagnetic
material but with weaker magnetisation.

At temperatures above Ty thermal agitation breaks up the
pairing and the magnetic moments are then aligned at random,
consequently the material is magnetically weak i.e. paramagnetic.

Generally ferrimagnetic materials have high resistivity up to
some 10° @ m. This makes them suitable for transformer cores in
which eddy current losses must be very small.

(* lIon, Antiferromagnetism, Ferromagnetisin, Magnetisation,
Mangetic Moment, Ferrite, Paramagnetism, Resistivity, Spin, Trans-
former, Eddy Current)

FERROELECTRICITY Polarization is normally created in a
dielectric material when an electric field is applied (see Figs. D3 and
D7). However, some materials exhibit polarization even when no
electric field is present, explained in simple terms as being due to
the alignment of the dipoles by an internal field. 1t so happens that
the dielectric polarization mirrors some of the features of
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ferromagnetic materials especially in that the curve of displacement
v electric field strength shows hysteresis (see Fig.M3), hence the
term ferroelectrics. The phenomenon of spontaneous polarization
disappears in all ferroelectrics when heated above a certain critical
temperature.

Rochelle salt is an organic ferroelectric material, other inorganic
ones include potassium dihydrogen phosphate (KDP) and barium
titanate. Ferroelectric materials may be used in heat sensors because
the polarization varies with temperature and in miniature variable
capacitors, by making use of their high permittivities which vary
with applied electric field. They also exhibit piezoelectric properties.
(* Electric Field, Electric Polarization, Ferromagnetism, Displace-
ment, Permittivity, Dipole, Hysteresis, Capacitor, Piezoelectric
Effect, Piezoelectric Crystal >> Ceramic)

FERROMAGNETISM occurs usually in metals and for these the
relative permeability is greater than 1, up to many thousands. The
relative permeability, y, can be used as a guide to the effect of a
magnetizing field on a material. (We have to be careful in this
particular case however with the simple idea of using . as a guide
because it varies with the field applied). In ferromagnetic materials
the magnetization is in such a direction as to aid the applied field
and a typical use of such a material is in the core of an electro-
magnetic relay where the iron or other metal core enables a magnetic
flux to be set up very much greater than that which would be
obtained with an air core. The maximum relative permeabilities
for some typical materials are, pure iron and silicon iron, 7—8000,
cast iron, 90, cobalt and nickel, 50—60.

If the temperature of the material is raised sufficiently, an abrupt
change occurs in the characteristics of the material, it no longer is
ferromagnetic but changes to paramagnetic, i.e. u, falls to just over
1. The temperature is known as the Curie Point. As an example, for
iron the Curie point is about 870°C.

It is considered that in ferromagnetic materials the electron spin
axes are aligned parallel to each other and that the material is
formed of microscopic magnetic domains, each of which has a net
overall magnetization. Normally the domains lie randomly hence
the material itself is not magnetic. However, when a magnetic field
is applied, the domains easily line up with the field so resulting in
high magnetization.

Ferromagnetic materials are classed as either hard or soft, gener-
ally hard material have high coercivity (the magnetism is not easily
removed), high remanence (remaining magnetism) and relatively low
permeability (magnetisation for a given applied field strength). They
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are especially useful for the manufacture of permanent magnets. In
such materials magnetic domain rotation into alignment with the
applied field is relatively difficult. There is some relationship
between magnetic and mechanical hardness e.g. in chromium steel
and carbon steel. Many other special alloys have hard magnetic
properties, usually containing mixtures of one or more of iron,
chromium, aluminium, nickel or cobalt. Ferrites are also used, these
are prepared by sintering and firing iron, barium, or other oxide
powders which at the same time are pressed into the shape required.
Again the technique aims at producing magnetic domains which
cannot easily revert to the random state.

Soft ferromagnetic materials have low coercivity, fairly low
remanence and high permeability, i.e. they are easily magnetised and
demagnetised and have low hysteresis loss. These characteristics
make such materials suitable for applications involving alternating
magnetic flux, e.g. in generators, transformers, electric motors. The
ease of magnetisation and demagnetisation implies that the magnetic
domains are readily brought into alignment with an applied magnetic
field and that the alignment is easily destroyed, i.e. little energy is
required to turn them. Materials used are iron and certain iron
alloys (especially with silicon, nickel and cobalt).

See also Paramagnetism, Diamagnetism.

(* Magnetism, Magnetisation, Magnetic Field, Permeability, Coerciv-
ity, Remanence, Domain, Antiferromagnetism, Core, Magnetic
Hysteresis, Spin >> Relay, Generator, Electric Motor)

F.E.T. Abbreviation of Field-Effect Transistor — see this term.

FIELD A field can be described in various ways, for example, as a
sphere of influence or as something in space which has the potential
to create some sort of a force. The one we all know so well is the
field of gravity and it may be difficult to appreciate what power
lurks in the air around us, but jump up and that force immediately
pulls us back down again. Other equally invisible, intangible fields
are those of radio transmissions, the force they are capable of exert-
ing, although infinitely smaller than that of gravity, can vibrate
electrons in an antenna (aerial) as a radio or tv set will prove. Each
type of field affects certain objects only, e.g. gravity produces a
force on anything which has mass (which is just about everything),
a magnetic field acts on certain metals but an electric field affects
other electric charges only, nothing else.

We know so little about what a field is but we do understand
what it can do.
(* Force, Charge, Magnetic Field, Electrostatic Field >> Free Field)
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FIELD-EFFECT TRANSISTOR (F.E.T.) The word “‘transistor”” on
its own usually implies a bipolar device (both positive and negative
carriers). The f.e.t. operates on a somewhat different principle, it is
based on both p-type and n-type semiconductors but the current
path is wholly through one type. It is therefore classed as unipolar.
N-type material is more commonly used for the current path because
the mobility of its carriers (electrons) is higher than that for p-type
(holes). This type is known as n-channel and the reason for the term
“channel” will be seen from Figure F3(i) which shows a typical cross
section of the device. Electrons flow from source to drain (some-
what analogous to emitter and collector in the bipolar transistor)
along the bar of lightly doped n-type material under the influence of
the Vy, battery. On the upper and lower surfaces of the bar are
diffused high density p-type layers which produce p-n junctions
with their attendant depletion layers. These are connected in
parallel and form the gare electrode. As the figure shows, the
depletion layers spread well into the bar leaving only a narrow
channel of unaffected n-type material through the centre. This
type is correctly known as a junction fe.t. (j.f.e.t.) or junction gate
fet (jugfe.t).

The potential Vo connected between source and gate reverse
biases the p-n junctions and the magnitude of this potential clearly
affects the depth of penetration of the depletion layers, hence the
width of the unaffected channel. Since the d.c. potential rises
positively from source to drain, the depletion layers are not of
constant width but increase on the drain side because the potential
between p and n is greater there. We can therefore imagine the
shape of the depletion layer to be as shown in the figure.

As Vg becomes more negative, the effective width of the channel
decreases, the channel resistance increases and electron tlow, i.e. the
drain current /4, falls. Overall therefore a relatively large current is
dominated by a small voltage. Here is the important difference com-
pared with the bipolar transistor, the f.e.t. control is by application
of an electric field, set up by an extremely small current. Accord-
ingly the gate resistance is very high (in the megohm range), a
desirable property for applications where the device must absorb
practically no power from its input circuit.

Vgs can be increased to the extent that the depletion layers
expand sufficiently to meet whereupon the channel is constricted
almost to closure. [y is then extremely small and very nearly
independent of drain-source voltage. The value of V,; at which this
occurs is known as the pinch-off voltage.

P-channel f.e.t.’s are based on similar principles and the f.e.t. can
therefore be summed up as being a unipolar device with output
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characteristics similar to those of the bipolar transistor but with a
much higher input impedance. Graphical symbols are given in
Figure F3(ii).

In the second main type of f.e.t. the channel is formed by the
action of the gate voltage. It is known as an insulated gate f.e.t.
(i.g.f.e.t.) but there are several other names also in general use.
Because the structure consists of successive layers of metal, oxide
and semiconductor (m.o.s.), an alternative name is metal-oxide-
semiconductor field-effect transistor or m.o.s.fee.t., for short m.o.s.
transistor is also used or even m.o.s.t. Usually the semiconductor
material is silicon hence m.o.s. can also be interpreted as metal-
oxidessilicon.

There are four different kinds of m.os.f.e.t., both n-channel
and p-channel in enhancement and depletion modes. We consider
n-channel only on the basis that p-channel are equally practicable
although manufactured to a less extent.

Enhancement-type m.o.s.f.e.t.: Figure F3(iii) shows the basic
construction. The substrate is lightly doped p-type and therefore
of high resistivity. A silicon dioxide film is formed on the surface,
windows are etched and through these two heavily doped n regions
are diffused as shown. Aluminium contacts are made to these
regions and are labelled source and drain. Finally an aluminium film
is deposited on the silicon dioxide between source and drain to form
the gate.

When ¥V, is negative the electric field generated by the gate
attracts holes from within the p substrate to the surtace hence
increases the p-type concentration between the two n' layers (n*
indicates heavy n doping). Two p-n junctions are therefore formed,
Vgs maintains the left-hand one in a reverse- -biassed condition,
cqually V45 which is positive at the drain keeps the right-hand one
similarly biased. There is virtually no channel between source and
drain and /4 = 0. On the other hand, when Vg is slightly positive,
a depletion region is formed below the gate because the holes in the
p-type substrate are forced away. A channel is not created however
until Vg is sufficiently positive to attract free electrons to the
mterfdce and so create an n-type inversion layer. Now a conducting
channel exists and drain current flows. Figure F3(iv) shows a typical
transfer characteristic and the graphic symbol.

Depletion-type m.o.s.f.e.t.: this type is manufactured by diffusing
an n-type channel into the substrate between source and drain.
Figure F3(iii) therefore applies except for the addition of this
channel. This continuous channel therefore allows current to flow
even when Vpo = 0. If however Vi is increased negatively the
electric field on the gate repels elegtrons from the channel beneath
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it, so inducing a positive charge and in effect converting the channel
to p-type whereupon the two p-n junctions move into reverse bias.
With V¢ sufficiently negative, the drain current is cut off as shown
in (v) o% the figure.

It is mentioned above that n-channel devices are generally prefer-

able to p-channel. A major factor in this is that the mobility of
electrons is more than double that of holes. From this it follows
that any n-channel device needs less than half the area of an
equivalent p-channel for the same drain current. In integrated
circuits therefore the packing density of n-channel is higher.
(* Electric Field, Semiconductor, Transistor, Doping, Mobility, Bias,
P-N Junction, Inversion Layer >> Planar Process, Integrated Circuit,
MOS Integrated Circuit, Common-Gate . . . Source . . . Drain Con-
nections, y-Parameters)

FIELD EMISSION If in a high vacuum tube an electric field of
sufficient magnitude is maintained between a cathode an anode up
to 10° to 10 volts per metre (V/m), then the potential barrier at
the surface of the cathode due to the space charge will be reduced.
When the barrier becomes thin enough (around 1078 m), electrons
are able to escape by tunnelling through. This is known as field
emission and the current depends on field strength rather than on
temperature. The emitted current density (J) conforms approxi-
mately to:
J = CE? exp(—-DJE)

(the Fowler-Nordheim equation) where E is the electric field
strength and C and D are constants for the particular material (D is
determined mainly by the work function). Emission currents are of
the order of microamperes.

Because the very strong electric fields exist mainly at points on
the cathode surface, field emissicn must be taken into account in
the design of very high voltage apparatus. On the other hand the
effect is found useful in the field emission microscope in which
electrons from field emission from the tip of a single crystal are
projected onto a screen. The various intensities in the image are an
indication of the work functions at different areas on the crystal
tip.

(* Electric Field, Electric Field Stiength, Emission, Anode, Cathode,
Space Charge, Schottky Effect, Tunnel Effect, Work Function)

FILTER This is an electrical network which when presented at
the input with a range of frequencies, attenuates certain ones but
not others. The range of frequencies passed by a filter is known as
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the pass band, the range rejected is the attenuation band. A filter
possesses at least one pass band in which the attenuation tends to
zero and at least one attenuation band in which the attenuation is
finite. Most filter types fall into four classifications, the ideal
characteristics of which are shown in Figure F4(i)—(iv). These
drawings are for demonstration only because the ideal is in fact
unattainable. One reason for this is easy to appreciate which is
that attenuation in the pass band cannot be zero because all filters
contain resistance which creates a loss. Generally the frequency
separating the pass and attenuation bands is designated f, but if more
than one, then f, , f, are used as shown in the figure. The graphical
symbol for each type is shown to the right. Most filters are passive
but some contain active components such as operational amplifiers.

Because a filter is a frequency sensitive circuit it contains reactive
components, i.e. capacitance and/or inductance. In fact ideally it
should contain reactance only for attenuation in the pass band to be
truly zero. The sharpness of cut-off for any filter depends on its
complexity both in the number of components and in the design
technique. The simplest of all filters are the single-section low-pass
and high-pass. These are available as T-section or m-section as shown
in Figure F4(v) and (vi). Any T-section can be converted into its
equivalent m-section and vice versa (star-delta transformation), the
characteristics of the particular filter remaining unchanged. For any
design the terminating impedances must be known. Taking the low-
pass filter as an example, in a simplified way it is possible to see that
the series inductance presents a higher reactance at the higher fre-
quencies, equally the shunt capacitance presents a lower reactance,
the loss therefore increases with frequency. The loss however does
not increase smoothly as with a single reactance, with the filter there
is a relatively sudden change at f.

Band-pass filters are more complicated. Basically they might be
considered as a high-pass filter cutting off at f; [see (iii) of the
figure] followed by a low-pass filter cutting off at f,. Only 3 com-
ponents are required for the low-pass and high-pass sections but up
to 6 are needed for the band-pass. Band-stop (also known as band-
reject) filters are less commonly used and are equally complicated.

The simple designs shown in (v) and (vi) of the figure indicate
that the change-over at f, is far from ideal. Better characteristics
can be obtained from two or more sections in tandem but in this
case the pass band attenuations add up. Modern filter design how-
ever is capable of producing a sharper cut-off at f, with lower
attenuation in the pass band. Two techniques in common use are
known as Chebyshev and Butterworth. From the formulae from
these two design systems charts and tables have been produced to
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ease the mass of calculations required in design. Typically a Butter-
worth band-pass filter would have a response as shown in Figure
F4(vii). The sharpness of cut-off is clearly superior to that of the
single sections shown in (v) and (vi).

(* Frequency, Attenuation, Reactance, Star-Delta Transformation,
Cut-Off Frequency, Coupled Circuits >> Constant-k Filter, m-
Derived Filter, Crystal Filter, Operational Amplifier)

FIRST IONIZATION POTENTIAL is the minimum energy required
to remove one electron only from the outermost shell of an atom or
a molecule (theoretically to infinity) — see lonization Potential.

FLEMING’S RULES In the electrical workshop there is occa-
sionally the need to determine for example, the direction of motion
of an electric motor or the direction of current in a generator. John
Ambrose Fleming (an English electrical engineer and physicist)
developed a set of rules which provide us with a handy way of
linking current, magnetic flux and motion. Fortunately these are
mutually at right angles. The rules assume conventional current
flow (positive to negative) and as shown in Figure F§, the thumb

Fore Einger (Eield) thuMb (Motion)

-
mlddle fInger (current)

Nl

Fig. F5 Fleming's Right Hand Rule
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and first two fingers of the hand are used and these are extended
mutually at right angles to suit. A right hand is shown in the figure
but the left hand is also used in the same manner. The remaining
two fingers of the hand are not used.

The right hand is used to determine the direction of the induced
e.m.f. or current in a generator as shown. If the forefinger is placed
in the direction of the magnetic field and the thumb in the direction
of motion of the conductor, then the middle finger indicates the
direction of current in the conductor. Thus given the directions of
any two of these, the direction of the third is indicated.

The left hand is for motors and the indications for each finger
are the same so for example, knowing the current and field direc-
tions, the direction of motion of the conductor is given.

It is especially important to remember that current direction is
“conventional’’ and field direction is that in which a “free” N-pole
would move. A suitable mnemonic is the word GRuMbLle, genera-
tors right, motors left.

However we may wish to be more up-to-date and work on the
basis that current flow is usually by electrons and therefore from
negative to positive. A good example arises from the cathode-ray
tube for by no stretch of the imagination can it be considered that
the electron beam flows in the conventional direction. Fleming’s
Rules can be modified simply by changing over left and right hands
and using a different mnemonic, GLaMouR, generators left, motors
right.

(* Magnetic Flux, Current, Electromagnetic Induction, Electro-
magnetic Motor Action >> Cathode-Ray Tube)

FLUORESCENCE is the emission of light from a phosphor while its
atoms are being excited to a higher energy level —see Luminescence,
Persistence.

FLUX, FLUX DENSITY  Flux is generally defined as something
which flows. We in electronics have three main uses for the term in
an effort to describe that certain something which seems to flow
between (i) two electric charges (electric flux), (ii) the poles of a
magnet or two electric charges in relative motion (magnetic flux) or
(iii) light in the form of photons (luminous flux).
For convenience on drawings and for calculations we represent a
flux by a cluster of lines known as lines of force (e.g. see Fig.M2).
Flux density is the flux per unit area of a surface normal to the
flux direction.
(* Displacement, Magnetic Flux, Magnetic Flux Density, Electro-
magnetism, Lumen, Photon)
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FM (f.m.) Abbreviation of Frequency Modulation — see this term.

FORBIDDEN BAND is a band of energy levels on an energy level
diagram which electrons are nat permitted to have. Figure E12 is
such a diagram and in (ii), (iv) and (v) the forbidden bands are
indicated. Generally forbidden bands lie in between the valence
and conduction bands. Electrons with energy levels appropriate to
the valence band can only be excited to the conduction band if
sufficient energy is supplied for them to be able to jump the forbid-
den band energy-wise. In (v) of Figure E12 for example, a valence
band electron needs more than 5eV of energy for it to be freed for
conduction, i.e. to have an energy level appropriate to the conduction
band. In this particular case supplies of energy of less than 5 eV are
not acceptable. See also Allowed Band.

(* Energy, Energy Bands, Energy Levels, Electron-Volt, Valency)

FORCE is Nature’s tool for moving things around. It can be explain-
ed not by what it is but by what it does and is defined as “‘that
which changes the state of rest or of motion of a body”. Changing
velocity implies acceleration which obviously depends on the force
applied, hence:

acceleration (g) « force (F)

However, the greater the mass of a body, the greater is its inertia
(the opposition it puts up to having its velocity changed), hence:

acceleration « 1/mass .

Sir Isaac Newton, the English physicist and mathematician put
this together in his “Second Law of Motion”, saying that: “Force is
equal to mass multiplied by acceleration”, so

F = m x a newtons

where m is the mass in kilograms and a, the acceleration in metres
per second per second (m/s?).

Although force would appear to be more proper to the study of
mechanics, it is also of major importance in electronics. This is
because it is the force provided by an electric field which increases
the acceleration and hence the energy of an electron. Energy is the
vital component in our use of the electron as electricity.

(* Mass, Newton, Field, Energy)
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FORCED OSCILLATION When an electrical or mechanical
system which is capable of oscillation or vibration is given the
chance to do so by the input of a short duration burst of energy,
the oscillation dies away because of energy losses. This is free
oscillation and for the electrical circuit it runs at its natural
frequency:

1

2n\/LC

where L is the inductance in henries and C, the capacitance in
farads.

The circuit or system can be made to vibrate however at a fre-
quency other than the natural frequency by coupling it to an oscil-
lator, this is then forced oscillation which occurs at the oscillator
frequency although within the circuit there is a small natural fre-
quency component. When forced and natural frequencies are the
same, the current is maximum.

(* Oscillation, Free Oscillation, Resonance Frequency, Damping,
Oscillator >> Shock Excitation)

= Hz

FORM FACTOR is a feature of an alternating waveform. It gives
the relationship between the root mean square (r.m.s.) value and the
mean value of a positive or negative half cycle and is helpful in des-
cribing the shape of a waveform, especially when used in conjunction
with the peak factor. For a sinusoidal waveform the r.m.s. value is
Vinax/NV2 where V., is the maximum voltage of the wave. The
mean value, V,, = 2V, ., /7, hence:

; ; r.m.s. value 4
orm factor = = =1k
mean value 2\/5

For a square waveform both the r.m.s. value and the mean value are
equal to V., the form factor is therefore 1.0.

See also Peak Factor.
(* Alternating Current, Waveform, Sine Wave, Square Wave, Root
Mean Square)

FORWARD DIRECTION applies to electronic devices and is the
direction in which the device has a lower resistance compared with
the opposite direction. A voltage applied so that the device operates
in the forward direction is known as a forward bias and the current
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it produces is the forward current. These terms are especially used
with diodes [see Fig.P10(iii) and (iv)] .

See also Reverse Direction.
(* Diode)

FORWARD TRANSFER ADMITTANCE — see Mutual Conductance

FOURIER ANALYSIS (HARMONIC ANALYSIS) deals with
complex waveforms which are periodic, i.e. they recur regularly and
therefore have a fundamental frequency. There is a multiplicity of
such waves but by considering anly a few of the regular and well
known ones it is possible to understand the basic idea of waveform
analysis. The technique arises from a theorem published by Jean
Baptiste Joseph Fourier (a French mathematician and physicist)
regarding ‘“‘continuous periodic functions”, meaning continuous
waves with all cycles the same (we could hardly analyse a wave
which varies from cycle to cycle).

Basically Fourier’s theorem states that such waveforms can be
expressed as the sum of a number of sine waves, each with different
amplitude and frequency. It is perhaps difficult for use to appreci-
ate that the square wave which is so angular consists of nothing more
than smooth sine waves but this is easily proved both mathematic-
ally and graphically. Fourier of course used more advanced mathe-
matics than we have at our disposal, hence this excursion into his
techniques must be limited mainly to stating his results rather than
deriving them.

In essence, Fourier’s theorem states that any continuous periodic
function can be expressed as the sum of a number of sine waves of
differing frequency, amplitude and relative phase. For example, in
voltage terms:

e = ¢+ E, sin(wt + ¢,)+E, sin(RQwt + ¢,) +
+ E;3 sin(Bwt +¢3) + ...
where c is a constant which can be shown to be the mean value of
the wave over one cycle, £, E, etc. are the maximum values of the
various components and ¢, , ¢, etc. are the phase angles.
This can be reduced to a general expression:
e = ¢+ a, sin wt + a, sin 2c0t + a5 sin 3wt + . ..

+ b, cos wt + b, cos 2wt + by cos 3wt + ...
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Fig. F6 Complex Waveforms
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and with this the components of a complex waveform can be deter-
mined provided that ¢ and the a’s and b’s can be calculated.

Take the familiar square wave as the first example. Its graphical
form is shown in Figure F6(i). For this ¢ = O (the graph shows
that the mean value over one cycle is zero). Also a, = 4E/m,
a, = 0,a; = 4E/3n,24 =0, ag = 4E/57 . . . with all b terms = 0.
Hence:

4F 1 1
e = —(sin wt +—sin 3wt +—sin 5wt + ... ) volts
T 3 5

from which it is evident that a square wave consists of a fundamental
wave of the same frequency plus all the odd harmonics to infinity
with amplitude decreasing as the harmonic number increases.
Graphically this can be checked by first calculating the amplitude
of each of these waves then adding them together over half or a
complete cycle. Figure F6(ii) shows the result when the funda-
mental plus all odd harmonics up to the 13th are involved. This is a
rewarding pictorial representation for it clearly shows how the
square wave is forming. Obviously adding the 15th and onwards
harmonics will complete the job. Fourier analysis is therefore not
just a mathematical concept but is proved in practice.

This is for a square wave symmetrical about the time axis. For
an asymmetrical wave as shown in (iii) of the figure, the change is
simply that c is now equal to £/2. The coefficients a and b have
the same values as for the symmetrical wave.

For a full-wave rectifier output as in (iv), c = 2E/7 and:

2F  4F Jcos 2wt c¢osdwt cos 6wt
+ + + volts.

e =— ——
T T 3 15 35

For a saw-tooth waveform as in (v), ¢ = 0 and:

2F sin 2cof  sin 3wt sin 4wt
e = — |sinwt— = = — ... | volts.
i1 2 3 4

Unquestionably such analysis is extremely useful in practice
especially the conclusion that any distortion of a sine wave gener-
ates harmonics. More at home perhaps is the fact that it is
important in the design of electronic music generators for knowing
which harmonics are required for a particular sound enables the
required waveform shape to be determined.
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(* Sine Wave, Square Wave, Periodic, Fundamental Frequency,
Harmonic)

FREE ELECTRON is one which is not bound to an atom or mole-
cule and is therefore available for conduction. Its energy is entirely
kinetic.

(* Electron, Atom, Molecule, Kinetic Energy)

FREE OSCILLATION occurs when an electrical resonant circuit or
mechanical system receives a short-duration input of energy and is
then left to oscillate on its own. A mechanical example is given by
a weight suspended on a coiled spring. 1f the weight is pulled down
and then released it bobs up and down, in other words the system

A

o
Dy
|
!
>I
|
I
|

Current, i

¢ A
i =-Ae 2L

Fig. F7 Damped Oscillation

of springs plus weight oscillates at its natural frequency. If for
example, in a resonant circuit the capacitor is first charged and then
allowed to discharge through the inductance, the circuit oscillates
at its own natural frequency. In all such free oscillations, damping
by, for example friction in mechanical systems or resistance in
electrical circuits, progressively reduces the amplitude of the vibra-
tion. An example is shown in Figure F7. It so happens that the
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actual frequency of oscillation is affected slightly by the degree of
damping but provided that the resistance is not too large compared
with the inductance (R*/4L? should be low), we can use the general
formula for the frequency of rescnance:

1

f. = ——— Hz
" 2aJIC

where L is the inductance in henries and C the capacitance in farads.
The decay of free oscillations follows a curve given by:

i = Ae—(Ri2L)

where A is a constant for the particular circuit conditions and i is
the current at time, 7.

Such a curve is shown in Figure F7 from which it is evident that
the rate of decay for a given oscillatory circuit is controlled solely
by the resistance, R.

(* Oscillation, Resonance, Resonant Circuit, Damping, Damping
Factor, Logarithmic Decrement)

FREE SPACE means just that. a vacuum free not only of air but
everything else. This implies that no gravitational or electromagne-
tic fields can be present hence truly free space is not attainable.
We use it as an absolute standard in many theoretical calculations
and it can be shown to possess an electric constant (eq, the permit-
nvity of free space) and a magnetic constant (uo, the permeability
of free space). From these two constants the intrinsic impedance
of free space, Z, is derived as follows:

Zo = VHoleg = 120@ = 377 Q (non reactive).
(* Field, Permittivity, Permeability, Intrinsic Impedance)

FREQUENCY is the number of complete cycles of a periodically
varying quantity occurring in a specified time. The unit is the
hertz (after Heinrich Hertz, a German physicist) which is equal to
one cycle in one second. A wave having a frequency of f hertz
therefore completes f cycles in each second.

“Frequency” is often the term employed to denote a particular
wave, i.e. instead of quoting “‘a wave of frequency {”’, the expression
used is “‘a frequency of ™.

(* Cycle, Harmonic, Period)
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FREQUENCY BAND is simply the range of frequencies between
any pair of specified limits. There is also an internationally agreed
classification of frequency bands as shown below. The band number
is the exponent of 10 used in converting the range 0.3 — 3 Hz to
that required, e.g. band number n covers the range 0.3 x 10" to
3 x 10" Hz (these band numbers should not be confused with those
used for television). The upper limit is included in each band, the
lower limit is excluded.

Band Frequency Description Letter  Metric
No. Range Designa- Subdivision
tion {Waves)

4 3-30kHz Very Low Frequency VLF Myriametric
5 30-300 kHz Low Frequency LF Kilometric
6 300 kHz — 3 MHz Medium Frequency MF Hectometric
7 3-30 MHz High Frequency HF Decametric
8 30-300 MHz Very High Frequency VHF Metric

9 300 MHz — 3 GHz Ultra High I'requency UHF Decimetric
10 3-30GHz Super High Frequency SHF Centimetric
11 30-300 GHz Extremely High EHF Millimetric

Frequency

(* Frequency, Wavelength)

FREQUENCY DEVIATION A term used in frequency modulation
techniques. It is the maximum variation in frequency for a particu-
lar system — see Frequency Modulation.

FREQUENCY CHANGING is the process by which a circuit changes
the carrier frequency of a modulated wave without change to the
modulation. Most frequency changing is to a lower carrier fre-
quency because lower frequencies are easier to handle. In super-
heterodyne receivers the frequency changer transfers the modula-
tion of all incoming signals to a lower intermediate frequency.
In a broadcasting satellite it is essential that the signals arriving from
the ground station do not interfere with those going back down,
accordingly a frequency changer is employed to make the change
but with the modulation still intact.

Such a device relies on the fact that if a signal frequency f; is
mixed with a higher oscillator frequency f, in a non-linear device
then two additional frequencies are produced, (f, + f5) and
(fo — f;), the sum and difference. One of these is rejected by a
filter, say, (f, + f;). This leaves (f, — f;) which is the required
difference frequency. We can go one stage further by considering
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that f; is really a carrier frequency, f. with its sidebands (f * fi,)
where f, represents a band of modulating frequencies. On mixing
there will be sum and difference frequencies of f., (f, + f,,) and
(f¢ — fm) so when these terms are included in the basic equation
for a non-linear element and this equation is expanded (see Mixer),
it all gets rather complicated. Ultimately however, after filtering
we can be left with:

fnc1 (fnc +fm)v (fnc _fm)

and with the reminder that fi, represents a band of modulating
frequencies, this indicates a modulated wave centred on f,. where
fuc is the new carrier frequency. As an example, an incoming radio
frequency, 904 — 914 kHz centred on 909 kHz (i.e. 909 + 5 kHz)
can be converted to 465 — 475 kHz centred on 470 kHz by mixing
with an oscillator frequency of 1379 kHz and selecting only the
lower sideband. 470 kHz would he the intermediate frequency of a
superheterodyne receiver and the original modulation will have
passed through the process unchanged.

(* Superheterodyne Reception, Modulation, Filter, Intermediate
Frequency, Oscillator >> Mixer, Radio Receiver)

FREQUENCY DISTORTION — see Attenuation/Frequency Distor-
tion.

FREQUENCY MODULATION (F.M.) is a modulation technique in
which the frequency of a carrier wave is varied according to the
amplitude of the modulating wave and at its frequency. An f.m.
wave therefore has constant amplitude but varying frequency. In
radio and line systems interference voltages produce amplitude
modulated waves so f.m., being insensitive to amplitude changes has
the great advantage over amplitude modulation that it is unaffected
by these. On the other hand, f.m. requires a greater bandwidth.

The constant amplitude and veriation in frequency can be seen
{rom Figure F8(i) which is drawn as an illustrative but hardly prac-
tical example. Here the carrier wave has an unmodulated frequency
of 250 kHz with a plus or minus 100 kHz frequency deviation
(Af — also called the frequency swing) as the modulating frequency
varies between its positive and negative maximum levels. The
maximum frequency deviation (&f;.x) is chosen by the system
designer so because this is related to the maximum modulating
frequency ampliiude, the frequency deviation at any instant is equal
10 Afjax Sin wpt where the modulating wave is expressed mathe-
matically as in the figure. Accordingly at any instant the frequency
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(i) Variable-capacitance diode f.m. modulator
Fig. F8 Frequency Modulation (Continued)

of the modulated wave is given by:
[ = fo + Afax sin wyt Hz

where f is the carrier frequency.

The figure may give the impression that the bandwidth required
for the particular waves shown is from 150 — 350 kHz, i.e. 200 kHz.
However, this ignores the fact that when a sine wave is changing in
frequency, the individual cycles become stretched out or cramped,
i.e. they are no longer sine waves. As Fourier shows us, harmonics
are therefore generated. Some of the higher ones can be left out and
so we arrive at a general formula:

approx. system bandwidth = 2(Afmax +fm(max))
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where f (max) is the highest modulating frequency.

We can see what this means by considering practical f.m. radio
broadcasting in which fy(max) might be some 15 kHz for high
quality audio. In this case Afp,,x is about 75 kHz, hence:

approx. system bandwidth = 2(75 + 15) = 180 kHz.

The system deviation ratio is the ratio between the maximum
frequency deviation and the maximum modulation frequency, i.e.
Afmax/fmmax)-  The modulation index is given by Afffm-

In comparison with amplitude modulation which would only
need 30 kHz bandwidth, the above requirement of 180 kHz appears
to be exorbitant but this is the price which has to be paid for its
advantages. In radio broadcasting where a particular service is
available on both a.m. and f.m., the latter is usually on a higher
frequency because of the wider bandwidth required.

Frequency modulation is usuatly achieved by means of an oscil-
lator embodying an LC tuned circuit in which the capacitance is
varied by the signal voltage. The undisturbed value of the capaci-
tance is that which holds the frequency to that of the carrier. This
is most easily understood from a typical modulator circuit as in
Figure F8(ii). Here L, with C; and C, in series and with the
capacitance of the diode in parallel, form the tuned circuit, normal-
ly oscillating at f,. An incoming modulating frequency varies the
capacitance of the diode, hence the oscillator frequency, Vy biases
the diode and L, is a radio frequency choke which presents a high
impedance to f, but not to f;;, so minimizing interaction between
the resonant and modulating frequency circuits.

Demodulation is accomplished by various methods but basically
all convert the f.m. wave into an a.m. one first, i.e. frequency
deviations are translated into amplitude variations. Interference
picked up on the way can be removed by amplitude limiting, i.e.
reducing the f.m. wave so that all cycles have the same amplitude.
None of the information is tost but the interference is. Following
the limiting is a discriminator, frequentty based on an LC circuit
which when the carrier is applied is purely resistive but at frequen-
cies below f, the circuit develops a positive angle, equally at fre-
quencies above f, there is a negative angle. These phase changes
control the period of time collector current flows in a transistor and
charges a capacitor. Summing up, the frequency deviation of the
f.m. wave is first expressed as a phase shift, then as an amplitude
variation. It is now perhaps evident why f.m. is one of the methods
classed under angle modulation.
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The names of two American engineers, Foster and Seeley, are
linked with this type of discriminator but since their original work,
integrated circuits have become available embodying more complex
arrangements and in fact a single radio receiver integrated circuit can
contain not only the discriminator but intermediate and audio fre-
quency amplifiers as well.

See also Amplitude Modulation.

(* Modulation, Carrier Wave, Fourier Analysis, Oscillator, Tuned
Circuit >> Varactor, Choke, Limiter, Frequency Discriminator,
Radio Receiver)

FULL-WAVE RECTIFICATION is the term used when both positive
and negative half-cycles of a single-phase a.c. input supply power to
the load — see Rectification and/or Figure R3.

FUNDAMENTAL FREQUENCY (frequently shortened to “funda-
metal”). A composite or complex wave is one which includes one
or more others. It can be shown to consist of a fundamental (lowest
frequency wave) together with harmonics. Each harmonic has a
definite relationship with the fundamental and in nearly all cases is
of a higher frequency. An example can be seen in Figure P3 where
at (i) the complex waveform is ssen to consist of a fundamental
frequency together with a 2nd harmonic. The complex waveform
always has the same frequency as the fundamental. We might sum
this up by saying that the fundamental frequency is the lowest
frequency in a complex wave and it has the same frequency as the
wave.

(* Sine Wave, Waveform, Harmonic, Fourier Analysis)

G

GAIN is a general term used as a measure of the extent to which a
device increases the amplitude of a signal relative to another known
condition. For amplifiers the gain is simply the ratio of the output
power, current or voltage relative to that at the input. For antennas
the gain is expressed as the antenna output relative to that of a
standard antenna operating under the same electrical and spatial
conditions.

179



Gain is frequently quoted in decibels, e.g. an amplifier which has
an output of 10 watts for an input of 1 milliwatt has a gain of
10/0.001 = 10000. Expressed in decibels this gain is 10 log 10000
=40dB.

(* Amplifier, Antenna, Antenna Gain, Decibel)

GALLIUM ARSENIDE (GaAs) is a grey brittle material important
in the semiconductor world. 1t has a large energy band gap (about
1.5eV) which gives it high resistivity and it also has high electron
mobility (about 0.85 m?/Vs) which makes it suitable for high speed
applications. Gallium arsenide has the comparatively rare property
that its electrons can exist in either of two separate energy bands
about 0.36eV apart. It is used mainly for Schottky diodes, Gunn
diodes, light-emitting diodes and semiconductor lasers.

(* Energy Bands, Drift Velocity, Electron-Volt, Semiconductor)

GALVANOMETER is an instrument used for detecting and measur-
ing small currents and is named after Luigi Galvani (an [talian
physiologist). Early galvanometers were based on the discovery that
current flowing through a wire deflected the needle of a magnetic
compass, subsequently it was found that a magnetized needle could
be used to replace the compass.

Modem galvanometers consist of a coil of fine wire suspended
in a magnetic field so that when a current flows through the colil, it
tends to rotate. The movement is amplified by use of a mirror
attached to the coil or its suspension. A pencil beam of light falling
on the mirror is reflected onto a scale at some distance away, hence
tiny movements of the coil are indicated by amplified movements of
the light beam. Figure G1 shows how a mirror galvanometer might
be constructed and in fact it is easily recognized as the forerunner
of the moving-coil instrument. The suspension is of springy material
so that it provides torsional control and restores the coil to its
“zero” position when the current is removed. The magnetic flux
density is high, hence the earth’s magnetic field has little effect.
The pole pieces of the magnet are shaped so that, together with the
iron core a magnetic circuit is created with the magnetic flux radial.
The flux “lines” are therefore always at right angles to the coil
wires whatever the position of the coil. Accordingly the deflection
is always proportional to the product of the magnetic field strength
and the current flowing. The magnetic field strength is constant,
hence the deflection is proportional to the current, so resulting in a
linear scale.

There are many different types of galvanometer. One worthy of
mention because of its high sensitivity is the astatic galvanometer.

180



181

Suspension
Mirror

Moving coil

Permanent magnet
Fig. G1 A Mirror Galvanometer Iron core

Scale

Light beam




This has two magnetized needles mounted in opposition on the
same suspension so that the effect of the earth’s and other extrane-
ous magnetic fields cancel. The coils are wound round the needles
but are so connected that the torques they produce, add.

Galvanometers generally are capable of measuring currents down
to 0.1 uA but laboratory models go even lower to around 10nA.
(* Current, Electromagnetic Motor Action, Magnetic Field Strength,
Magnetic Flux, Magnetic Flux Density, Core, Moving-Coil Meter
>> Differential Galvanometer)

GAMMA RAYS are an electromagnetic radiation of very high
frequency (between about 10'® and 10?? Hz — see Fig.ES). Changes
within the nucleus of certain radioactive elements result in spontane-
ous emission of gamma rays. They are produced in nuclear reactions
when an atomic nucleus emits excess energy in the form of a high
energy photon. The process is akin to that of an excited atom
returning to the ground state by the emission of electromagnetic
radiation. The spacing of nuclear energy levels is not just a few
electron-volts but of the order of millions. Accordingly, when a
photon is emitted by a nucleus it has a very high energy indeed.
This energy is up to thousands of times the energy of a photon
emitted from the atom itself. We can see this for ourselves from
Planck’s formula, £ = hf where E is the energy, f, the frequency of
radiation and 4 is the Planck constant. In the visible region radiation
frequencies are around 10 — 10'® Hz whereas gamma rays are
some 102° Hz, hence their energies are at least 10° greater.

Such photons are known as gamma rays and it follows that a
single gamma particle passing through a material or gas can ionize a
considerable number of atoms or accelerate many electrons. It
follows that nuclear radiation is definitely not good for our health.
(* Atom, Photon, Energy Level, Planck Constant, Radioactivity,
Visible Spectrum)

GAS BREAKDOWN  This is a special type of breakdown occurring
in a gas-filled tube leading to a gas discharge. The voltage across the
electrodes needs to be sufficient for the electric field to raise the
velocities of electrons and ions so that their high energies are capable
of releasing more through collisions. Newly released particles are
then accelerated sufficiently to create more by collision.

Overall a chain reaction takes place throughout the gas, known as
gas breakdown. At this point the multiplicity of free electrons and
ions greatly reduces the resistance of the path through the gas
between the electrodes.

(* Gas Discharge, lonization, Breakdown)
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GAS DISCHARGE This is the passage of an electric current
between two electrodes in an ionized gas-filled tube. Let us
approach this by considering a vessel or tube containing two elec-
trodes across which is a voltage, calling the electrode which is
positive the gnode, and the negative one the cathode. Around the
cathode is the normal space charge and electrons may be drawn from
it depending on the strength of the electric field between the
electrodes. How much current flows is dependent not only on the
electric field strength but also on the gas and its pressure within the
tube.

Consideration of the electron mean free paths under various gas
pressures is a good way of sorting out what goes on. If, for example,
the tube is filled with say, air at normal air pressure, then it can be
shown that the mean free path is extremely short, indicating that
any electron escaping the space charge will travel only a very short
distance (tiny fraction of a millimetre) before colliding with a gas
atom (both oxygen and nitrogen molecules comprise two atoms).
Because the gas molecules are densely packed and the mean free
path length is very short, the electric field has no time in which to
accelerate the electrons appreciably. On collision therefore each
electron loses some of the little energy it has, doing no more than
excite any atom with which it collides. The number of electrons
which complete the journey from cathode to anode is therefore
minimal. On the other hand, if the tube is evacuated to a very low
pressure, few gas molecules get in the way so the mean free path is
very long, indicating that most electrons have an unimpeded passage
across. The current is then determined mainly by the voltage across
the electrodes.

It is when a gas such as neon or xenon is introduced into the tube
at moderately low pressure (say, around 1.5 N/m?) that usable gas
discharges take place. The gas molecules are widely separated so
that the mean free path is of such a length (several cm) that elec-
trons escaping from the cathode are sufficiently accelerated to ionize
atoms with which they collide. The positive and negative ions pro-
duced make their way under the influence of the electric field to the
appropriate electrodes. Again, because of the moderately long mean
free path these too are sufficiently accelerated to cause further
ionization on collision resulting in a chain reaction in which the
whole of the gas rapidly becomes ionized. With free electrons and
ions around the jonized gas is a good conductor and while current
flows through the gas, it remains iunized because although recombin-
ations continually take place, atoms are quickly re-ionized by
further collisions. Clearly a sufficiently high voltage must exist
across the electrodes for the chain reaction to start, this is known as
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the breakdown voltage. Note that in this case no heat is applied to
the cathode, hence the description, cold-cathode.

The complete process is illustrated best by a current/voltage
graph as in Figure G2. At low voltages a few electrons travel to the
anode and a few ions to the cathode, the current is therefore small
(the preconducting current). At v; the electron velocities are
sufficient to cause ionization and on further increase to vy the
jonization spreads throughout the gas and breakdown occurs. The
tube resistance thereupon falls, the current increases and ionization
continues. The curve then reverses back to v, the dashed line in
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the figure indicating that this is an unstable region, neither voltage
nor current can be held steady over this range. At vp,, known as
the maintaining voltage and which is approximately at the ioniza-
tion potential of the particular gas, the current is able to increase
considerably as shown. Within this region, when excited atoms
revert to the ground state, photons are emitted so giving the char-
acteristic glow of the gas, typified by the neon tube or lamp.

(* Electrode, Space Charge, Electric Field Strength, Mean Free Path,
Excitation, lonization, Impact lonization, Ionization Potential,
Collision, Energy, Energy Levels, Plasma, Paschen’s Law >> Dis-
* charge Lighting, Arc Lamp)

GAS NOISE The ionization of gas molecules in a gas discharge
tube is a random process hence the current flowing through the
tube when it is conducting has a minute fluctuation imposed on it.
This fluctuation has constant power per unit bandwidth and
theoretically extends over all frequencies. It is therefore classed as
white noise. Such noise voltages when amplified may be employed
in a noise generator.

(* lonization, Gas Discharge, Noise, White Noise, Noise Generator)

GAUSS’S THEOREM refers to electric fields. It follows from
Coulomb’s Law of electrostatics and it shows mathematically that
the amount of electric flux passing through any closed surface is
proportional to the amount of charge contained within the surface.
From this it is evident that the electric field inside a hollow conduc-
tor in which there are no charges is zero irrespective of the electric
field outside.

A second conclusion is that excess static charge on a conductor
remains wholly on the outside.

There is a magnetic analogue of this theorem which shows that
the amount of magnetic flux passing through any closed surface is
zero, i.e. as many magnetic flux lines leave the closed surface as
enter it.

The theorem shows how the technique of screening is possible,
i.e. being able to shield apparatus from the effects of electric or
magnetic fields.

(* Electric Field, Charge, Coulomb’s Law, Magnetic Field, Magnetic
Flux >>> Screening)

GERMANIUM (Ge), is a grey brittle element of atomic number 32
with four electrons in its outermost shell. It is a semiconductor and
is the material in which transistor action was first observed. It held
sway until silicon came along. Unlike silicon, the oxide of
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germanium is not stable which precludes its use in planar technology.
Germanium has an energy band gap of 0.67 eV.

(* Shell, Semiconductor, Silicon, Energy Bands, Electron-Volt >>
Planar Process)

GOLD-LEAF ELECTROSCOPE — see Electroscope.

GRID is an electrode consisting of a mesh of fine wires surrounding
the cathode of a thermionic valve. The cathode to anode electron
stream passes through the interstices of the grid. Potentials on the
grid exercise control over the electron stream. This is the control
grid. There may be others in a thermionic valve, e.g. screen grid,
suppressor grid — see Thermionic Valve and/or Figure T3(iii).

GRID BIAS is the steady potential applied to the grid electrode of a
thermionic valve to ensure that the valve operates over the desired
portion of its output characteristic. For Class A the bias can be
determined for a particular load by the load line which is drawn on
the output characteristics. The actual bias to be provided depends
on the class of operation of the valve.

(* Thermionic Valve, Characteristic >> Load Line, Class A
Amplifier)

GROUND STATE is the condition in which an atom or molecule is
said to be when its energy level is lowest — see Energy Levels.

GROUP DELAY In any system (such as a transmission line), an
input frequency of A, sin 2uft results in an output of A, sin(2nft
— ¢), i.e. the output lags on the input by a phase angle, ¢. The
group delay is the time taken for a particular point on the input
waveform to pass through the system or to a given point along a
transmission line. It is computed at any frequency as:

d¢
group delay = (1/211); seconds.

Group delay is also known as envelope delay since it is the
envelope of the waveform we are concerned with rather than any
particular frequency component.

(* Transmission Line, Phase, Phase Angle, Group Velocity, Delay
Distortion)
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GROUP VELOCITY If a composite wave, i.e. one which is a
group or packet of constituent waves of different wavelengths, is
transmitted over a channel in which the propagation coefficient is
constant over the frequency band required, then the whole group
arrives at its destination with its form unchanged. Alternatively, if
the propagation coefficient is not constant with frequency then the
velocity of each component will vary according to its frequency.
This is generally known as dispersion and the overall wave shape will
change as the wave travels.

It is evident that we cannot use the standard formula, v = fx A
where v is the velocity, f, the frequency and A, the wavelength,
because for a group of waves there is no single value for for A. In
fact, for a wave comprising only two components (f; ,A; and f;,),)
where f) is approximately equal to f, asis most frequently the case,
and remembering that the relationship between f, and A, is not the
same as that between f, and A, :

M (i —f2)

roup velocity, v, =

group Y, Vg Y

Vg is the rate at which the group as a whole or the wave envelope is

propagated, hence the term envelope velocity is also used. 1t is also

possible to visualize group velocity as the rate at which the energy
of the wave is propagated.
-See also Phase Velocity.

(* Frequency, Wavelength, Transmission Line, Propagation Coeffici-

ent, Group Delay)

GUNN EFFECT was first reported in 1963 by J. B. Gunn. He found
that microwave oscillations were generated in a sample of gallium
arsenide when a steady strong electric field was set up in it. The
electric field strength needed was at least 300 kV/m, the current
through the sample then flowing in pulses at a frequency in the giga-
hertz region. This has led to the development of a simple microwave
oscillator requiring a reasonably low voltage for its operation (e.g. if
the sample is of length 0.1 mm, the electric field needed is only 30 V
for an electric field strength of 300 kV/m).

The effect arises from the fact that gallium arsenide is a semi-
conductor which has two conduction bands and the explanation is
usually in terms of the relationship between the electron energy, its
momentum (mass X velocity) and its mobility. In the lower energy
band it can be shown that the electron mobility is high at around
0.5 m?/Vs because of a low effective mass whereas when the electric
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field is sufficiently high, the electrons transfer to the higher energy
band where the effective mass increases and mobility therefore
decreases to as little as 0.02 m?/Vs. Summing this up, when the
applied field is low most electrons are in the lower conduction band.
As the field is increased electrons gain energy and transfer to the
upper conduction band and when the field is sufficiently high, all
electrons are transferred. This is the basis of a Gunn device, also
known as a transferred electron device.
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A typical static characteristic of a Gunn device which is simply a
tiny slice of gallium arsenide as shown in Figure G3(i), is shown in
(ii). When the electric field, £, reaches about 300 kV/m, there is a
rapid transfer of electrons to the upper conduction band, hence the
current begins to fall because of the lower mobility. Just above
300 kV/m the characteristic shows a region of negative resistance,
changing to positive again at much higher levels of £. This is always
a good sign that oscillations can be produced. For a device of length
say, 0.1 mm the electron transit time is some 10~? seconds and this
determines the oscillation period, hence frequencies are in the micro-
wave region.

(* Gallium Arsenide, Electric Field, Electric Field Strength, Energy
Bands, Drift Velocity, Negative Resistance, Oscillation, Microwave)

H

HALF-WAVE RECTIFICATION is the term used when only alter-
nate half-cycles of a single phase alternating current input supply
power to the load — see Rectification and/or Figure R3(ii).

HALL EFFECT was discovered by the American physicist Edwin
Herbert Hall. It is a potential difference which appears across a
current carrying conductor when a magnetic field acts at right angles
to the current. The effect is due to the ability of the field to deflect
the path of a moving electric charge, remembering that a spinning
electron for example behaves as though it were a microscopic
magnet (see Fig.M5).

In Figure H] a block of conducting material is shown with a
current flowing through it. With the magnetic field direction as
also shown, by Fleming’s rules we find that an electron will be
forced towards the top surface while holes move downwards. There
is therefore a potential difference between top and bottom of the
block, known as the Hall voltage or Hall potential.

For calculations a Hall coefficient, Ry is used such that when
unit current density flows at right angles to unit magnetic flux
density, a potential Ry is developed across the conductor, i.e. the
electric field £ = —Ry BJ where B is the flux density and J is the
current density (the — sign is for electron movement). It can further
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be shown that Ry = 1/ne where n is the carrier density (electrons
per m®) and e is the current carrier charge (coulombs). Ry there-
fore increases as charge density decreases. Also from the Hall
coefficient the Hall mobility of the carriers, uy can be determined
since the conductivity:

0 = neuy MH = URH

hence by measurement of the conductivity and Ry the carriet
mobility is found. This also shows that materials with very high
electron mobility (e.g. indium arsenide or indium antimonide) are
preferable for devices which rely on the Hall effect.

For some materials the direction of the Hall voltage is reversed,
implying that the current is carried mainly by holes, hence the Hall
effect can be used to distinguish whether currents in semiconductors
are electron or hole. Hall effect devices are also used for measuring
magnetic fields.

(* Potential Difference, Electron, Magnetism, Magnetic Field,
Magnetic Flux Density, Hole, Fleming’s Rules, Charge, Mobility,
Conductivity, Current Density, Coulomb, Spin >> Fluxmeter)

HALOGEN is any one of a group of non-metallic elements, all in the
group having 7 electrons in the outer shell. The elements in the
group are fluorine (9 electrons), chlorine (17), bromine (35), iodine
(53) and astatine (85). Many atoms prefer to have a complete outer
shell and so each of these readily picks up an electron from another
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atom and therefore becomes a negative ion. The halogens also form
molecules by ionic bonding, i.e. by sharing electrons.
(* Element, Atom, Molecule, Shell, Bond, Ion)

HARMONIC is one of the frequencies of a complex wave which is an
integral multiple of the fundamental frequency (this is also the
frequency of the complex wave). Harmonics are numbered accord-
ing to the ratio between their frequencies and that of the funda-
mental. Of course, the fundamental has a ratio of 1 and therefore
according to this is the “1st harmonic”. However, this description is
not used, “fundamental” is preferred. The 2nd harmonic has a
frequency twice that of the fundamental, the 13th harmonic has a
frequency 13 times that of the fundamental etc.

Harmonics are classed as odd or even according to their denomin-
ation, e.g. the 4th harmonic is even, the Sthis odd. Where in musical
instruments for example, a “harmonic” frequency is not an integral
multiple of the fundamental frequency, the term “overtone” is
preferred. In fact it is the presence of harmonics and overtones
which make music so delightful.

Any periodic wave, whatever its shape, is made up of a funda-
mental wave at the same frequency plus a series of harmonics. The
exception is the pure sine wave which is a fundamental only and
contains no harmonics.

(* Frequency, Wave, Sine Wave, Fourier Analysis)

HARMONIC ANALYSIS — see Fourier Analysis.

HARTSHORN BRIDGE is an alternating current (a.c.) bridge used
for the measurement of mutual inductance. It is capable of greater
accuracy compared with the Felici mutual inductance balance which
is generally limited to the lower frequencies. The main problem is
due to the self and mutual coil capacitances through which unwant-
ed voltages are produced in the coils in addition to the desired
voltages via the mutual inductance. The basic circuit is shown in
Figure H2 in which the resistor R balances these unwanted com-
ponents out. Zero indication on the a.c. voltmeter is therefore
obtained by adjustment of the standard mutual inductance in
conjunction with resistor R. For zero reading, My = M.
See also Felici Mutual Inductance Balance.
(* Frequency, Bridge, Inductance, Capacitance)

HAY BRIDGE is an a.c. bridge network suitable for measuring
inductances with high Q-factors. The circuit is shown in Figure H3.
The Hay bridge is similar to the Maxwell bridge except that the
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resistance-capacitance armm has a series arrangement instead of a
parallel one. The advantage of this is that smaller resistance values
are possible. In the figure, L, and R, represent the inductor being
measured and Q, its Q-factor. Let w = 27 x f where f is the fre-
quency at which balance is obtained. At balance (i.e. when there is
no deflection on the meter), then:

Ox = 1/(wR,Cy)
and

R1R3C2 R1R3C2

Lx=ﬁ0r* -2
1+ w?RC, (1 +1/04)

RyR,
R1(Q + 1)
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0, is frequency dependent which prevents calibration of the instru-
ment dials for reading inductance directly. However, it is possible
to neglect the term 1/Q,2 in the denominator of the L, equation,
this introduces only a minimal error.

(* Frequency, Bridge, Maxwell Bridge, Capacitance, Inductance,
Q-Factor)

HELMHOLTZ RESONATOR is a cylindrical cavity, closed except
for a small opening at one end. It resonates acoustically at a fre-
quency determined by the dimensions. Helmholtz resonators are
also used in microwave devices such as the klystron. The resonance
frequency can be calculated from the equivalent electric circuit.
(* Resonance, Resonance Frequency, Microwave >> Equivalent
Electric Circuit, Klystron)

HENRY This is the S.I. unit of self and mutual inductance and
permeance. It is given the symbol H and is defined as follows:

(i) a circuit is said to have an inductance of one henry if an
electromotive force (e.m.f.) of one volt is induced in it when
the current is changing at the rate of one ampere per second:
or

(ii) because the unit of magnetic {lux, the weber is defined in
terms of e.m.f. induced when flux changes, then it can be
shown that a closed loop will have an inductance of one
henry if a current of one ampere in it gives rise to a magnetic
flux of one weber.

See also Inductance.
(* Volt, Current, Ampere, Magnetic Flux, Electromotive Force,
Weber)

HERTZ is the S.I. unit of frequency with the symbol Hz. It is the
number of cycles through which a wave or vibrating body moves per
second. The unit is named after Heinrich Hertz, the German
physicist. The time required to complete one cycle is known as the
period or periodic time, T, hence:

frequency,f = 1/T Hz

where T is in seconds.
(* S.1., Frequency, Cycle, Period)

HETERODYNE is the process of combining two signals of slightly
different frequencies so that the envelope of the resulting oscillation
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varies in amplitude at a frequency equal to the difference between
the two. The new frequency is known as the beat frequency and it
swings through an amplitude range equal to the maximum ampli-
tude of the smaller of the two signals. Graphically the process can
be illustrated as in Figure Bl. This is not modulation which requires
the two signals to be mixed non-linearly but simply the effect that
one wave has on the other. The two sine waves to be added are
shown at the top of the drawing and if at regular small time intervals
they are added, then the result is as shown at the bottom. This
indicates that a new double sine wave has appeared which can be
shown to be equivalent to a single frequency equal to the difference
between the two. In this example the two input frequencies have
the same amplitude but should the amplitudes be different, the
amplitude range is reduced as mentioned above. Generally the
process is described as one trequency beating or heterodyning with
the other.

Now we must be careful not to be misled for no ditference fre-
quency signal is actually present as a separate entity after the
addition. Each rise above the time axis is cancelled out by an equal
fall below. However, rectification can come to our aid so that the
difference signal can be extracted.

When the beat frequency is above the audio range we use the
term supersonic heterodvne, happily shortened to superheterodyne,
even to superhet.

(* Frequency, Beat Frequency, Sine Wave, Rectification, Super-
heterodyne Reception, Audio Frequency)

HIGH-PASS FILTER passes frequencies above a certain design value
only — see Filter and/or Figure F4.

H-NETWORK is a 4-terminal network containing 5 elements. It is
more generally known as a balanced-T network as shown in Figure
N2 - see Network.

HOLE  Insemiconductor parlance this is not just ‘‘an empty place
in a solid body” but something more for we ascribe to it a positive
charge. When an atom loses, for example one electron, it effectively
becomes a positive charge and its vacancy for the electron is known
as a hole. In a solid material the position of the atom is fixed but
because it now exerts an attractive force on all electrons passing by,
its vacancy or hole can soon be filled whereupon the atom reverts to
its neutral state. While there is plenty of energy around, e.g. from an
electric field or heat. electrons continually escape and are recaptured,
the process being known as recombination.
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Oddly enough, holes can be considered as mobile and just to get
this rather obscure way of looking at things into perspective, con-
sider Figure H4 which illustrates a queue of people at a counter. It
follows that by continually filling each hole and thereby creating
another, people move forwards towards the counter and a hole is
actually moving backwards. A similar process takes place within a
conductor under the influence of an electric field so that as Figure
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H4 indicates, electron movement in one direction is equivalent to
hole movement in the opposite direction. So we find that holes
can wander about and if they do so more in one direction than any
other, this can be considered as pasitive or hole current.

It is important to remember that holes are merely vacancies
moving about, the only particles which move are the electrons.
Nevertheless the vacancies are conveniently looked upon as positive
charges. Being able to consider holes as current carriers is important
in semiconductor technology in which for example, certain materials
are deliberately manufactured with holes outnumbering electrons
(p-type semiconductors).

(* Atom, Electron, Current, Electric Field, Electron-Hole Pair,
Recombination, Positive)

HOLE CONDUCTION is said to occur when an electric field com-
pels holes to move through a crystal lattice — see Hole and/or
Figure H4.

HOLE CURRENT - see Hole.

HYSTERESIS is the term used when the effect of a varying quantity
lags behind the quantity itself (from Greek, coming after). In
electronics the term is most frequently used with materials under-
going magnetisation. This lags behind the magnetic field strength
producing it — see Magnetic Hysteresis.

HYSTERESIS LOOP If a curve is plotted of magnetisation or
magnetic flux density (B) against magnetic field strength (/) over a
complete cycle, it takes the form of a loop, known as a hysteresis
loop as shown typically in Figure M3 — see Magnetic Hysteresis.

HYSTERESIS LOSS, ELECTRIC This loss occurs in a dielectric
material owing to strains set up when the material is subjected to a
varying stress arising from an alternating electric field. Strains in a
material generate heat from friction, hence power is absorbed from
the electric field.

(* Dielectric, Electric Field, Power)

HYSTERESIS LOSS, MAGNETIC  When a coil or winding carry-
ing an alternating current is placed round a core of ferromagnetic
material, the magnetisation of the material is continually reversed.
For each reversal the magnetic domains in the material change from
alignment in one direction to that in the opposite direction. Work
has to be done on them therefore, hence the electrical circuit must
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supply energy to the material, i.e. there is an electrical power loss
which reappears in the form of heat in the material. The heat might
be looked upon as the result of friction as the domains move. From
this it is evident that the hysteresis loss varies with the number of
magnetic reversals per second, i.e. with the coil current frequency.
It also varies with the maximum flux density and the volume of the
material.
See also Magnetic Hysteresis.

(* Ferromagnetism, Energy, Work, Power, Domain, Magnetic Flux
Density, Core)

I

IF Abbreviation of Intermediate Frequency — see Superhetero-
dyne Reception.

IGFET Abbreviation of Insulated Gate Field-Effect Transistor —
see Field-Effect Transistor.

IMAGE ATTENUATION COEFFICIENT (or CONSTANT)  Part
of the complex quantity relating to an asymmetrical 4-terminal
network terminated in its image impedances — see Image Transfer
Coefficient.

IMAGE IMPEDANCE The image impedances of a 4-terminal
network are those impedances such that when one of them (say,
Z,) is connected to one pair of terminals of the network, the
other (Z,) is presented by the other pair of terminals, as illustrated
in Figure 11(i). Here with Z, connected to terminals 3 and 4, the
impedance looking into terminals 1 and 2 is Z;. Also with Z; con-
nected to 1 and 2, the impedance looking into terminals 3 and 4 is
Z,. When Z, and Z, are not equal, the network is asymmetrical.
Alternatively if the network is symmetrical, then Z;, = Z, which
is also known as the characteristic impedance of the network.

Networks designed for two different image impedances may be
used for matching purposes and a single example is developed below
for matching, say a 70 2 coaxial cable to a 40 £ amplifier (i.e.
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(ii) Matching a coaxial cable to an amplifier

Fig. I Image Impedances

Z, = 708, Z, = 40 Q) as shown in Figure 11(ii). Here we must
accept that the matching is for reasons other than for maximum
power transfer because the network itself creates a loss.

This calls for an L-network (L-pad) and it can be shown by
straightforward algebra that:

Rl = \/Z,(Zl _22) R2 = 2122/R1

giving values, R, =46 Q, R, = 61 £2. It will be seen from the figure

that the image impedances of this network are 70 Q and 40  and

connected as shown, both cable and amplifier are correctly matched.
See also Iterative Impedance.

(* Network, Impedance, Attenuator, Characteristic Impedance,

Maximum Power Transfer Theorem >> Matching)
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IMAGE PHASE COEFFICIENT Part of the complex quantity
relating to an asymmetrical 4-terminal network terminated in its
image impedances — see Image Transfer Coefficient.

IMAGE TRANSFER COEFFICIENT (also known as the Image
Transfer Constant) is a parameter of a 4-terminal network termin-
ated in its image impedances. The symbol used is 6, the coefficient
is complex and is given by (a + jB) where « is the image attenu-
ation coefficient and § the image phase coefficient. This particular
transfer coefficient is required since it is evident from Figure 12
that because the network is asymmetrical, the ratio /, /I, is differ-
ent from the ratio E,/E,, hence the propagation coefficient is not
applicable because this refers to symmetrical networks only.

I 1 3 Iz
Z1 | 21 4-1 i Z2 l
E1 -terminal network |
= (asymmetrical) - E2 22
2 4 ‘
- 1 Evn
Image transfer coefficient = 3 loge ——7—

Fig. I2 Image Transfer Coefficient

The image transfer coefficient 6, is such that:

e = V(Elll)/(E2m
from which:
(E1y)

0 = 'Alog, —
(E212)

or in words it is defined as half the natural logarithm of the complex
ratio of the steady-state volt-amperes entering and leaving the
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network when the latter is terminated in its image impedances.
When two or more asymmetrical networks are connected in
tandem on an image impedance basis, it can be shown that the
overall image attenuation coefficient is equal to the sum of the
image attenuation coefficients of the individual networks, similarly
for the image phase coefficients. From these overall coefficients
the overall image transfer coefficient can be calculated.
(* Network, Impedance, Image Impedance, Complex Notation,
Volt-Ampere, Propagation Coefficient)

IMAGINARY COMPONENT - see Complex Notation.

IMPACT IONIZATION  This is the term used for the ionization
of atoms or molecules arising from the liberation of orbital elec-
trons following collision or impact with free electrons of high
energy. An electron moving at high speed has high kinetic energy
(k.e. & v?). If therefore one collides with another locked in orbit.
the speed and therefore the k.e. of the first electron must fall. The
energy is given up to the orbiting electron and if this should exceed
the first ionization potential, this electron is freed from orbit and
the atom becomes a positive ion. In a semiconductor the same
process is said to generate electron-hole pairs.

(* Atom, Electron, Molecule, lon, lonization Potential, Energy,
Kinetic Energy, Collision, Electron-Hole Pair, Positive)

IMPEDANCE  This in an alternating current circuit expresses the
degree of opposition the circuit presents to the passage of an
electric current. It is denoted by the symbol Z, with the unit,
the ohm (£2). When there is a phase difference between current
and voltage in a circuit, the impedance is complex (i.e. has real and
imaginary components). The real component is the circuit resis-
tance, (R) and the imaginary component is the reactance, (X), then:

Z =R+jX.
The modulus of the impedance is given by:
IZl = Emax/Imax OF Erms/lims = VR* + X?
as shown in Figure 13(i).
The argument (i.c. the phase angle, ¢) is given by tan~! X/R.
X represents the total reactance of the circuit, bearing in mind that

inductive reactance is considered to be positive, capacitive reactance
as negative. Whnen ¢ is positive, then the circuit current lags on the
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voltage, when ¢ is negative the current leads the voltage.

The impedance of any circuit can be calculated provided that the
impedance of each of the fundamental quantities R, L and C is
known. Impedance diagrams showing (i) the general condition and
(ii) to (iv) the mainly theoretical conditions of one quantity only,
are illustrated in Figure I3. The impedance is shown as a phasor OP
and is also expressed in polar and rectangular forms. In (i), if X¢
exceeds Xy then the impedance phasor OP falls below the real axis
and ¢ is negative. In (i) the impedance is complex, in (ii) wholly
resistive and in (iii) and (iv) wholly imaginary.

Impedance is the reciprocal of admittance,ie. Z = 1]Y.

(* Complex Notation, Phase, Phase Angle, Admittance, Reactance,
Polar Coordinate, Cartesian Coordinate)

IMPURITY  One of the dictionary definitions of impure is “mixed
with foreign matter” and this is the one which applies in electronics.
In semiconductor parlance an impurity atom is an atom in a material
which is foreign to that materiai. Foreign atoms always exist
although usually few in number. Alternatively they are deliberately
introduced in small controlled quantities into a semiconductor
element to produce p-type or n-type conductivity — see Doping.

IMPURITY SEMICONDUCTOR - see Doping.

INCREMENTAL PERMEABILITY is used to indicate the perme-
ability of a material subjected to a steady magnetising force (e.g. an
iron cored inductor with steady direct current flowing in the wind-
ing). It is the ratio between the change in magnetic flux density to
the small change in magnetising force which gives rise to it — see
Permeability.

INDIRECT-GAP SEMICONDUCTOR A semiconductor such as
germanium or silicon in which for an electron to make a transition
from the conduction energy band to the valence band, it must first
reduce its momentum by creation of a phonon — see Direct-Gap
Semiconductor.

INDUCED CURRENT is one which flows as a result of an electro-
motive force being generated within a conductor by a changing
magnetic flux intersecting with the conductor. The conductor
must of course be part of a closed circuit otherwise no current can
flow — see Electromagnetic Induction.
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INDUCED EM.F. is an abbreviation of induced electromotive
force. 1t is the e.m.f. which is generated (induced) in a conductor
by a changing magnetic flux intersecting with the conductor — see
Electromagnetic Induction.

INDUCTANCE Current flowing in a conductor has associated with
it a magnetic field, the strength of which is proportional to the
current. Accordingly if the current increases, the magnetic field
increases. This field surrounds the conductor and itself while
changing, induces an electromotive force (e.m.f.) in the conductor.
The direction of the induced e.m.f. is, as stated by Lenz’s Law, such
that it produces a current which opposes the change of magnetic
flux. Similar conditions apply if the original current decreases, the
induced e.m.f. acts to oppose the decrease. Hence, with any con-
ductor or coil of wire, there is a self-induced e.m.f. which always
acts to oppose the passage of an alternating current. Such opposi-
tion is known as self-inductance, but usually known more simply as
inductance (symbol L). This is defined in terms of the current as:

A circuit has a self-inductance of one henry (H) if an e.m.f.
of one volt is induced in it when the current is changing at the
rate of one ampere per second, i.e.:

e = —L x di/dt volts

where di/dt represents the rate of change of current with time,
the minus sign indicating that the induced e.m.f. opposes the
applied e.m.f. The induced e.m.f. is also known as the back.
e.m.f.

A second definition in terms of the actual magnetic flux is:

A circuit has a self-inductance of one henry if it is associated
with a total flux of one weber due to a current of one ampere
flowing.

Inductances may be connected in series or parallel arrangements,
but the need of such networks does not often arise, especially since
modern circuit design tends to avoid inductances when possible
owing to their cost and bulk. The appropriate formulae, however,
happen to be of identical form to those for resistances, i.e.:

series LS=L1+L2+L3+...

where Lg is the combined inductance of the individual inductances,
Ll , L2 , etc.
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parallel 1/Lp = 1Ly + /Ly +1/Ls + ...

where Lp is the combined inductance.

The formulae are only valid provided that there is no mutual
coupling, i.e. the magnetic flux of one inductor does not affect
another (see below).

Mutual Inductance (M) relates to the effect a changing current
in one circuit has on another nearby circuit when they are linked
magnetically (i.e. no direct connection between them). In this case:

e = —M x di/d:

The two definitions now become:

(i) two circuits magnetically coupled have a mutual inductance of
one henry if an e.m.f. of one volt is induced in one circuit
when the current in the other is changing at the rate of one
ampere per second;

(ii) two circuits magnetically coupled have a mutual inductance of
one henry when a magnetic tlux of one weber is set up in one
circuit by a current of one ampere flowing in the second
circuit.

The inductance of a wire can be increased by coiling it in order to
increase the linkages with the magnetic field. It is also increased by
introduction of a magnetic core, the effect of which is to reduce the
reluctance of the magnetic circuit.

(* Current, Magnetic Field, Magnetic Flux, Lenz’s Law, Weber,
Reluctance, Felici Mutual Inductance Balance, Back EM.F., Core)

INDUCTION FIELD — see Electromagnetic Radiation.

INDUCTIVE REACTANCE This is a means of expressing in
Ohm’s Law terms the opposition offered by an inductance to the
passage of an alternating current. The unit is therefore the ohm.
The reactance is denoted by the symbol X . Hence by Ohm’s Law,
I = E/X where [ and E are current through and voltage across an
inductance (L).

The induced e.m.f. ¢ = Ldi/dr where di/d: is the rate of change
of current.

The rate of change of current of a sine wave is given by 2af7,
hence £ = L x 2afT and so that inductive reactance can fit into
Ohm’s Law calculations, inductive reactance, X} = E/fl = 2nfL
or wlL ohms (where w = 2af, E is in volts and / in amperes).
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Next, if instantaneous currents are plotted with their rates of
change (which in effect are related to the instantaneous voltages),
curves as in Figure 14 are obtained. Because the rate of change of
current reaches its maximum one quarter of a cycle before the
current jtself does, then clearly in an inductive circuit the voltage
leads the current by an angle ¢ = 90° as shown by the rotating
voltage phasor OQ leading the current phasor OP. Hence to com-
plete the formula for inductive reactance a j must be added to
express this phase difference, i.e.:

reactance of an inductance L henries = j2nfL = jwL ohms.

By convention, inductive reactance is given a positive sign. The
above considerations assume tHat no resistance is present. If thisis
not the case then ¢ is no longer 90° but something less. g
(* Inductance, Sine Wave, Ohm’s Law, Complex Notation, Phasor,
Phase Angle, Phase Difference)

INDUCTOR A component having the property of inductance, i.e.
there is a self-induced e.m.f. accompanying any change in current.
Inductors almost invariably consist of a coil of insulated or bare wire
wound on a former or bobbin. If the wire is bare then construction
is such that adjacent turns cannot come into contact with each
other. The inductance depends mainly on (i) the coil geometry and
whether or not there is a core with magnetic properties and (ii) on
the square of the number of turns.

The simplest form of inductor is the air-cored solenoid (a cylin-
drical coil of wire). For this the inductance is theoretically:

4nN?*u.a
I = ——— henries
1071

where N is the number of turns, gy, is the relative permeability of
the magnetic path (u, for air = 1), a is the area of cross-section of
the winding and [ its length.

As an instructive example, the inductance of a 1000 turn wind-
ing which has a cross-sectional area 20 cm? and length 10 cm:

; 47 x 10% x 20 x 1074
107 x 107!

= 0.025H = 25mH

For a practical coil this can only be approximate because not all the
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flux is fully effective with all the turns. Moreover, determination of
the effective cross-sectional area is beset with difficulties.

The inductance of a coil increases considerably when a magnetic
core is introduced and the above formula allows for this with the
factor u,. However, it becomes even less reliable for calculating
inductance because u, falls as flux density increases so it is hardly
possible to determine a single value for it. Then again, iron cores
are often laminated which brings in the problem of minute air-gaps
at the joints. These greatly increase the magnetic path reluctance.
Overall it is better perhaps to consider the formula as useful for our
understanding of the basic principles, but admit that design relies as
much on measurement as on calculation.

Inductors come in all shapes and sizes from those with laminated
iron cores with inductances of say, tOH for a small low frequency
“choke”, to small air-cored ones in the micro or millihenry range
for radio frequencies as typically shown in Figure I5(i). This partic-
ular one also includes a tuning slug, a solid iron-dust plug which
when screwed into the centre of the coil raises the inductance by

Slug Winding

/A

Former Connecting tag

(i) A variable inductor for radio frequencies

Cc
(i) Equivalent circuit of an inductor

Fig. 15 Inductors
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decreasing the reluctance of the magnetic circuit. This is also
known as permeability tuning.
Inductors cannot provide pure inductance because:

(i) it is impossible to avoid resistance which exists in the winding;
(ii) there is also capacitance in the winding because each pair of
adjacent turns constitutes a minute capacitor. The total
capacitance is distributed in a complex manner throughout
the winding but it is easily measured;
(iii) for iron-cored inductors there are also energy losses in the
core, these can be considered as a series resistance.

The equivalent circuit of a practical inductor may therefore
be developed as in Figure [5(ii). R includes winding losses (plus
core losses if appropriate), L is the pure inductance and C is the
lumped capacitance.

(* Inductance, Magnetic Field. Magnetic Flux, Permeability,
Reluctance, Core, Capacitance >> Solenoid, Lamination)

INFORMATION THEORY is the quantitative study of the trans-
mission of information by signals in communication systems. In
1948, C. E. Shannon (an American mathematician) published his
now universally accepted work on the theory which can broadly
be described as an attempt to analyse and quantify information,
a word which in everyday use has a rather imprecise meaning.
From this work it is possible to calculate information flow for any
waveform such as that of speech, music, television or data. The
complete theory is more than a little complicated but it is possible
to get a feeling for it if we first consider the elementary piece of
information known as a bit (not quite the bit of binary digit).
With a binary signal for example, the probability, P of a 0 or 1
arriving at the distant end of a channel is 0.5 and the theory shows
that:

Information content of a signal,/ = log, P~! bits,

hence for a binary signal, / = 1, meaning that 1 bit of information is
required to distinguish between 2 equiprobable signals. The binary
digit is the most elementary signal, other more complex signals
produce information at very different rates. Measured in bits per
second (b/s), for example, high quality speech requires around
40000 b/s, music, 90000 b/s and teleivison, 50—100 million b/s
(these figures are very approximate and continuously vary with the
signal itself). The figures, however, at least allow us to get informa-
tion rates into some sort of perspective. As far as a practical channel
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is concerned therefore, what matters is just how many bits of
information can be transmitted over it per second. It is not simply
a question of the bandwidth of a channel for its signal-to-noise ratio
(s/n) also has an effect.

The general formula from Shannon is:

C = Blog, (1 +s/n)b/s

where C is the channel capacity, B is the channel bandwidth and s/n
is the channel signal-to-noise ratio and evidently it is not so much
the noise level which matters but the degree to which the signal
exceeds it. An elementary example helps to make the use and value
of the theory clear. Suppose a channel has a bandwidth of 200 kHz
with a s/n ratio of 20dB (100), then:

Channel capacity, C = 2 x 10° x log, (1 + 100)

log,o101

=2 x 10% x = 1.33 Mb/s

logyo2

Next suppose that the signal-to-noise ratio worsens to 10dB (10),
then for the same channel capacity:

C
B = -
logz(1 + 10)

= 385kHz.

The exchange of signal-to-noise ratio for bandwidth is evident.
Worsening of this particular s/n ratio by 10dB requires an increase
in bandwidth from 200 to 387 kHz for an equally efficient transmis-
sion of information.

(* Binary, Probability, Bandwidth, Signal-to-Noise Ratio, Decibel)

INFRA-RED is the label given to electromagnetic waves having
wavelengths just beyond the red end of the visible spectrum and
extending to the microwave region (see Fig.ES). Infra-red radiation
is emitted by a hot body at between about 100 and 200° C, the
effect can be felt as radiant heat. Infra-red heating has many uses in
industry, e.g. for drying paint and it has uses in medical treatment
since the rays penetrate body tissues.

(* Electromagnetic Radiation, Electromagnetic Spectrum, Visible
Spectrum, Wavelength)
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IN-PHASE COMPONENT  This applies to either current or voltage
in an alternating current circuit. When for example an alternating
voltage is applied to a circuit containing reactance, i.e. it is expressed
mathematically by R + j.X, then the current and the voltage are not
in phase. This can be shown on a phasor diagram as in Figure I6.

y-

?Ip Y Ix

o)
x

|
-+— Quadrature component :
|
1
& |
& !
A |
O

o {

\ : Applied voltage
o | !

0 IR v

In-phase componant

Fig. 16 In-Phase and Quadrature Components

OV represents the applied voltage and OI the current. In the figure
the current leads the voltage by an angle ¢, it could equally lag on
the voltage, depending on the sign of the reactance.

Any phasor can be resolved into two components at right angles,
in this case Olg and Olx. The current phasor Oly is in phase with
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the voltage and is known by various names such as in-phase compon-
ent, active component, active current or power component.

The terms “active” and “‘power” arise in the alternative descrip-
tions because it is the component which produces power. This
follows from the fact that power in an a.c. circuit is calculated from
VI cos ¢ (V and [ are the r.m.s. values) and when ¢ = 0° cos¢ = 1.

Similar conditions apply when the current in an a.c. current is
taken as the reference and the relative voltage phasors are drawn.
Other names given to the in-phase component of the voltage are
active component (of the voltage), active voltage, power compon-
ent (of the voltage).

For the phasor Oly see Quadrature Component.

(* Phasor, Complex Notation, Phase Angle, Power, Reactance)

INSTANTANEOUS VALUE is the value of a quantity which varies
with time (e.g. an alternating voltage or current) at any instant.

INSULATED GATE FIELD-EFFECT TRANSISTOR (IGFET) is a
field-effect transistor in which the gate electrode is insulated from,
but capacitively coupled to the channel — see Field-Effect Transistor
and/or Figure F3(iii).

INSULATOR  This is a material in which the atoms hold on tight-
ly to their electrons. Although, given sufficient energy, electrons
tend to move to orbits further away from the nucleus, in insulators
they seldom manage to get completely free. Hence there are few
electrons available to act as an electric current when an electric
field is applied. Insulators therefore have very high resistance and
very low conductance.

Resistivities of insulating materials lie approximately within the
range 107 to 10 ohm-metres, c.g. ceramics are generally 10" —
10'? Qm, polyethylene 10'® Qm, glass 10* Qm.

(* Atom, Electron, Resistivity)

INTEGRATING CIRCUIT is one which provides the electrical
equivalent of mathematical integration, i.e. it has an output which
is approximately proportional to the integral with respect to time of
the input. A simple integrating circuit or integrator is the
resistance—capacitance arrangement shown in Figure 17(i). Cand R
are such that their time constant CR is large compared with the
periodic time (7)) of the input voltage. The reason for this is that
only the reasonably straight part of the exponential curve of the
capacitor will have been used by the time the input voltage reverses.
It can be shown that under this condition, v, < v and:
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Fig. I7 Integrating Circuits
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ve = 1/CR [vidt

clearly stating that the output voltage is the time integral of the
input voltage.

A graphical example of how an integrator transforms a square
wave into the integrated equivalent which is a triangular wave is
given in (ii) of the figure. In this particular case the time constant
is 10 times the periodic time of the square wave. Looking at the
operation of the circuit non-mathematically we see that at time
t;, vj is maximum and the current flowing into C raises the potential
across it exponentially until , whereupon, since v; has reversed,
the capacitor discharges with an exponential fall as shown until 75.

A more efficient circuit built round an operational amplifier is
shown in (iii) of the figure, it results in the same overall equation
as above. The capacitance, C, is in the feedback path and the
circuit is arranged so that it is charged by a constant current
(instead of via a resistance) and its voltage therefore rises linearly.
This results in a more accurate integration.

(* Integration, Time Constant, Resistance, Capacitance, Square
Wave, Period >> Operational Amplifier)

INTEGRATION is basically a mathematical operation but it has its
electronic resemblance. Firstly it is better to look at differentiation;,
this is related to infinitesimal differences so it can lead to calculation
of rates of change. Hence if a quantity varies then the differential
of that quantity is the rate at which it varies. In electronics this is
usually with respect to time, voltage, current, etc. Integration does
the opposite, so if we know the rate at which a quantity varies, it
calculates the values of that quantity.

We can see this in action in Figure 17(ii). From time ¢, to r; v, is
increasing. The rate at which this is happening is indicated by the
slope of the curve (which in this case should be a straight line).
This is represented by the amplitude of v; from ¢, to t,, showing
not only the rate of increase of v, but also that this is constant
over the particular time period. v; is therefore obtained by differ-
entiation of v, and conversely v, is obtained by integration of v;.

See Integrating Circuit, Differentiating Circuit.

INTENSITY MODULATION (I.M.) is applied both to beams of light
radiation and to electron beams. In the first case it is the variation
of the intensity of a directed beam of optical energy from either a
coherent or an incoherent light source as used in optical communica-
tions. Note that whatever the type of modulation, the output power
of a light emitter must always be positive.
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Intensity 1.10dulation also varies the intensity of an electron beam
in accordance with a modulating signal. As an example, i.m. is used
to vary the brightness of the spot on the screen of a t.v. receiver
through control of the electron beam intensity by the luminance
signal.

(* Modulation, Coherence, Visible Spectrum >> Television Signal,
Television Receiver)

INTERFERENCE In optics (but also with any wave motion)
interference is a natural phenomenon which arises when light waves
from one source are mixed with waves from another source. The
two wave trains are said to interfere. For two or more waves of the
same nature travelling past a point at the same time, the net ampli-
tude is equal to the sum of the instantaneous amplitudes of the
individual waves. There are two types of interference, constructive
and destructive. In the first case the waves are in phase and there-
fore reinforce; in the second the waves are out of phase resulting in
partial or full cancellation as demonstrated in Figure I8. A third
condition arises when two waves of differing wavelengths pass
through the same point, they sometimes reinforce, sometimes can-
cel, the net amplitude varies rhythmically resulting in beating
(particularly noticeable with sound waves).

(* Electromagnetic Wave, Optoelectronics, Visible Spectrum, Phase
Angle, Beating >>> Interference)

INTERMEDIATE FREQUENCY is in a superheterodyne receiver. A
frequency-changer shifts the carrier wave of the required incoming
transmission together with its sidebands to a certain lower, fixed
frequency. This latter frequency, known as the intermediate fre-
quency (i.f.) is then amplified by the i.f. amplifier stages with greater
selectivity and less risk of instability — see Superheterodyne
Reception.

INTERNAL RESISTANCE is the inherent resistance of a device,
usually one which supplies electrical energy such as a generator,
primary or secondary cell. It is generally given the symbol 7 and the
unit is the ohm. It is the internal resistance which accounts for the
voltage drop when a generator or cell is put on load, i.e.:

_@=9)
I

r ohms

where e is the e.m.f. generated within the device (volts), / is the
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Net amplitude - is the sum of
the instantaneous amplitudes

Two
interfering
waves

(i) Constructive, the waves are reinforced

Net amplitude (partial cancellation)
Two interfering -~

waves

\\/

(ii) Destructive, there is partial or complete cancellation

Fig. 18 Interference

current drawn by the load in amperes and V is the device terminal
voltage. Hence V falls as / is increased since V = e — Jr. Fora
practical example, see Figure Ol.

(* Resistance, Electromotive Force, Ohm’s Law, Cell, Primary Cell
>> Generator)
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INTRINSIC CONDUCTIVITY is that of a “‘pure” semiconductor,
i.e. one to which no impurities have been added — see Intrinsic
Semiconductor.

INTRINSIC IMPEDANCE is the impedance inherent in a medium,
i.e. it belongs naturally to it. It has many similarities to the char-
acteristic impedance of a line. The medium which crops up most
frequently is free space and the formula for its intrinsic impedance
is given under that term.

(* Impedance, Characteristic Impedance, Free Space)

INTRINSIC SEMICONDUCTOR The term intrinsic is used to
distinguish a semiconductor from one which relies on the presence
of impurities for its special semiconducting properties. In other
words, it refers to the pure semiconducting material. At absolute
zero of temperature the uppermost energy band is the valence band
for there is an energy gap [the forbidden band — see Fig.E12(iv)]
between the valence and the conduction band which no electron
has the energy to jump. Accordingly the conduction band is empty
and the semiconductor is in fact an insulator. As temperature rises
however, some electrons in the valence band gain energy and are
excited across the energy gap into the conduction band, so leaving
an equal number of holes in the valence band as suggested in Figure
19. The semiconductor therefore exhibits a positive temperature-
dependent conductivity, this is the intrinsic conductivity.

The temperature dependency of available charge carriers is
indicated by the equation for the density of conduction electrons,
n,:

ne = K, exp (—Eg/2kT)

where £ is the energy gap, k is Boltzmann’s constant and T is the
absolute temperature. K. depends on the particular material and
itself is temperature dependent but this dependency is small com-
pared with the exponential term,

The number of holes is determined by a similar equation. Going
one step further it can be shown that the conductivity, ¢ is given by:

0 = Aexp (—E/2kT)

where A4 is another constant for the particular material. It is from
this relationship that the value of E; for a semiconductor can be
determined.

At low temperatures,whena semiconductor has an impurity added,
the conductivity depends mainly on the impurity concentration and
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little on the charge carriers available from the intrinsic material.
However, as shown above the intrinsic conductivity increases with
temperature, hence at some higher temperature the intrinsic carrier
concentration becomes sufficiently great that the intrinsic conduc-
tivity exceeds the extrinsic conductivity (i.e. that due to the
impurity). At sufficiently high temperatures therefore the material
although doped, has mainly intrinsic conductivity. The temperature
range over which this occurs is known as the intrinsic temperature
range.

(* Semiconductor, Impurity, Doping, Energy, Energy Bands,
Valency, Charge Carrier, Hole, Boltzmann's Constant, Absolute
Zero)

INTRINSIC TEMPERATURE RANGE refers to a semiconductor
and is the range of temperature over which the number of electrons
excited from the valence energy band to the conduction band by
heat is such that the conductivity is mainly intrinsic irrespective of
the fact that impurity atoms have been added — see Intrinsic
Semiconductor.

INVERSION LAYER is a layer of opposite polarity induced within
a semiconductor by an electric field. The principle is employed in
an insulated-gate field-effect transistor to link drain and source
regions by a channel of the same polarity.

The layer is produced at the surface of a semiconductor when it
is in contact with an insulating material (e.g. silicon dioxide). Con-
sider for example, a p-type substrate with a silicon dioxide layer and
a gate electrode as in Figure F3(iii). Because the gate and substrate
constitute a capacitor, any charge on the gate electrode must result
in an equal and opposite charge on the substrate below it. For a
negative gate voltage therefore, holes from the p-type are attracted
to the area below the gate. On the other hand, a positive gate
voltage repels holes and results in a depletion region there. However,
at a certain positive threshold voltage the depletion region is so
devoid of majority carriers that any further increase in the (positive)
gate voltage results in the attraction of free electrons (the minority
carriers) up through the depletion region to the interface. This is
the inversion layer.

See also Field-Effect Transistor.

(* Semiconductor, Depletion Layer, P-N Junction, Charge, Charge
Carrier, Capacitance, Hole, Majority Carrier, Minority Carrier)

ION This is the particle which remains when a neutral atom
gains or loses one or more electrons, i.e. an atom without a
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complement of electrons equal to the atomic number. An atom
gaining one or more electrons becomes a negatively charged ion
(anion), losing one or more electrons it goes positive (cation).
Exhibiting charge therefore, the ions, if free to move, are available
as charge carriers, they move in the direction positive to negative
but compared with electrons, much more slowly because of their
greater mass.

Ions are also formed when certain substances are dissolved in
water for example, a 2-element molecule such as that of common
salt (sodium chloride) splits up into ions of sodium and chlorine,
one electron having been transferred from the sodium atom to the
chlorine atom. Neither particle is now a normal atom hence the use
of the term ion (from Greek, go or wander). Of the two separate
ions, the sodium is positively charged because it has lost an electron,
the chlorine is negatively charged because it has gained one. The
ions are available as charge carriers within the solution (the electro-
lyte), hence this is now a conductor of electricity.

(* Atom, Electron, Charge, Charge Carrier, Molecule, Electrolyte,
Positive, Negative)

IONIC BOND  The type of bond between atoms created by the
attraction between positive and negative ions — see Bond.

ION IMPLANTATION is a method of doping a semiconductor with
an impurity. It relies on the fact that when jons are accelerated by
energies up to some 200keV, they are able to penetrate the surface
of the semiconductor to a depth of a few micrometers. Since the
accelerating potential, the total jon current and time of exposure
can be accurately monitored, there is precise control of both the
amount and depth of the dose of dopant.

We can be excused some initial doubt as to how impurity ions
can be used in this way. Take Figure D9(ii) as an example. In this
an arsenic atom with 5 valence electrons locks into the normal
silicon lattice and leaves one electron spare. However, an arsenic
ion has only 4 valence electrons so from where do we get the spare
one? Actually the semiconductor being doped is connected to the
extreme negative end of the accelerating potential, hence there are
plenty of electrons around. When positive ions enter the material,
each picks up one electron and accordingly reverts to the neutral
atom. As such it then settles down within the lattice as one would
expect.

In the ion source high speed electrons bombard a quantity of
the particular impurity (e.g. boron or phosphorus), dislodging
valence electrons and so creating a large quantity of various ions.
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So that the dopant is very pure those required for implantation are
selected by a mass analyzer (the various ions have different masses
and so can be separated into different ion streams). A high potential
accelerates the required ions and they are focussed into a narrow
beam which is scanned across the wafer. Given sufficient energy
therefore, the ions of the dopant torce their way into the semicon-
ductor lattice. This tends to distort the material so implantation is
usually followed by an annealing process.

(* Atom, Semiconductor, Electron, Electron-Volt, Doping, lon,
Energy, Collision, Valency, Lattice Structure)

IONIZATION is the process of producing a positive or negative
charge on an electrically neutral atom by removal or addition of
electron(s). It arises in solid materials and gases when charged
particles collide with or pass atoms at a sufticiently high velocity
(and therefore kinetic energy) to separate one of the valence (outer)
electrons from them. This results in ion pairs, each of which con-
sists of one positive ion (the atom minus one electron) and a nega-
tive free electron (see also Impact lonization). In atomic research it
is also possible for uncharged particles (e.g. neutrons) to produce
ion pairs by collision with atomic nuclei. As an example of ioniza-
tion, ultraviolet radiation from the Sun ionizes the air in the upper
atmosphere.

In an electrolyte the ions formed when certain compounds are
dissolved in liquids are charged carriers and mobile and are there-
fore capable of transporting electricity.

(* Atom, Electron, lon, Collision. Electrolyte, Charge, Positive,
Negative >>> lonization Pressure Gauge)

IONIZATION POTENTIAL This is a measure of the energy
required to remove an electron from a given atom or molecule
(theoretically to infinity so that it is completely away from the
influence of the nucleus). It is also defined as the minimum
potential difference through which the electrons must fall to be
able to ionize a particular material.

The electrons on the outside peripheral shell of an atom are
unique in that, because they are shielded trom the positive charge
of the nucleus by the electron charges in the shells in between,
they are the most loosely bound and therefore the most easily
removed. The energy required to do this for one electron only is
known as the first ionization potential (I;). The tormula for
calculation of /, is given in the Bohr Theory as:
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where e is the electron charge, €, is the permittivity of free space
and r is the radius of the orbit.

The theory also gives us r for the hydrogen atom as §5.292 x
10" m, hence, /; for the hydrogen atom is equal to:

1.602 x 1071
87 x (8.854 x 10712) x (5292 x 1071)

= 13.6¢eV.

Thus for a hydrogen atom in the ground state (electron in orbit
nearest to the nucleus), given 13.6 eV or more energy, the electron
is released.

The first ionization potential of other atoms varies in a complex
way according to the radius of the outer orbit and the total number
of electrons. Copper, for example, has a first ionization potential of
7.72 eV, silicon 8.15 eV, neon is high at 21.6 eV.

In some cases, more than one electron can be removed from an
atom. To do this greater ionization potentials are required, these are
termed second, third ionization potentials respectively (/,, /3, etc).
(* Atom, Electron, Shell, Ion, Ionization, Bohr Theory, Energy,
Potential Difference, Permittivity)

ISOTOPE Nuclei of certain elements do not necessarily have the
same number of neutrons. For any particular element the number
of protons is of course equal to the atomic number, Z, but the
number of neutrons varies, it is never less than Z and is usually
more. An isotope is one of two or more forms of an element differ-
ing only in the number of neutrons in the nucleus, hence differing
also in atomic weight. The chemical properties of the isotopes
of an element are all the same since the nucleus takes no part in
chemical reactions, physical properties may however differ. The
word “isotope” is derived from Greek, meaning equal place (i.e. in
the periodic table of elements).

As an example, chlorine is an element of atomic number 17. It
has two isotopes, one with 18 neutrons, the other with 20.
(* Atom, Nucleus, Neutron)

ITERATIVE IMPEDANCE is a characteristic of a 4-terminal net-
work and it is the input impedance measured at one pair of terminals
when an infinite number of such networks are connected in tandem.
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Fig. I10 Iterative Impedance

This is the exact definition but in practice it becomes the value of
the impedance measured at one pair of terminals of the network
when the other pair of terminals is terminated with an impedance of
the same value. This is illustrated in Figure 110 which shows a 4-
terminal network having iterative impedances of 200 and 400 Q. In
this case the network is asymmetrical, accordingly it has two itera-
tive impedances, one for each pair of terminals (hence the description
“iterative” from iterate = to repeat). When the network is sym-
metrical the two iterative impedances are equal and are then known
as the characteristic impedance.
See also Image Impedance.

(* Network, Impedance, Characteristic Impedance, Propagation
Coefficient)
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J

JOHNSON NOISE Noise due to the thermal agitation of electrons
— see Thermal Noise.

JOULE This is the S.I. unit of energy, work and of quantity of
heat, symbol J. It is named after James Prescott Joule, the English
scientist. One joule is the work done by a force of one newton
when its point of application moves one metre in the direction of
the force. In electrical terms it is defined as:

(i) the work done when a charge of one coulomb is moved
through a potential difference of one volt;
(ii) the work done (or heat generated) by a current of one ampere
flowing for one second through a resistance of one ohm;
(iii) the energy produced when a power of one watt is expended
for one second.

(* S.I, Force', Work, Newton, Coulomb, Volt, Ampere, Resistance,
Joule Effect)

JOULE EFFECT/JOULE HEATING When a steady or alternating
electric current flows through any material, heat is generated, this
is sometimes referred to as Joule heat. The heat arises from the
resistance of the material to the flow of current. The energy lost
from the electric circuit is equal to the amount of heat produced
and Joule’s Law states that the rate of heat generation is propor-
tional to the square of the current.

The rate of loss of energy from a circuit is equal to /2R where
I is the current in amperes and R is the resistance in ohms. This
energy is released as a quantity of heat, Q, then:

Q = I*Rt joules (J)

where ¢ is the time during which the current is flowing.
(* Ohm’s Law, Energy, Current, Joule, Power)

JUNCTION This term arises frequently especially with semi-
conductors and in this case refers to the region of joining of two
different types of conductivity. Thus we have such descriptions
as p-n junction, junction diode, junction transistor.

The term is also used for the point or area of contact between
two different conducting materials, for example as in metal
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rectifiers and thermocouples.
(* Semiconductor, Conductivity, P-N Junction, Diode, Transistor
>> Selenium Rectifier, Thermocouple)

JUNCTION-GATE FIELD-EFFECT TRANSISTOR (JUGFET)
Taking an n-channel type as an example, this is one in which a
region of p-type material is inserted between source and drain leav-
ing a narrow n-type channel. The p-type is connected to the gate
terminal and potentials on this terminal determine the width and
therefore the conductivity of the channel — see Field-Effect
Transistor.

JUNCTION TRANSISTOR is a transistor which embodies a p-n

junction. The term usually refers to a bipolar transistor rather
than a field-effect type — see Transistor.

K

KELVIN This is the basic S.I. unit of thermodynamic temperature
(named after Lord Kelvin, the Scottish physicist and mathematician).
It is denoted by the symbol K and it is defined as the fraction
1/273.16 of the thermodynamic temperature of the triple point of
water. The thermodynamic temperature scale starts at absolute
zero (—273.16 °C).

When used as a unit of temperature difference, the kelvin is equal
to the degree Celsius.

See Thermodynamic Temperature.

KELVIN BRIDGE (KELVIN DOUBLE BRIDGE) is used for the
precise measurement of low value resistances in the range 1 u$) to
about 1082, Its development arose because its forerunner, the
Wheatstone Bridge is unreliable over this range because of switch
and terminal contact resistances. In the Kelvin bridge arrangements
are made to balance these out. The bridge is named after Lord
Kelvin. Because it has six resistive arms, the usual circuit may not
be immediately recognized as a bridge so here in Figure K1 it is
modified so that the essential difference from the Wheatstone bridge
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can be seen. This difference is the addition of two extra arms, R3
and R,. Nevertheless the bridge functions on the same basic prin-
ciples of balancing then calculation of the value of the unknown
resistance via the balance relationships. R, is usually a standard
(precision) resistor having a value of the same order as Ry.

For balance:

R{/R; = R3fRs = Ry/R;

and if the two ratios R;/R, and R3/R, are made equal, then:

R, = R, x —
X S R2

(* Resistance, Bridge, Wheatstone Bridge)
KELVIN COEFFICIENT — see Thermoelectric Effect.

KERR EFFECT The optical properties of certain transparent
materials can be changed by application of a strong electric or
magnetic field. Usually an electric field is used and this rotates the
plane of polarization of the light. Because these materials are able
to control light propagating through them they are therefore suitable
for use as electrical to optical transducers, for example, for modulat-
ing a light beam in optical fibre transmission. When a voltage is
applied transversely to the direction of the beam of light the rota-
tion of the plane of polarizatior is known as the Kerr effect. A
suitable material is the liquid nitrobenzene and such a device is
known as a Kerr cell. With this type of cell polarized light can be
“switched off”” when a sufficiently strong electric field is applied.
If the field is applied intermitteatly as a square wave, the system
can act as a high speed light shutter.

If on the other hand electrodes are applied to a piezoelectric
material such as potassium dihydrogen phosphate (KDP) so that the
field is parallei to the direction of the light beam, this produces a
Pockel cell. In this the electro-optical effect is linearly related to
the applied electric field strength and is known as Pockel’s effect.
(* Electric Field, Electric Field Strength, Electromagnetic Wave,
Light, Visible Spectrum, Polarization, Piczoelectric Effect, Square
Wave >> Fibre Optic Transmission)

KILOGRAM is a unit of mass or weight in the metric system,
adopted as the S.I. unit of mass, symbol kg. It is equal to the
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mass of the international prototype kept at Sévres. near Paris.
(* S.1., Mass, Arbitrary Unit)

KINETIC ENERGY  This is the energy of motion (from Greek,
kinetikos = motion). It is very important in our understanding of
electron behaviour because the electron is always moving — fast.
The symbol used is £k and the unit is the joule. The kinetic
energy of a moving body depends only on its mass and velocity:

Ex = Ysmv? joules (J)
where m is in kilograms and v is in metres per second. From this:
v = JREK)m.
Take for example an electron with a kinetic energy of 10 eV. This

energy is equivalent to 1.602 x 1078 J. Its mass is 9.109 x 107%
kg so it must be moving at a speed:

v = V(2 x 1.602 x 10 #)/(9.109 x 10737) = 1.88 x 10° m/s

i.e. approaching two thousand kilometres per second. (Note that at
high particle velocities an adjustment may be required because the
mass of a particle increases with its velocity —see Relativistic Effect.)

Work is also measured in joules and if a body slows from vy to
v, it can do an amount of work equal to %m (v¢* — vs*). Equally
if energy is added to a moving object (i.e. work is done on it), then
since its mass is constant, its speed must increase.

A special case arises when the velocity falls to zero. The object
has stopped and all its kinetic energy has been lost. If it has a
velocity, v, at the moment of stopping then it is capable of doing
an amount of work equal to Ysmv?. This is how electrons illuminate
a cathode-ray tube screen. They are projected towards the screen at
a very high speed and on hitting the screen each electron gives up its
kinetic energy. This is transformed into heat and the screen glows.

The law of conservation of energy states that the total energy of
an isolated system or group of objects is constant. An isolated
system is one which neither receives nor gives energy to objects
outside. For example, ignoring friction, two billiard balls colliding
form an isolated system. Whatever total kinetic energy they have on
collision remains intact afterwards, it is merely shared out in a
different way. The same happens with electrons.

(* Work, Mass, Energy, Joule, Electron-Volt, Relativistic Effect >>
Electron Gun, Cathode-Ray Tube.
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KIRCHHOFF’S LAWS These are an aid in network analysis and
were given to us by Gustav Robert Kirchhoff, a German physicist.
By use of his two laws in conjunction with Ohm’s Law a set of
simultaneous equations can be derived for calculating the values of
currents in a network.

Law I — the algebraic sum of the currents meeting at a point in a
network is zero. Put in another way, this states that the current
entering a point is equal to that leaving it.

Law 2 — in any closed path (or “mesh’) the algebraic sum of the
e.m.f’s is equal to the algebraic sum of the products of the
resistances and the respective currents in the separate parts.

R1

I3

I2

Fig. K2 Analysis of a Wheatstone Bridge

For a better understanding of what this all means, let us take as
an example the resistive Wheatstone bridge as shown in Figure K2.
Considering point A:

11 e 12 +13

so that for I3 we can write ([, — [,), already eliminating one
unknown quantity.
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Next, if I, flows into point D and /, and /5 flow away from it, then:
[5 = [2 _14 or [4 = [2 _15 0

Law 2 is illustrated by consideration of any closed path, e.g.
EADCFE (battery, R, and R4). Then:

E = [2R2 + [5R4.
Similarly for the closed path ADBA:
0= [2R2 +14R5 "‘[3R|
(note that the p.d. /3R, is in opposition to the other two).
Equations for the other closed paths, e.g. DBCD, DABCD, etc.
are similarly developed as required. From these the currents in every
branch can be calculated.

(* Current, Electromotive Force, Potential Difference, Network,
Ohm’s Law, Wheatstone Bridge)

L

LADDER NETWORK is a recurrent network comprising alternating
series and shunt elements as shown in Figure L1(i) for the unbalanced
type and in (ii) for the balanced. Both unbalanced and balanced
ladder networks can be considered as being built up of a number
of basic L, T or m sections as shown in (iii) for the unbalanced type.
Transmission line theory considers a line as a balanced ladder net-
work made up of sections each representing a short length of the
line. The impedance Z, accounts for the series resistance and
inductance of the line and Z, is the shunt capacitance and shunt
conductance.

(* Network, Transmission Line, Impedance, Resistance, Capacitance,
Inductance)
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(iii) Unbalanced network represented as a series of sections

Fig. L1 Ladder Networks
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LAG is the amount of retardation of one quantity relative to
another. Time is usually the basis of measurement but when the
term is used with regard to waveforms the lag is usually expressed
in degrees or radians (which after all become time when the fre-
quency is taken into account). With waveforms of the same fre-
quency the measurement of lag is between similar phases in the two
waves. An example is given in Figure L2 where wave B lags on wave
A by 60°. The lagging time:

phase angle in degrees  phase angle in radians

360X f w

where fis the frequency of the two waves and w = 2nf.

6 A
Il
B
4
21~
(2]
s of—L 1 1 ] 1 11 ]
>
90 180 270 360 Degrees
—>
2k
—4
-6 r
Fig. L2 Two Waves with a Phase Difference of 600

We find lag measured by time in radio transmission for example,
a signal returned from a geostationary satellite lags on the trans-
mitted signal by nearly 0.24 seconds. Lag is also used for the persis-
ience of the image in a camera tube.
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See also Lead.
(* Frequency, Waveform, Radian, Phase Angle, Phase Difference,
Electromagnetic Wave >> Satellite, Satellite Television, Camera
Tube)

LASER is a device capable of producing a very narrow, extremely
intense beam of essentially monochromatic light (one colour or
wavelength only). Basically it functions by exciting atoms to a
high energy level, then compelling them to drop back to the ground
state en masse, emitting light as they do so. “Laser” stands for
“Light Amplification by the Stimulated Emission of Radiation”,
an acronym which describes the basic action well. The idea behind
the development arose long ago with Einstein who was then involved
with Planck’s radiation equation but it was not until 1960 that
Theodore Harold Maiman (an American physicist) was able to
develop a working model. There are gas, liquid and solid lasers, it is
the latter which are in more general use.

Generally undisturbed atoms rest in the ground state, having least
energy. They can be excited to higher energy levels but normally
revert to the ground state within about 10~8 seconds with a photon
emitted at each energy transition. However, with some there is also
a metastable state, i.e. stable unless unduly disturbed. With little
interference atoms remain in this state for some 1072 seconds before
reverting, hence remain excited for about 100000 times as long.
There are therefore three energy levels, £, to £ as shown in Figure
L3(i).

An atom can be raised to an excited state (e.g. £3) by absorbing
a photon of exactly the right frequency, this is known as induced
absorption. In spontaneous emission the atom emits a photon of
energy and reverts to the ground state (£,). Because there are many
more atoms at E; than there are at £5, absorption of energy by
atoms at £, predominates over the emission of energy by those at
E5. What is needed therefore is an arrangement by which there are
more excited atoms than ground state ones, the term used is popula-
tion inversion.

The ruby laser is one of the earlier ones to be developed and it
achieves population inversion by optical pumping which employs an
external light source containing photons of the right frequency to
raise the atoms to E3 which then decay to £,. Ruby crystals are
made artifically and need to contain a tiny percentage of chromium
ions which provide the metastable state. The chromium ions are
raised in the pumping process to the energy level E5 from which
they decay to £, by losing energy to adjacent atoms in the crystal.
A comparatively small number spontaneously fall to £, but the
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presence of light of exactly the right frequency stimulates the rest to
radiate. This results in an avalanche process so producing the intense
beam of light of frequency conforming to (£, — E,)/h where h is
the Planck constant.

The elements of a ruby laser are shown in Figure L3(ii). The
characteristic colour of xenon gas is green at a frequency of 5.44 x
10'* Hz, giving a photon energy of 2.25 eV, hence this is the energy
level at E5. The energy level at E, is 1.8V and this is the energy
released as radiation by each chromium ion in the avalanche. An
intense pulse of light is therefore emitted from the partly silvered
end of the rod.

Semiconductor lasers as with all other types, also rely on popula-
tion inversion. This is achieved by carrier injection across a forward
biased p-n junction. Figure L3(iii) shows at (a) the valence and
conduction band energy levels E, and E. for a semiconductor. For
an electron to move from one band to the other involves the absorp-
tion or emission of a photon of energy equal to or larger than the
bandgap. Hence as shown at (b) an electron absorbing a photon
with energy E > E; then becomes capable of rising into the conduc-
tion band. The electron leaves behind a vacancy (hole) in the
valence band. Thus photon absorption creates electron-hole pairs.
Stimulated emission occurs when an incoming photon reacts with an
electron in the conduction band causing the electron to fall back
into the valence band and occupy a hole there as shown at (c). In
doing so a photon is emitted by the electron of energy close to £,.
When a sufficiently large number of electrons is excited to the
conduction band, this is population inversion and stimulated emis-
sion is possible.

A sketch of a semiconductor laser is given in (iv) of the figure.
Such a device is likely to operate most efficiently between about
0.6 and 1.0um (see Fig.E5). Contacts are formed on the upper and
lower surfaces of the block. The laser is pumped by a heavy supply
of electrons to the n material so that they are driven across the
junction (forward bias). This is the simplest of semiconductor lasers
based on gallium arsenide. Others have several n and p layers of
more complex gallium arsenide compounds.

Excitation of gas lsers is by an electrical discharge through the
gas. Several gases are available which have metastable energy levels,
e.g. helium, neon, argon, carbon dioxide. Population inversion
arises through atom collisions which result in the transfer of energy.
In the laser the discharge tube is mounted between two mirrors, one
fully reflecting, the other partially reflecting and through which the
laser beam is projected.

See also Maser.
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(* Energy, Energy Levels, Light, Visible Spectrum, Avalanche,
Planck Constant, Photon, Collision, Electron-Hole Pair, Semiconduc-
tor, P-N Junction)

LATTICE NETWORK is a 4-terminal network usually of balanced
configuration comprising two series elements and two shunt elements,
the latter crossing between the input and output terminals as shown
in Figure L4(i). It is in fact a form of bridge network as shown in
(ii) — see Bridge (Bridge Network).

LATTICE STRUCTURE The regular arrangement of atoms or
molecules within a crystal.

(* Atom, Molecule, Crystal)

L-C CIRCUIT is a combination of inductance and capacitance form-
ing a tuned circuit. Since the frequency of resonance is inversely
proportional to \/LC it is evident that the product LC is constant
for any given frequency. Theoretically any combination of L and
C can therefore be used for a given resonance frequency provided
that their product is as required. In practice however there are
disadvantages in making either L or C very large or very small. For
a high Q factor the ratio L/C itself should be high.

(* Inductance, Capacitance, Tuned Circuit, Resonance Frequency,
Q Factor)

LEAD is the amount of time or number of electrical degrees or
radians by which one waveform is ahead of another. The measure-
ment is between similar phases in the two waves and is illustrated by
Figure L2 where wave A is said to lead wave B by 60°. The lead
in degrees can be converted into time, ¢:

phase angle in degrees phase angle in radians

- 360 x f w

where f is the frequency of the two waves and w = 27f.
See also Lag.
(* Frequency, Waveform, Radian, Phase Angle, Phase Difference)

LEADING CURRENT With an alternating current it is a current
which has a leading phase angle with respect to the electromotive
force which produces it.

(* Alternating Current, Lead, Phase Angle)
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(1) A balanced lattice network
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(ii) The network of (i) redrawn in bridge form

Fig. L4 Lattice Network

LEAKAGE CURRENT is another name for the reverse saturation
current of a p-n junction — see Reverse Saturation Current.

LEAKAGE FLUX is that flux in a magnetic circuit which is lost. As
an example, some of the flux of a transformer completes its path via
the air outside of the windings and hence does not link with them.
The induced voltage in the secondary winding is therefore less than
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with no leakage.
(* Magnetic Flux, Magnetic Circuit, Transformer)

LEAKAGE REACTANCE If, for example, in a transformer or
alternator leakage flux cuts one coil but not another coupled to it,
this increases the self-inductance of the first coil. Such an increase
results in an added inductive reactance which is not required and
creates losses.

(* Leakage Flux, Transformer, Inductance, Reactance >> Alter-
nator)

LECLANCHE CELL Patented in 1868 by Georges Leclanché, this
cell in its original form consisted of a rod of zinc immersed in an
electrotyte of ammonium chloride in which is also a porous pot
containing a carbon rod surrounded by a ‘*‘depolarizer”. The
depolarizer absorbs unwanted bubbles of gas which otherwise would
adhere to the carbon rod and reduce its active area. The carbon
rod is the positive electrode, the zinc, negative. Cell e.m.f. is about
1.5 volts. The whole cell is usually contained in a glass jar. Because
the electrolyte is liquid it is somewhat messy, hence this type is
generally replaced by the so-called *‘dry cell”.

(* Cell, Primary Cell, Electrolyte, Positive, Negative)

LED Abbreviation of Light-Emitting Diode — see this term.

LENZ’S LAW (after Henrich Friedrich Lenz, a German-Russian
physicist). This is concerned with electromagnetic induction, i.e.
the production of an electromotive force (e.m.f.) in a conductor
when there is a change in magnetic flux through it. The Law states
that: “the e.m.f. induced in any circuit acts in such a direction that
its effect tends to oppose the motion or change producing it”.
Such opposition is to be expected for if the e.m.f. were to aid
the original cause, this would grow cumulatively.
(* Electromotive Force, Magnetic Flux, Electromagnetic Induction,
Back E.M.F.)

LIFETIME When in a semiconductor an electron receives suffici-
ent energy for release from an atom orbit, an electron-hole pair is
produced. The free electrons and holes act as charge carriers but it
is almost inevitable that recombination will occur, that is a given
carrier will combine with its opposite number or with an ionized
impurity atom. The mean time interval between generation and
recombination of the charge carriers is known as the lifetime.
Practical values are of the order of a fraction of a nanosecond.

238



(* Semiconductor, Atom, Orbit, Electron, Hole, Charge Carrier,
Energy, Electron-Hole Pair, Recombination)

LIGHT is an electromagnetic phenomenon and as such needs no
medium for its transmission. It occupies a band of frequencies
running from about 4.1 x 10'* Hz (red) to 7.9 x 10 Hz (violet)
— see Figure L5 for the full colour spectrum. The position of this
band within the full electromagnetic spectrum is shown in Figure
E5. These frequencies are capable of stimulating the millions of
light receptors on the retaina of the eye which are interpreted by
the brain as vision.

Light is sometimes perceived as a wave, hence we can place it in
the frequency spectrum as shown above. However, Planck has
concluded that it can also be considered as minute bursts of energy
known as photons.

As with all other electromagnetic waves, the speed of light in
free space is 2.998 x 108 metres per second — always.

(* Electromagnetic Radiation, Wave, Photon, Diffraction, Interfer-
ence, Visible Spectrum)

LIGHT-EMITTING DIODE (LED) This is a p-n junction which
emits visible radiation when forward biased. It is usually recognized
as a tiny electric lamp which has no filament. Under forward bias
conditions, electrons fed into the n-type material find an easy
passage into the p-type via the reduced depletion layer [see Fig.
P10(iii)] . Once in the p-type, the electrons meet a good supply of
holes and recombination takes place. These conduction electrons
have energies in the conduction band so when combining with holes
with energies in the valence band, the additional energy of the
clectron is released. The amount of energy (E;) is at least that
represented by the width of the forbidden band or gap [see Fig.
E12(iv)]. Hence each time an electron combines with a hole, a
photon of energy £ is released.

Taking the most widely used red LED as an example, from
Planck’s formula:

E; = hf

where 4 is Planck’s constant and f is the frequency of the radiation
— and from Figure LS, taking f as, say 4.6 x 10'* Hz:

E, = (6.626 x 107*) x (4.6 x 10"*) joules
therefore:

239



Visible spectrum

A

14 14 14 14 7x 1014 8x10'4
4 ): 10 45 )l( 10 S)I 10 6)(110 l 0 ' Frequency, Hz
T T T T i T 1 T T T U T 1 ! ! Wavelength, nm
730 700 600 500 400 380 ¢
Infra-red Red Orange  Yellow Green Blue Violet Ultraviolet
-— = e - L -

Fig. L5 The Visible Spectrum

(indigo runs between blue and violet)




6.626 x 1073 x 4.6 x 10"
Eg — eV = 19eV.
1.602 x 1071

Any semiconducting material can therefore be used provided that
it has a sufficiently wide energy band gap. This rules out silicon and
germanium for they have E;, = 1.1 and 0.7 eV respectively, both
being too low. Taking the silicon electron as an example, if it gives
up its 1.1 eV of energy, fis only 2.7 x 10" Hz, this is well down in
the infra-red region and therefore does not produce visible light.
However, gallium arsenide and other gallium compounds have wider
energy gaps and are suitable.

LED’s are normally connected in series with a resistance to limit
the forward current.

As a lamp, compared with the filament type which dissipates most
of its input power in the form of heat, the LED is very efficient.

The graphical symbol is shown in Figure L6.

/
G

Fig. L6 Graphical Symbol for Light-Emitting Diode

(* Electron, Hole, P-N Junction, Recombination, Energy, Energy
Bands, Valency, Photon, Planck Constant, Visible Spectrum, Direct
Gap Semiconductor >> Optical lsolator)

LINEAR  Of or in line, the term is generally used to describe any
system which provides an outpui directly proportional to the input.

LINE OF ELECTRIC FLUX is a notion which is used to represent
or portray an electric field. It is the line which a free positive charge
traces out as it moves, the direction of movement being shown by
one or more arrows. The idea is purely imaginary but it is especially
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useful in drawings on which the closeness of the lines is used to give
a rough idea of the strength of the field (see Fig.E| as an example).
As the figure also shows, the lines are not necessarily straight. At
any point along its length the direction of the line indicates the
direction of the force acting on a positive charge placed at that
point.

(* Electric Field, Electric Field Strength, Charge, Positive)

LINE OF MAGNETIC FLUX is a notion which is used to represent
or portray a magnetic field. It is the line which a free North pole
traces out as it moves, the direction of movement being shown by
one or more arrows. The idea is purely imaginary but it is especially
useful in drawings on which the closeness of the lines is used to give
a rough idea of the strength of the field (see Fig.M2 as an example).
Note that lines of magnetic flux never intersect one another. As the
figure also shows, the lines are not necessarily straight. At any point
along its length the direction of the line indicates the direction of
the field.

(* Magnetic Field, Magnetic Flux, Magnetic Pole)

L-NETWORK A 4-terminal network consisting of one series and
one shunt element only — see Network and/or Figure N2.

LOAD is a device or circuit connected to the output terminals of a
signal source and which absorbs power from it. Generators, ampli-
fiers, networks and transmission lines are said to be terminated in a
load. An everyday example of a load is the loudspeaker, this is the
load of the power amplifier driving it. It is expressed as a resistance
or impedance.

(* Power, Amplifier >> Matching, Loudspeaker, Active Load)

LOGARITHMIC DECREMENT is an expression of the rate of
decrease of amplitude in a damped oscillation. The damping
coefficient, §, is the ratio of the amplitude of any one of the damp-
ed oscillations to the amplitude of the one following. The logarith-
mic decrement is simply the natural logarithm of the damping
coefficient, i.e. log, &.

In a resonant circuit containing inductance L, capacitance C and
resistance, R, the logarithmic decrement can be shown to be very
nearly equal to:

R N
log dec. = = 7R x \/C/L
2f L
since:
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a 2m/ LC

where f; is the frequency of oscillation. This shows that as R
increases, the damping coefficient and logarithmic decrement also
increase.

(* Resonance, Damping, Oscillation, Free Oscillation)

LORENTZ CONTRACTION is an important part of the Lorentz
transformation originally proposed in the early nineteen hundreds
by Heinrike Anton Lorentz (a Dutch physicist) as an explanation
as to why some of the earlier equations of physics were failing in
their predictions. Here we look at that part of Lorentz’s work
which helps in understanding better the link between current flow
and magnetism, it is known as the Lorentz contraction.

Considering the two observers A and B in Figure L7(i), let A be
stationary and B be moving at a speed v in the x direction and
suppose that both measure the position of point P. A’s measure-
ment of the distance to P, d 1s always the same but B’s depends
on the position at any given time, say at . After this time ¢, B’s
position has moved a distance vr so if both A and B were originally
at the position of A, then designating the distance to P as seen by B,
dB:

dB = dA — vt

Lorentz in his transformation however took note of Einstein’s
formula showing that the mass of a body increases with its velocity
and modified the above relatively simple equation to:

dA — vt
dB = T e—mm———
V1=02/c?)

where ¢ is the velocity of light. This formula is known as the
Lorentz contraction. In more general terms it can be expressed as:

L = Lo/ 1 — @2/

where L is the length measured from a body in motion, Ly is the
length mcasured from the body at rest and » is the velocity of
relative motion. Clearly because ¢* = 9 x 10 the Lorentz con-
traction is ineffective in everyday life but at high particle speeds
where v may even approach the speed of light, scientists must take
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this into account. Of interest is the fact that at a particle velocity
equal to ¢, L = 0. Things cannot disappear so the formula indicates
that nothing travels as fast as light.

The Lorentz contraction is basic to our understanding of what
magnetism really is — see Electromagnetism.
(* Relativistic Effect, Light, Current, Magnetism)

LORENTZ FORCE EQUATION is an equation showing the force,
F, on a moving charge in a combined electric and magnetic field.
Each field will tend to impart its own direction of motion on the
charge and let ¢ be the angle between the two fields. The total force
acting on the moving charge is the vector sum of the electric and
magnetic forces F, and F;, so for a charge of ¢ coulombs:

F = F, + Fp, = q(E + vB sin ¢) newtons

where E is the electric field strength in volts per metre, v is the
velocity of the charge in metres per second and B is the flux density
of the magnetic field in teslas.

When ¢ = 90°, i.e. the electric and magnetic fields are at right
angles, F = q(E + vB). The force is perpendicular to both the direc-
tion of particle motion and the flux density.

(* Force, Newton, Charge, Coulomb, Electric Field, Electric Field
Strength, Magnetic Field, Magnetic Flux Density, Tesla)

LOSS ANGLE is a term mainly referring to capacitors and dielectrics.
In an alternating current circuit with a perfect capacitor, the current
leads the voltage by 90°. Practical capacitors have some losses so
the current leads the voltage by an angle less than 90°. The loss
angle is the angle by which the angle of lead of the current is less
than 90° — see Dielectric Loss Angle, Dielectric Phase Angle.

LOW PASS FILTER  An electrical filter passing only frequencies
below a predetermined cut-off value — see Filter.

LUMEN  This is a unit of power in the measurement of light and it
is defined as the luminous flux per unit solid angle from a uniform
source of one candela. The unit symbol is Im. To understand the
lumen it is therefore first necessary to define the candela.

If we consider light in terms of power spread over a given area
(e.g. in watts per square metre) then we find that the sensitivity of
the eye in these terms varies with colour. As an example, the eye is
more sensitive to green than to blue or red. Accordingly for stand-
ardization of measurements, a light frequency is chosen. This for
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the S.1. System is 5.4 x 10’ Hz (555 nanometres, in the yellow-
green part of the spectrum — see Fig.LS) and this happens to be
the frequency at which the eye is most sensitive. The candela (cd
in the S.1.) is defined as the luminous intensity in a given direction
of a light source at 5.4 x 10 Hz which has an intensity in that
direction of 1/683 watts per steradian. A steradian (sr) is a unit
employed in considerations of point sources of energy, it is the solid
angle (as at the apex of a cone) which, having its vertex at the centre
of a sphere, subtends a surface area equal to the square of the radius
(see Fig.L8).

Surface Area = r2

1 Steradian (of solid angle)

Fig. L8 lllustration of the Steradian

At this standard light frequency therefore, one watt of radiant
power is equivalent to 683 lumens of luminous power. Put in other
words, an illuminance or illumination of | Im/m? is equivalent to
1/683 watts of 5.4 x 10! Hz light falling on an area of | m*.

To get the lumen into perspective, some (very approximate)
values of illumination at the earth’s surface in Im/m? follow:
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direct sunlight (midday) 10°

dull day 103
full moon 0.25
starlight 1073

(* S.1., Derived Units, Visible Spectrum)

LUMINESCENCE is the emission of light without heat. Light is
emitted when certain materials are irradiated by energy of a higher
frequency or when they are bombarded by high energy electrons.
One of the everyday uses of the phenomenon is the conversion of
electron energy into radiant energy in cathode-ray tubes. In these
the screen is coated internally with luminescent crystals, generally
known as phosphors. These emit light when electrons strike them at
high speed. In the process the electron kinetic energy is transferred
to the electrons of the phosphor crystals. These are therefore
excited to a higher energy level and on reversion to the ground state
the energy is emitted as photons {light).

Emission of light during excitation is known as fluorescence,
persistence after this is termed phosphorescence.
(* Light, Electron, Energy, Kinetic Energy, Energy Levels, Photon,
Quantum Theory, Persistence >> Cathode-Ray Tube)

M

MAGNETIC AXIS — see Magnetic Pole.

MAGNETIC CIRCUIT This is the closed path of the magnetic
flux originating from a permanent magnet or a coil carrying a cur-
rent. Fortunately it is possible to use an electrical circuit as a guide
to what goes on in a magnetic circuit. Magnetic flux is analogous
to current although it does not flow as current does. The magnetic
circuit offers resistance to the creation of magnetic flux, this is
known as the reluctance. A driving force is required to set up the
flux which is called the magneromotive force (m.m.f.), this has a
parallel with the electrical circuit e.m.f. With Ohm’s Law in mind,
the magnetic circuit formula is:
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) magnetomative torce
magnetic flux = —
total reluctance

or using symbols,

F
¢ = — webers
Rm

where F is in amperes (or ampere-turns) and R, is in amperes per

weber.

As an example, a typical series magnetic circuit (a record/replay
head) is shown in Figure M1. The core is of iron having a length /;,

on it is wound a coil of NV turns carrying a current, / amperes. The

magnetomotive force is therefore F' = NI amperes (or ampere-turns).

248




The total reluctance is the sum of the iron and air-path reluctances,
ie.:

k 1
Ry =Rpj + Rpa = - +—= amperes per weber
Mja a

(u; = 1). Then magnetic flux. ¢ = F/R,, webers. Therefore,
m.m.f. required to produce a given flux, ¢:

F = ¢ x R, amperes (or ampere-turns)

and current, / required:
;- ¢X Ry

amperes .

(* Magnetic Flux, Reluctance, Magnetomotive Force, Current,
Weber, Ampere-Turn)

MAGNETIC CONSTANT is synonymous with Permeability of Free
Space. It has a value of 47 x 1077 henries per metre — see
Permeability.

MAGNETIC DIPOLE MOMENT is a measure of the strength of a
magnet — see Magnetic Moment.

MAGNETIC FIELD  As with force and gravity a magnetic field is
an invisible something, charged with energy and permeating air,
space or materials. We do not fully understand what it is so have to
describe it mainly in terms of what it does. It is set up by a magnet
or by current flowing in a conductor and gives rise to certain forces
which act on some materials but not others. As an example, the
earth’s magnetic field affects a compass needle but generally has no
effect on non-metals (there are exceptions, lodestone is one). Within
a magnetic field certain other magnetically inclined elements experi-
ence forces on them.

A magnetic field can be made to reveal itself through the standard
school experiment of placing a piece of paper over a magnet and
then sprinkling iron filings on the paper. The filings arrange them-
selves in lines looping between the two ends of the magnet as shown
in Figure M4. We label the poles, North and South (N and S), they
are different magnetically and always exist in pairs, a N or S pole
cannot exist on its own. The poles have a similar rule governing
them as do charges, i.e. “like poles repel, unlike attract”. In order to
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state the direction of a field, although admitting that a field has no
direction in practice, we do postulate a single free and mobile N
pole and the direction of the magnetic field is that in which this pole
would move.

There are three main ways of assessing the potential of a magnetic
field:

(i) by the magnetic flux density, B
(ii) by the magnetic field strength, H
(iii) by the magnetisation, M of the magnetic substance.

Each has its own particular application — see these terms.
(* Field, Magnetism, Line of Magnetic Flux, Magnetic Pole)

MAGNETIC FIELD INTENSITY — see Magnetic Field Strength.

MAGNETIC FIELD STRENGTH at any point is the strength of
the field in the direction of the line of force at that point. It is
defined as the magnetomotive force (m.m.f.) per unit length of the
magnetic circuit and is denoted by the symbol H with the unit,
amperes per metre:

mmf. F IN
magnetic field strength, H = I— = 7

where [ is the length of the path in metres, / the current in amperes
and N the number of turns.

Thus, for example, a long air-cored coil carrying a current will
have a lower magnetic field strength than a shorter coil of the same
number of turns and with the same current simply because the
m.m.f. is distributed over a greater length.

(* Current, Magnetism, Magnetomotive Force, Magnetic Field)

MAGNETIC FLUX In our ignorance of what a magnetic field
really is, magnetic flux is an expression used in an attempt to des-
cribe what it consists of and how much of it there is. In Figure M2
the line traced out as the hypothetical free N-pole moves is known as
a “line of magnetic force or flux”. The magnetic flux is related to
the number of lines passing between the two poles, more lines (i.e.
the closer they are together) indicates a stronger magnetic field. It
must be emphasized that this is our way of handling a magnetic
field, lines of flux do not actually exist, nor is anything in a state of
flux (flowing). With permanent magnets or direct current in coils,
the field is stationary.
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Magnetic flux is given the symbol ¢ and the S.I. unit is the weber
(Wb).
(* Magnetism, Magnetic Field, Line of Magnetic Flux, Magnetic Pole,
Weber)

MAGNETIC FLUX DENSITY is the magnetic flux per unit area
normal to the direction of the flux. It is recognized by the symbol
B with the unit, the tesla:

magnetic flux ¢

magnetic flux density = ——— = —
area a

where ¢ is the magnetic flux in webers and g is the area in square
metres (one tesla = one weber per square metre).

Magnetic flux density is also known as magnetic induction.
(* Magnetism, Magnetic Flux, Tesla)

MAGNETIC HYSTERESIS This occurs in ferromagnetic materi-
als (easily magnetised) in that the magnetisation (M) or flux density
(B) lags behind the applied magnetic field strength (). M and B
also vary non-linearly with H. A typical magnetic hysteresis set of
curves or loop is shown in Figure M3. By such curves as these many
of the characteristic properties of the material are displayed.

Consider an unmagnetised specimen of iron, steel or other iron
alloy, placed within a coil carrying a current. Variation of the
current varies the magnetic field strength as plotted on the x-axis in
the figure. Initially with no H there is no B or M (these are related
so we can plot either), this is at point 0. As H is increased the initial
magnetisation curve is followed up to point a where saturation is
reached. It is suggested that this is because all magnetic domains
are fully aligned so further increases in A are ineffective. Next let
H be reduced whereupon the curve does not retrace its original path
but falls back to point b, i.e. with no magnetic field through it, the
specimen still remains magnetised. The magnetisation at this point is
known as the remanence with the corresponding value of B called
the residual induction.

The curve shows that it requires a certain value of A in the oppo-
site direction to reduce B or M to zero, i.e. to demagnetise the
sample. This value is known as the coercive force and brings us to
point ¢. Thereafter, increasing H in the negative direction eventually
brings saturation with B or M also reversed in direction, to point d.
Reducing the negative value of H to zero again brings remanence ate,
demagnetisation as H is then increased positively taking the curve to
f. Again the value of A at f is the coercive force.
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Fig. M3 A Magnetic Hysteresis Loop

The area enclosed by the loop represents the work required to
take the sample through one complete cycle, this is the hysteresis
loss, hence the wider loops indicate higher losses. Magnetically soft
materials have thin loops showing that lower coercive forces are
required for demagnetisation, this makes them suitable for trans-
former cores, electric motors etc. in which alternating currents take
the iron through the full loop once per cycle. Magnetically hard
materials (steels and iron alloys) have wide loops showing that
demagnetisation is not so easy, i.e. the metal is suitable for perman-
ent magnets.

(* Magnetism, Magnetisation, Magnetic Flux Density, Magnetic
Field Strength, Domain >>- Saturable Reactor)

MAGNETIC INDUCTION is the fundamental magnetic force
defined as the magnetic flux per unit area — see Magnetic Flux
Density.
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MAGNETIC LEAKAGE is the loss of magnetic flux from a magnetic
circuit due to its leaking around unintended paths — see Leakage
Flux.

MAGNETIC MOMENT  This is one answer to the thorny question
as to how to assess the strength of a magnet. The difficulty is that
in order to line up with the point charge in electrostatics, point
sources of magnetism in permanent magnets are needed. This does
not occur in practice, the magnetic power is distributed, nevertheless
for our purposes it can be considered as emanating from two points
called poles. The precise location of these theoretical poles however
cannot be determined so a quantity such as magnetic pole strength
has not so far been defined. Instead of this, the magnetic moment
is used, not quite so neat and tidy but it does give us a satisfactory
way of assessing the strength of a magnet when in fact we do not
even know where its so-called poles are.

A moment is the product of a force tending to cause rotation (the
torque) and the distance from its line of action to a point, hence

L (i) The moment of F about
{ point Pis F X [

P

Force acting to turn magnet Magnetic field strength, H

77777

(ii) Torque on a magnet within a magnetic field

Fig. M4 Magnetic Moment
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expressing the power the force has of causing rotation about that
point. This is illustrated in Figure M4(i) where a force, F acts to
turn the bar about the point P. Here the moment of F is F x [
showing clearly that the moment increases with /. In this case it is
also known as the rurning moment or torque. When a magnet is
freely suspended within a magnetic field, it experiences a torque as
shown in Figure M4(ii), hence a magnetic moment may be defined
as that property of a magnet which interacts with an applied field to
produce a mechanical moment. If the magnet pole strengths are
labelled p and the magnetic field strength, H, then the force acting
on each pole is H x p and the turning moment or torque, T is
H x p x 1/2 per pole. For the two poles therefore, T = Hpl, tend-
ing to align the magnet with the magnetic field. When the magnet
is at an angle 6 with the field, the torque is reduced to Hpl sin 6
which is zero when the magnet is fully aligned and therefore § = 0.

The product pl (i.e. the hypothetical pole strength multiplied by
the distance between the poles) is known as the magnetic moment
of the magnet. It is given the symbol j, hence T =j x H and by
measuring the torque on a given magnet suspended in a known
magnetic field strength, the magnetic moment can be calculated
(weber metres). .

More recently however it has become the practice to describe the
magnetic field in terms of the magnetic flux density, B instead of the
magnetic field strength, H. The magnetic (area) moment is now
given the symbol m.

T = m x B newton metres,

where B is in webers per square metre and now the unit for m is
ampere metres?.

If instead of a permanent magnet, a small current-carrying loop
is suspended within the field, similar conditions apply. Equal and
opposite forces act on opposite sides of the loop tending to turn it
into line with the field and if the loop is in a field of flux density,
B, and has an area 4 with a current, / flowing, then the maximum
torque, T = IBA.

The product of the current and the area of the loop is the
magnetic moment, hence:

m=1IxA4
and again

T = m x B newton metres,
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with B and m in the same units as above.
(* Magnetism, Magnetic Field, Magnetic Field Strength, Magnetic
Flux Density, Magnetic Pole, Force, Newton, Weber)

MAGNETIC POLE Any specimen of magnetised material is
known as a magnet and it gives rise to a magnetic field around it.
There are two points near the opposite ends of the magnet from
which the magnetism appears to originate. These points are known
as the magnetic poles and the line joining them is the magnetic axis.
The two poles are different and are governed by a similar rule as for
electric charges: “like poles repel, unlike poles attract”.

The earth is like a giant magnet and has two magnetic poles
which have been labelled North (N) and South (S). The poles of
any other magnet therefore experience forces arising from the
earth’s poles. The end of a freely swinging bar magnet that points
towards the north is called its north-seeking pole or just north pole
(N). Similarly the opposite end of the magnet is the south-secking
pole or south pole (S). Be warned here, a north pole is only attrac-
ted by a south pole hence the carth’s north pole is in our terms, a
south pole. However, this topsy-turvy arrangement does at least
mean that the N end of a compass points to the north.

All magnets have these two unlike poles and it is a fact that an
isolated pole cannot exist for it has no physical meaning. Neverthe-
less we sometimes visualize one as an aid in the manipulation of
formulae. As an example, if two isolated opposite magnetic poles
could exist having pole strengths m; and m,, then there is sufficient
evidence to show that the inverse square law is followed (again as in
electrostatics), i.e. the force acting between them:

m; X my

d2

F «

where d is the distance between them.

Because the “strength’ of a magnet pole is not concentrated at a
point, it is difficult to pin it down and quote a value. Use is there-
fore made nowadays of a quantity called magnetic moment which
measures the strength of a magnet by the effect a known magnetic
field has on it.

(* Magnetism, Magnetic Field, Magnetic Flux Density, Magnetic
Moment, Charge)

MAGNETIC POTENTIAL Same as Magnetomotive Force — see
this term.
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MAGNETIC RESISTANCE — see Reluctance.

MAGNETIC SATURATION  When a specimen of a ferromagnetic
material is subjected to an increasing magnetising force of magnetic
field strength H, the flux density B at first also increases but eventu-
ally reaches a saturation level where further increases in A result in
no corresponding increase in B. This is illustrated in Figure M3
where the two saturation levels (according to the direction of H)
are indicated on the curve.

Magnetic saturation must be avoided in for example, transformers
carrying speech or music signals otherwise distortion of the wave-
form is introduced. On the other hand, magnetic saturation is the
basis on which the saturable reactor is founded.

(* Ferromagnetism, Magnetic Field Strength, Magnetic Flux Density,
Magnetic Hysteresis, Distortion >> Saturable Reactor)

MAGNETIC SUSCEPTIBILITY — see Susceptbility, Magnetic.

MAGNETISATION This is the process of inducing magnetism in
a material. It is given the symbol M (or H,), is measured in amperes
per metre and is defined as the magnetic moment per unit volume.
Magnetic moment can be looked upon as indicating the strength of a
magnet. Furthermore it can be shown to be the product of the
magnetic field strength, H and the magnetic susceptbility, X, i.e.
M = H x X. From this a second formula for M can be derived for
since magnetic susceptbility is given by (u, — 1), where u, is the
relative permeability, then:

M = Hx (u—1)

and since
(M — M)
Ho

M= oMy, M=HXx (g/uo—1) = H x

and since u = B/H, where B is the magnetic flux density,
(B —uoH)
M=—
Ho
where po is the permeability of free space and u is the perme-
ability of the material. Magnetisation only applies to materials

subjected to magnetic stress and is zero for free space because for
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this u, = 1.
(* Magnetism, Magnetic Moment, Magnetic Field Strength, Suscep-
tibility, Permeability)

MAGNETISING FORCE — see Magnetic Field Strength.

MAGNETISM  This is a very complex subject in which the various
effects are thought to arise from atomic movements in slightly
different ways but all basically from the motions of charged particles.
In materials electrons, apart from orbiting the atom nucleus, spin
(like a top) in a complicated way a spinning and moving electron
acts as though it were a microscopic magnet having North and
South poles and the force which arises is transverse to its movement.
Figure M5 illustrates the basic idea. From the figure it is evident

S

Electron

S

J

Fig. M5 A Spinning Electron behaves like a Tiny Magnet

that if two electrons attached to the same atom have opposite spins,
their magnetic effects cancel out because they create a closed
magnetic loop (N to S to N to S). Accordingly atoms exhibit no
overall magnetism if they possess an even number of electrons with
half spinning in one direction, the other half in the opposite direc-
tion. When this condition does not arise there is an overall magnetic
effect.

Take iron as an example. Its shell occupancy is as follows:

K=2 L=8 M=14 N=2

The two electrons in the N shell give the metal its conductive pro-
perties. From the point of view of the magnetic properties, the K,
L and N shells each have an equal number of electrons with opposite
spins, hence cancelling magnetically. However, shell M has 9
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electrons spinning in one direction, 5 in the opposite direction,
hence 4 electron spins remain uncancelled and the atom exhibits
magnetism. To a lesser extent the same happens in nickel and cobalt.

A single iron crystal does not normally exhibit magnetism simply
because its constituent atoms do because the atoms form groups
having closed magnetic paths (N to S to N etc.), known as domains.
However, when an external magnetic field is applied, those domains
with magnetic axes already in the direction of the field grow at the
expense of the others and the domain then exhibits N and S poles.
It is when more domains are aligned in one particular direction than
any other, that the material itself exhibits N and S poles along this
direction.

Permeability is a measure of the degree to which this happens or
can be forced to happen so generally materials can be assessed for
their possibilities of magnetisation by this characteristic.

For magnetism arising from electric current, see Electromagnetism.

See also Ferromagnetism, Paramagnetism, Diamagnetism.

(* Atom, Electron, Orbit, Spin, Shell, Permeability, Domain)

MAGNETOMOTIVE FORCE  Very simply, this is the force which
produces a magnetic field. It arises from the movement of charges
in current flow. Because all electrons carry the same charge, then
clearly the magnetomotive force (m.m.f.) is proportional to current.
Also when a conductor is wound as a coil, the magnetic fluxes pro-
duced by each turn are additive, hence the m.m.f. varies as the
number of turns (¥), i.e.:

m.m.f.,, F = [ x N ampere-turns (At)

where / is the current in amperes.

(Strictly the unit for F is the ampere (A) rather than the ampere-
turn. The latter is perhaps more descriptive and is a reminder that
we are dealing with m.m f. and not simply current.)

(* Magnetism, Magnetic Field, Magnetic Flux, Electron, Charge)

MAGNETOSTRICTION refers to the minute change in dimensions
of a magnetic material when it is subjected to magnetic stress. A
magnetic domain has its North and South poles and this in itself
produces a stress between the poles and therefore the domain
experiences a mechanical strain. If an external magnetic field is
applied, the stress and its direction are changed, consequently the
strain directions are also changed. Thus groups of domains may
tend to lengthen or shorten and the crystal lattice becomes distor-
ted. Magnetostriction is assessed for a particular material by the
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magnetostriction stress constant, quoted in newtons per weber.
Some materials such as pure nickel contract with increasing flux
density, the constant therefore being negative (about —20 x 10°
newtons/weber) whereas for others, for example nickel-iron com-
pounds, the constant is positive so these particular metals expand
(2 — 3 x 10° newtons/weber).

Magnetostriction which in effect converts magnetic field energy
into mechanical energy can be used in the driving unit of loud-
speakers. The effect is also used to control frequency in a
magnetostriction oscillator.

(* Magnetism, Domain, Magnetic Field, Newton, Weber >> Loud-
speaker)

MAJORITY CARRIER This is the type of charge carrier in an
extrinsic (doped) semiconductor which outnumbers the alternative
type (minority carrier). In p-type materials the majority carriers are
holes, in n-type electrons.

(* Semiconductor, Doping, P-N Junction, Electron, Hole, Charge
Carrier)

MASER Transitions occur between the atomic energy levels in
matter through the interaction with electromagnetic radiation and
for this process to occur, “packets” of energy known as photons are
either absorbed or emitted. An undisturbed atom normally rests at
its lowest energy level, the ground state and if we label this energy
level E; as in Figure M6(i), then it can be raised to an energy level
E, by the absorption of one photon of energy hf joules where A is
Planck’s constant and fis the frequency of the radiation providing
the energy. Atoms can only have certain “‘allowed” energy levels so
assuming that E, is one, for the photon to be of the correct energy
to excite the atom from £; to £, :

hf = E; —E,

that is, it must be provided by an electromagnetic radiation of
frequency (£, — E)/h.

Atoms show no desire to remain in an excited state so they
normally revert to the ground state within about 1078 seconds
with emission of the photon which has just been absorbed as
illustrated in (ii) of the figure. It is possible for this emission to be
stimulated by the arrival of another photon of the correct frequency
and this is shown in (iii) where an atom has received one photon and
risen to energy level £, then a second photon stimulates it to emit
the first photon in which case both stimulating and stimulated
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photons are emitted together in phase, so are coherent.

Generally at equilibrium there are more atoms at energy level
E, than at E,. However, if by some means the number of atoms at
E, (n) could be increased to the extent that they exceed the
number at £, (n;) then further incident radiation at the correct
frequency would result in a large increase in emission, i.e. the
incident radiation would be amplified. The condition n, > n, is
known as population inversion and the whole process has the title
Microwave Amplification by the Stimulated Emission of Radiation
from which the acronym MASER is obtained. Obviously some
power must be delivered to maintain an inverted population and it
is essential that the lifetime should be long at the upper level com-
pared with that at the lower level.

A practical outcome of this basic two-level system is given by
the ammonia gas maser, one which is relatively easy to understand.
Level E, in an ammonium molecule corresponds to a microwave
photon of frequency 23870 MHz. A few figures may be helpful:

Energy required to raise an atom to £, = hf = (6.626 x 107%)
x (23870 x 10°) = 1.58 x 1072 joules or 9.87 x 107 electron-
volts. Therefore the minimum number of photons which must be
emitted per second for the atom to fall to energy level E, for 1
watt of power = 1/(1.58 x 1072)=6.3 x 10%,

Ammonia gas molecules are pumped through a specially arranged
electric field which separates excited and unexcited molescules as
illustrated in Figure M6(iv), the excited molecules tending to con-
centrate in the centre of the beam, they are then directed into a
cavity resonator. Inside the cavity microwave photons of the
correct frequency exist hence there is a high probability that excited
molecules will be stimulated to return to the ground state with the
emission of photons. There is therefore amplification. It so happens
that ammonia has a low density of atoms hence the amplified power
output is low, however the device works extremely well as a highly
stable oscillator.

There are many different types of maser, some based on three
energy levels. There are also solid-state masers employing a para-
magnetic material such as ruby or a compound of chromium.

Microwave maser amplifiers are used in many systems for
amplification of weak signals with a poor signal-to-noise ratio.
Because the energy levels are sharply defined, the frequency band
of a maser can be extremely narrow, hence a desired signal can be
amplified with much of the noise rejected. The maser is often main-
tained at a very low temperature which reduces the noise still further.
Typical applications are radar, astronomy and satellite communica-
tion.
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See also Laser.
(* Energy, Energy Levels, Molecule, Microwave, Photon, Ground
State, Planck Constant, Coherence, Phase, Lifetime, Joule, Electron-
Volt, Paramagnetism, Noise >> Cavity Resonator, Signal-to-Noise
Ratio)

MASS is the quantity of matter in a body. This is measured by the
acceleration when acted upon by a given force. The S.1. unit of mass
is the kilogram. Mass is used in electronics in preference to weight
because the latter varies with height above earth (and to a lesser
extent with latitude). As an example, astronauts in space have the
same mass as on earth but their weight is practically zero.

(* Force, Momentum)

MASS DEFECT  The equivalent mass of the energy required in an
atomic nucleus to bind the nucleons (neutrons and protons) together
— see Binding Energy.

MATCHED TERMINATION is a component or circuit acting as the
load (or termination) of a transmission line or network of such value
that there is no reflection. This implies that the termination imped-
ance is the same as the characteristic impedance of the line or
network.

(* Transmission Line, Network, Reflection, Characteristic Imped-
ance >> Matching)

MATTHIESSEN’S RULE is concerned with electrical resistivity.
The conductivity o (which is the reciprocal of resistivity) of a metal
can be expressed in terms of the mobility u ot its electrons, each of
mass m as:

0 = neu

where e is the electron charge and n is the number of free electrons
per unit volume. Also u = er/m where 7 is the relaxation time (see
Drift Velocity), then:

o = (ne*r)/m .

There are two ways in which free electronslose their drift velocity
(i) by collisions with the lattice for which the relaxation time 7|
varies with the lattice temperature and (ii) by collisions with impuri-
ties and imperfections in the lattice for which the relaxation time
7; depends mainly on the impurity concentration. The rates of
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collision in these two cases are therefore 1/r; and 1/7;, hence the
net rate of collision is given by 1/7 = 1/7 + 1/7;.
The net resistivity, p = 1/o is therefore:

m
p=— lm+1/r]

ne
which can be written more simply as p = p; + p,, showing that the
resistivity is the sum of two components, the thermal resistivity p,
and that due to the scattering of electrons by impurities and by
imperfections in the lattice, the residual resistivity, p,. This rule
was published by A. Matthiessen in 1863. At very low temperatures
therefore, the residual resistivity predominates, as temperature rises,
the thermal resistivity takes over.
(* Electron, Charge, Resistivity, Conductivity, Drift Velocity,
Relaxation Time, Lattice Structure)

MAXIMUM POWER TRANSFER THEOREM This is an important
theorem which provides the guiding principles for interconnecting
networks, amplifiers, lines, antennas, transducers etc. The full
theorem states that the maximum power will be obtained from a
generator of internal impedance ZL¢ if its load has the conjugate
impedance, ZL—¢. 1If the modulus only can be varied, the power
will be maximum when the moduli of generator and load are equal
irrespective of the values of ¢.

For purely resistive conditions therefore the load resistance must
be equal to the internal resistance of the generator or source. The
available power is then equal to 1:'2/4R8 where E is the electromotive
force (e.m.f.) of the generator and R, its internal resistance. When
the condition for maximum power transfer is obtained, the generator
is said to be matched to its load.

It can be seen from the example in Figure M7 in which a 100
generator feeds a variable load up to 200 2 that it is possible for
considerable mismatch to occur before the power falls significantly
from the maximum.

Transferrence of maximum power into a load from a generator
should not be confused with maximum efficiency. When a generator
is matched to its load, as much power is lost in the generator as is
gained in the load. Higher efficiencies are obtained as load imped-
ance is increased above the matched value but the power into the
load actually decreases (see Fig.M7).

(* Polar Coordinate, Impedance, Conjugate Impedance, Power,
Electromotive Force, Internal Resistance >> Load, Generator)
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MAXWELL BRIDGE is an a.c. bridge network widely used for
accurate measurement of inductance but also suitable for the
measurement of capacitance. The circuit is shown in Figure M8.
Ly and R, represent the inductor being measured, C is a standard

(calibrated) capacitor. When the bridge balances (i.e. when there is
no deflection on the meter), then:

Ly = R\R;3C; Ry = R R;3/R,

Alternatively, if the bridge is used for measuring capacitance and a
known inductance, Lg is substituted in the inductive arm, then:
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C = Ls/R\R;
(* Bridge, Inductance, Capacitance)

MAXWELL’S EQUATIONS Maxwell’s series of fundamental
equations are more than a little complicated so are not quoted here.
However, we should at least understand what their message was so
many years ago. In the 1860’s James Clerk Maxwell, the distin-
guished Scottish physicist, managed to combine the existing known
laws of electricity and magnetism with those of light. In doing so he
realized that something was missing from his equations to account
for the fact that somehow electric and magnetic fields did not obey
the normal inverse square law but instead the first power of the
distance. He decided from this that electric currents in one place
can affect other electric charges at a great distance and so he was
able to predict the existence of electromagnetic waves with which
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we are so familiar today. Furthermore he was able to calculate their
velocity and to suggest that light is simply an electromagnetic wave.
(* Charge, Magnetic Field, Electromagnetic Wave, Light)

MEAN FREE PATH In a conductor free electrons are darting
about in all directions and in such a mélée collisions with each other
or with atoms or molecules are inevitable. When an electron
“collides” with another, because like charges repel, it is likely to
bounce off in a new direction until it meets and is captured by an
ion. Because of the random nature of all particle movements, for
certain calculations it is necessary to estimate the average (or mean)
distance a particle can travel before colliding with another for the
particular conductor. This is known as the mean free path.

As an example, for copper at room temperature, the mean free
path for electrons is calculated to be about 4 x 1078 metres (some
100 — 200 times the copper atom diameter).

With gases things are very different because atoms and molecules
are not tightly packed as they are in a metal. We are particularly
interested in the mean free paths in devices such as gas discharge
tubes which for this purpose can be considered as cathode and anode
electrodes separated by a small distance in a gas-filled glass tube.
Gas discharge tubes rely on particle collisions for their operation. A
formula has been developed giving the length of the mean free path
(I) of an electron. It of course is only a guide but it does show the
order of things and can lead to quite sensible conclusions:

4kT

=
nd*p

where k is Boltzmann’s constant (1.38 x 10™2 J/K), p is the pres-
sure of gas in newtons per square metre (N/m?), T is the absolute
temperature and 4 is the molecular or atomic diameter.

Consider first practical vacuum conditions within the tube where
p = (say) 0.15 x 103 N/m? and suppose that the only gas there is
nitrogen for which 4 is quoted as 0.36 x 107¥ m. At T = 293
(room temperature), the formula shows the mean free path, / to be
265 metres, meaning simply that under high vacuum conditions an
emitted electron is almost certain to make its journey unimpeded.
However, at the gas pressures used in practical tubes, say atp = 1.5
N/m? for the popular neon gas with d = 0.2 x 10™?,/ becomes 86
mm. Hence, considering that the path of an electron is anything
but straight, this indicates that the chances of collision are now
appreciable. In fact it can further be shown that for a distance
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between anode and cathode of 1 cm, | in 9 electrons are likely to
experience a collision (at 2 cm it becomes 1 in 5). These results are
borne out in practice.

(* Atom, Electron, Charge, Collision, lon, Gas Discharge, Boltz-
mann’s Constant, Drift Velocity, Newton, Electrode, Anode,
Cathode) )

MERCURY CELL (MERCURIC OXIDE CELL) This is a primary
cell of comparatively high capacity, especially useful in *‘button”
form for camera and hearing aid batteries. The positive plate is
formed of compressed mercuric oxide, the negative is of amalgam-
ated zinc (coated with mercury). The electrolyte is an alkaline
hydroxide producing ions which carry charges across the cell but
which take no part in the chemical action. A mercury cell has a
voltage of about 1.4 which it maintains throughout most of its life.
(* Cell, Primary Cell, Electrolyte)

MESFET is an acronym from metal-semiconductor field-effect tran-
sistor. The introduction of metal is at the gate electrode which
becomes a reverse-biassed Schottky junction instead of a normal
semiconductor junction. The substrate is gallium arsenide and an
aluminium gate is deposited directly on it. The current-voltage
characteristic is little different from that of the more usual junction
f.e.t. but the fact that the device is small and that gallium arsenide
has an electron mobility 3 — 4 times that of silicon, gives the mesfet
the advantage of better performance at microwave frequencies.
Useful gains can be obtained up to about 10 GHz.

(* Semiconductor, Field-Effect Transistor, Schottky Effect,
Schottky Diode, Gallium Arsenide, Mobility, Microwave)

MESH In a network it is a group of elements which are connected
as a closed loop. The three resistors of the m network of Figure N2
comprise a single mesh, also the four resistors shown as a bridge —
see Network.

METALLIC BOND  When a number of atoms in a metal are close
together their valence electrons become free and shared by the
group, i.e. no electron can be considered as belonging to any one
atom. Taking copper as an example, nearly all its atoms contribute
one valence electron resulting in a ‘“cloud” or *‘gas” of electrons
moving between the positive ions (i.e. the atoms which have each
lost one electron). The ions can be considered as being fixed within
the cloud of freely moving electrons and the attraction between
the ionic lattice and the negative space charge of the free electrons

268



provides the weak bonding force of the metal. Elements which have
this weak metallic bond are therefore ductile and because of the
presence of ample free electrons, have good electrical and thermal
conductivity.

(* Atom, Electron, Ion, Charge, Space Charge, Bond, Valency)

METRE is a unit of length in the metric system, adopted as the S.1I.
unit of length, symbol m. An international prototype was formerly
used but the metre is now defined exactly and unvaryingly with
time in terms of a number of wavelengths in vacuum of the radiation
associated with a particular krypton atom. It is also defined as the
“length of the path travelled by light in vacuum during a time
interval of 1/299792458 of a second” (the speed of light is not
exactly 3 x 10° asis generally used but is 2.997 924 58 x 10® m/s).
(* S.I., Wavelength)

MHO  An earlier name for the unit of conductance, now replaced
by the siemens. It is the reciprocal of the ohm and accordingly has
the symbol 7! .

(* Conductance, Resistance, Siemens)

MICA is a complex mineral which contains various proportions of
different elements but that for electrical work, mainly aluminium
and potassium. It is known as a sheet silicate because it occurs as
thin flaky sheets. Mica is used as an insulator and is especially useful
as a capacitor dielectric because it has a large dielectric constant and
has high dielectric strength.

(* Element, Capacitor, Dielectric, Permittivity)

MICRON is a unit of length equal to one micrometre (um, 10”6 m).
The latter name is now preferred.

MICROWAVE is an electromagnetic wave of very high frequency.
At such frequencies it is frequently more convenient to work in
terms of wavelength rather than frequency. Limits for the micro-
wave range as quoted by various authorities differ, but not widely.
One range frequently used is 3 mm — 1.3 m (100 GHz — 230 MHz),
another is Imm — 10 cm (300 — 3 GHz). As a rough guide however
we might simply work to “wavelengths around and below 30 cm”
(frequencies above 1 GHz), extending to the infra-red region (see
Fig.ES).

(* Electromagnetic Wave, Wavelength, Frequency)
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MILLER EFFECT In electronic amplifying devices such as tran-
sistors and thermionic valves the interelectrode capacitance creates
an effective feedback path from output to input. In a single stage,
depending on the nature of the output load and therefore the phase
relationship between the output and input signals, it is possible for
a circulating current to flow through the interelectrode capacitance
and clearly the greater the gain of the stage, the higher the current
will be. Because the input signal has to provide this current it there-
fore sees a capacitance equal approximately to the interelectrode
capacitance multiplied by the stage gain. This is in addition to the
normal input capacitance. The effect was first discovered by J. M.
Miller.

(* Transistor, Thermionic Valve, Capacitance, Feedback, Phase,
Phase Angle >> Load, Interelectrode Capacitance)

MINORITY CARRIER This is the type of charge carrier in an
extrinsic (doped) semiconductor which is outnumbered by the
alternative type (majority carrier). In p-type materials the minority
carriers are electrons, in n-type, holes.

See Doping.
(* Semiconductor, P-N Junction, Charge Carrier, Electron, Hole)

MOBILITY  This refers to moving charges. It is designated by u
and may be defined as the ratio of the drift velocity (v) of charge
carriers to the strength of the electric field (£') accelerating them,
i.e. u = v/E — see Drift Velocity.

MODE is a term which describes the form in which an electro-
magnetic wave is propagated, more specifically it describes the
electric and magnetic field patterns, usually with regard to wave-
guides. The three main classifications are:

(i) TE Waves — these are transverse electric waves in which the
electric field vector (£) is always perpendicular to the direc-
tion of propagation.

(i) TM Waves — are transverse magnetic waves in which the
magnetic vector (H) is always perpendicular to the direction
of propagation.

(iii) TEM Waves — are transverse electromagnetic waves in which
both the electric and the magnetic vectors are perpendicular
to the direction of propagation. However, it can be shown
that they cannot exist in a waveguide.

To these main classifications subscripts are added to indicate
different modes of transmission within each. Only a certain number
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arc possible, depending on the guide shape, its dimensions and the
wave frequency.

A single example of the TE;, mode may help to make this clear.
The subscript 2 indicates that the electric field has two maxima
occurring across the width of the guide and the second subscript
(the 1) indicates one maximum across the height. The E lines for
this particular mode at a certain instant might be as sketched in
Figure M9 (magnetic lines not shown for clarity). Note that the
two maxima across the width of the guide are made up of one com-
plete pattern plus two halves. For the height there are two half
patterns.  Circular waveguides have their transmission modes
classified similarly.

(* Electromagnetic Wave, Waveguide, Electric Field, Magnetic
Field)

MODULATION  The need for this arises from the fact that base-
band frequencies, i.e. the range of frequencies initially generated
(e.g. directly from a microphone or tv camera) cannot be trans-
mitted as they exist over a radio or line system. The reasons for
this are perhaps obvious, lower frequencies cannot be transmitted
successfully by radio and even if they could, there is no way of
sorting out the various transmissions. The technique is therefore to
impress the baseband frequencies onto a higher frequency wave
which can be transmitted. In medium wave broadcasting for
instance, speech and music frequencies occupying a frequency
range of a few Hz up to some 10kHz are impressed on and
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transmitted by a higher frequency wave of perhaps | MHz. Modula-
tion is the method by which this is achieved. On reception the wave
is then demodulated.

Modulation is accordingly a method of altering the amplitude,
frequency or phase of a carrier wave by a wave of lower frequency.
The lower frequency wave is the signal carrying information and is
termed the modulating wave. The carrier wave is so called because
it transports (carries) the modulating wave and the composite signal
of carrier wave and modulating wave is known as a modulated wave.
Generally, but not exclusively, in radio transmission the carrier is a
sine wave and is therefore of a single frequency only but when
modulated it occupies a range of frequencies of bandwidth according
to the type of modulation used.

Any type of change made to a carrier wave can be used to trans-
mit information. The earliest radio systems simply switched the
carrier on and off in accordance with some code (e.g. the Morse
Code of dots and dashes) and as we now see it this is the equivalent
of a carrier wave modulated by a rectangular wave. Apart from
merely switching on and off, the other types of change which can
be impressed on a sine wave carrier are:

(i) amplitude — in which the amplitude of the carrier wave is
varied in accordance with the amplitude of the modulating
wave and at its frequency:

(ii) frequency — in this the frequency (but not the amplitude) of
the carrier wave is varied in accordance with the amplitude of
the modulating wave. This variation is at the frequency of the
modulating wave;

(iii) phase — the phase of the carrier is varied about its unmodu-
lated value according to the amplitude of the modulating wave
and at its frequency. The amplitude of the carrier wave
remains constant.

There is also pulse modulation in which the carrier consists of a
series of pulses which again can be changed in various ways.

See also Amplitude . . ., Frequency . .., Phase ..., Pulse...,
Velocity Modulation, Demodulation.
(* Frequency, Bandwidth, Phase, Pulse >> Baseband, Balanced
Modulator, Cross Modulation)

MODULATION FACTOR  This expresses the depth to which the
carrier is modulated in an amplitude modulation system — see
Amplitude Modulation.
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MODULATION INDEX This expresses the depth to which the
carrier is modulated in a frequency modulation system — see
Frequency Modulation.

MODULATOR An electronic circuit which accepts as inputs (i)
a carrier wave and (ii) a modulating wave. The output is the modu-
lated wave which is the product of the two input waves. See for
example Figure A4(vi).

(* Waveform, Carrier Wave, Modulation)

MODULUS — see Polar Coordinate.

MOLE is one of the base units of the S.I., but perhaps more widely
used in chemistry than in electronics. The name of the unit is the
mole but the symbol used is mol and it is basically a unit of a
number of molecules. A mole of any substance is the quantity
whose mass is equal to its molecular mass (or atomic mass if it is an
element) expressed in grams instead of atomic mass units (u). As
an example, a water molecule has a mass of 18.02 atomic mass units
(18.02 u) therefore a mole of water has a mass of 18.02 grams.
Since an atomic mass unit is equivalent to 1.66043 x 10?7 kg it
follows that there are 6.023 x 10 molecules per mole.

The S.I. definition however is in terms of a known substance and
it is that quantity of the material which contains as many *‘elemen-
tary entities” as there are atoms in 0.012 kg of the isotope carbon
12. The elementary entities must be specified and may be atoms,
molecules, ions, electrons, etc.

The usefulness of the mole arises from the fact that a mole of
any substance contains the same number of molecules etc. as any
other substance.

(* S.1., Atom, Molecule, Atomic Mass Unit, Isotope)

MOLECULE Just over 100 different elements exist, each typi-
fied by its own particular atom, such as sulphur, nickel, carbon,
silicon, zinc. When any two or more atoms combine chemically,
another material substance is formed, usually bearing no resem-
blance whatever to its constituents. As an example, oxygen and
hydrogen are elements and gases but when their atoms combine
chemically, molecules of water are produced (the chemist’s H, O
— 2 hydrogen atoms combined with one of oxygen per molecule).
Figure M10 shows how, in a rather inadequate way, we might
picture the molecules of water. A molecule is therefore the
smallest particle of a substance which displays the characteristics
of that substance. If the molecule is split up, only the atoms of the
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constituent elements remain and the substance no longer exists.
See Figure E2(i).

For examples of how atoms combine, see Bond.
(* Element, Atom)

MOMENTUM is one of the terms relating to the motion of a body.
In a way it describes the vigour underlying the velocity of the body
but more technically it is the tendency of a body to pursue a straight
path at a constant velocity (linear momentum — there is also angular
momentum which describes the tendency of a spinning body to
continue to spin). Momentum is usually denoted by p with a value
given simply by m x v where m is the mass of the body and v its
velocity, the unit is therefore kg m/s. Note that momentum and
energy are not the same, momentum is proportional to the velocity
of a body, energy is proportional to the velocity squared. Velocity
is a vector quantity, hence momentum is also.

(* Mass, Energy, Vector)

MOS TRANSISTOR (MOST)  This is an alternative term used for
an insulated-gate field-effect transistor but in this case it describes
the structure rather than the principle of operation. The metal gate
is insulated from the channel hence the description “field-effect”
and the insulator (the dielectric) is of silicon dioxide. This type of
transistor is eminently suited to integrated circuit production — see
Field-Effect Transistor.

MOTIONAL IMPEDANCE is perhaps best explained by considering
the moving coil of a loudspeaker. When not in operation, the
impedance of the coil (now not moving) is simply its resistance,
generally of a few ohms. In operation however as the coil moves in
the magnetic field, the back e.m.f. generated opposes the coil
current and hence increases the coil impedance. Clearly the effect
is frequency sensitive.

Motional impedance is therefore the difference between the
impedance of a transducer under working conditions and that when
it is motionless.

(* Impedance, Current, Back E.M.F. >> Loudspeaker)

MUTUAL CONDUCTANCE is a term used with active devices work-
ing on the basis of a changing voltage at the input giving rise to a
changing current at the output. Two devices which fall into this
category are the field-effect transistor and the thermionic valve, both
of which have high input impedances and are therefore voltage
driven. Mutual conductance is defined as the ratio between the
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incremental change in output current and the incremental change in
input voltage causing it (with the output voltage held constant).

Mutual conductance is also known as fransconductance or
forward transfer admittance. 1t has the symbol g, and is usually
quoted in mA/V but as it is a conductance it can also be quoted in
siemens (A/V).

As an example, drain current (/4) versus gate voltage (V)
characteristics of field-effect transistors are shown in Figure F3.
The mutual conductance is given by the slope of the curve at any
chosen operating point, i.e. gy = 8/4/0Vy, where § means “a
small change in”.

(* Conductance, Thermionic Valve, Field-Effect Transistor, Char-
acteristic >> y-Parameters)

MUTUAL INDUCTANCE  Coils are said to have the property of

mutual inductance when a change of current in either of them
induces a voltage in the other — see Inductance.

N

NANOTECHNOLOGY is the manufacture to dimensions or toler-
ances from 0.1 nanometre (107'® m — roughly the size of an atom)
to 100 nm (10”7 m). The technique is essential in the development
of improved electronic and optoelectronic components.

NATURAL FREQUENCY If an electrical circuit or mechanical
system is capable of vibrating and is given a short duration pulse of
energy, free oscillations or vibrations are set up at a frequency
determined by the constants of the circuit or system and known as
the natural frequency. In practice the damping effect of resistance
or friction causes the oscillations to die away. When an alternating
voltage is impressed on an electrical oscillating circuit the current is
maximum when the voltage has a frequency equal to the natural
frequency.

(* Frequency, Resonance, Damping, Forced Oscillation >> Shock
Excitation)
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n-CHANNEL is the conducting path of n-type material through
which the main current flows in a field-effect transistor (f.e.t.).
Figure F3(i) shows such a channel. The term is also used to classify
MOS integrated circuits and field-effect transistors when an n-type
conducting path is used. Most f.e.t devices are n-channel since in
n-channel the charge carriers are electrons which have higher
mobility (and therefore higher operating speeds) compared with
p-channel devices in which the charge carriers are less mobile holes.
(* Field-Effect Transistor, Electron, Hole, Mobility >> Integrated
Circuit, MOS Integrated Circuit)

NEGATIVE  If a glass rod is rubbed with silk, electrons are trans-
ferred from the rod to the silk. The charge accumulated by the
silk due to the surplus electrons is labelled negative (—ve or —).
(* Atom, Electron, Charge)

NEGATIVE FEEDBACK is a system in which a fraction of the
output energy delivered by a circuit is returned to the input in
opposition to the signal there — see Feedback.

NEGATIVE RESISTANCE  This term applies to any two-terminal
circuit which has a negative real part to its impedance. More simply,
the current increases as the voltage decreases and vice versa. The
current/voltage characteristic exhibits negative resistance only over
a certain part, it must be bounded on either side by regions of
positive resistance. If this were no so, the device would be self-
destructive.

Negative resistance devices deliver energy to the circuit terminals,
this energy is in fact provided by the device power supply. In
general there are two categories, classed as N and S because of the
shapes of the current/voltage characteristics, typically as in Figure
N1. As examples, the N shape is found in tunnel diodes, while the
S occurs in thyristors. .

(* Impedance, Characteristic, Energy, Gunn Effect, Tunnel Diode
>> Thyristor)

NEON is an inert gas, symbol Ne, atomic number 10. When ionized,
neon glows with the characteristic red light so often seen in neon
signs.

(* Atom, lonization, Gas Discharge)

NEPER is a unit of attenuation or gain which was introduced by
John Napier, a Scottish mathematician. It is given the symbol Np.
In everyday life the neper has been overtaken by the decibel but it
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Fig. N1 Basic I/V Characteristics Embodying Negative Resistance
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still has its part to play, especially in line transmission theory. The
following brief notes show the development of the neper and its use.

Consider a transmission line as a series of sections in tandem. The
theory requires that the ratio of the current entering (/,) to that
leaving a section (/,) is expressed by e® where « is the attenuation
coefficient, i.e. ({2 /I,) = e* from which:

I
a = log, — nepers (Np)
1,

Put simply, the number of nepers (n) is the natural logarithm of a
current or voltage ratio. To work in power instead, it follows that
the number of nepers:

n = log, (I;/Iy) = logeN/P, [Py = Y% loge (P2/P;)
where P, is the power input and P, is the power output, from this
en = P2/Pl 0

Attenuation in nepers can be converted directly to decibels
provided that the resistive components of the terminating imped-
ances are equal for:

number of decibels = 20 log,o /'
where I’ is the current ratio and equals:
29 log, I' x 20 log,ee = number of nepers x 8.686 .

i.e. attenuation or gain in decibels = 8.686 x attenuation or gain in
nepers.

One tenth of one neper is known as a decineper.
(* Transmission Line, Network, Polar Coordinate, Attenuation
Coefficient, Decibel)

NETWORK is a system of components interconnected in such a way
that overall a specific electrical characteristic is obtained. If con-
sisting of impedances only so that the network absorbs power, it is
classed as passive, if one or more active devices (e.g. transistors) are
included, the network is said to be active. If there isalinear relation-
ship between the voltages and currents within the network it is classed
as linear, if not it is said to be non-linear. General classification may
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be by (i) component(s), e.g. resistance-capacitance or (ii) by shape
on a drawing, e.g. L, T, m, bridge, lattice [these are illustrated by
Fig.N2]. Networks designed as attenuators are frequently also
known as pads and are available in symmetrical or asymmetrical
form as shown in the figure. The network may also be balanced as
shown for the T. Unbalanced is the term used when the series
elements are in one wire only of the through circuit as in the L, T
and 7 configurations shown in the figure. In this case terminals 2 or
4 are usually connected to the chassis or common of the equipment
in which the network is used.

Those shown are basic networks, there are others more compli-
cated. As an example, ladder networks are built up of a number of
sections of L, T or 7 or again of these in balanced form. Most net-
works as shown in the figure are of the 4-terminal (quadripole)
type and are designed for insertion in a 2-wire circuit.

Fortunately we have several theorems which help in analysis of
networks and of course, Ohm’s Law is basic to all. Some of the
terminology associated with network analysis is as follows (in
alphabetical order). Each is considered separately and in more
detail as a term.

(1) Compensation Theorem — this deals with the replacement of
any impedance in a network by a generator.

(2) Iterative and Characteristic Impedance — these terms refer to
the impedance measured at one pair of terminals when the
opposite pair is terminated in a special way.

(3) Kirchhoff’s Laws — these enable equations to be derived for
calculating the values of currents in a network.

(4) Maximum Power Transfer Theorem — shows the conditions
required for maximum power transfer from a network to a
terminating impedance.

(5) Norton’s Theorem — is similar to Thévinin’s Theorem (see
below) but substitutes an equivalent current generator.

(6) Reciprocity Theorem — considers interchange of voltage or
current in different parts of a linear circuit.

(7) Star-Delta Transformation — shows how to transform a star
(or T) network into the equivalent delta (or 7) and vice versa.

(8) Superposition Theorem — is a help when a linear network
contains more than one generator.

(9) Thévenin’s Theorem — applies to linear networks and enables
load currents to be calculated by replacing a network by an
equivalent voltage generator.
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(* Impedance, Attenuation, Attenuator, Ohm’s Law, Propagation
Coefficient, Bridged-T Network, Ladder Network, Lattice Network,
Mesh)

NEUTRAL is used to indicate the condition when positive and
negative charges are in balance, i.e. there is no net charge.
(* Charge, Positive, Negative)

NEUTRON is one of the particles contained within an atomic nucleus.
It has a mass of 1.67495 x 10727 kg which is almost the same as
that of a proton. Unlike the proton however, it has no electric
charge. Neutrons are present in all atomic nuclei except that of
hydrogen and their number is equal to or greater than the number
of protons. It is considered that one of the functions of the neu-
trons is to hold the protons together within a nucleus for otherwise
because of their like (positive) charges, they would fly apart.

(* Atom, Nucleus, Proton, Charge, Binding Energy)

NEWTON This is the S.I. unit of force. It is that force which
when applied to a mass of one kilogram gives it an acceleration of
one metre per second per second (m/s?). One newton is 